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The biphenyl and salicylate metabolic pathways in Pseudomonas putida KF715 are chromosomally encoded.
The bph gene cluster coding for the conversion of biphenyl to benzoic acid and the sal gene cluster coding for
the salicylate meta-pathway were obtained from the KF715 genomic cosmid libraries. These two gene clusters
were separated by 10-kb DNA and were highly prone to deletion when KF715 was grown in nutrient medium.
Two types of deletions took place at the region including only the bph genes (ca. 40 kb) or at the region
including both the bph and sal genes (ca. 70 kb). A 90-kb DNA region, including both the bph and sal genes
(termed the bph-sal element), was transferred by conjugation from KF715 to P. putida AC30. Such transcon-
jugants gained the ability to grow on biphenyl and salicylate as the sole sources of carbon. The bph and sal
element was located on the chromosome of the recipient. The bph-sal element in strain AC30 was also highly
prone to deletion; however, it could be mobilized to the chromosome of P. putida KT2440 and the two deletion
mutants of KF715.

A number of biphenyl-utilizing bacteria have been isolated
to date. They include gram-negative species of Pseudomonas,
Achromobacter, Sphingomonas, Comamonas, Burkholderia,
Ralstonia, and Alcaligenes and gram-positive Rhodococcus spp.
(1, 3, 11, 37). Because these biphenyl-utilizing strains come-
tabolize polychlorinated biphenyls (PCB), the biochemistry of
PCB degradation has been extensively studied (12). A gene
cluster coding for biphenyl-PCB degradation (termed bph) was
first cloned from Pseudomonas pseudoalcaligenes KF707 (14).
Since then, a number of bph genes have been cloned and
sequenced. Southern and sequence analyses of the bph genes
revealed that some biphenyl-utilizing strains possess bph genes
that are very similar, if not identical, to one another, but some
share various degrees of homology (13).

The bph genes are present on bacterial chromosomes (8, 14,
16, 35), plasmids (18, 39), and transposons (22, 28, 34). The
presence of similar genes in different strains implies that even
chromosomal bph genes have or used to have a mechanism for
mobilization to other strains. The bph genes of Pseudomonas
sp. strain CB406 were mobilized following the construction in
vivo of a cointegrate plasmid inserted into the broad-host-
range plasmid RP4 (22). Springael and coworkers (23, 34)
identified a transposon, Tn4371, carrying the bph genes encod-
ing conversion of biphenyl to benzoic acid from Ralstonia eu-
trophus A5 (formerly Alcaligenes eutrophus A5) in which
Tn4371 first transposed from the chromosome to indigenous
IncP1 plasmid, and the plasmid carrying Tn4371 can be trans-
ferred to other strains by conjugation. A recent study shows
that Tn4371 is a kind of conjugative transposon of 55 kb (24,
29). Interestingly, another smaller conjugative transposon Tn-
bph coding for biphenyl catabolism resides within Tn4371. This
can be transferred to the recipient strain by conjugation inde-

pendently. Divergence of the bph genes among various biphe-
nyl-utilizing strains indicates that the bph genes might be very
ancient and thus have accumulated many mutations over a
long historical period. In fact, some bph operons are highly
rearranged and shuffled in soil bacteria (12, 26).

P. putida KF715 bphABCD genes specify conversion of bi-
phenyl to benzoic acid and 2-hydroxypenta-2,4-dienoic acid,
where bphA is composed of four subunit genes (bphA1, bphA2,
bphA3, and bphA4) encoding multicomponent biphenyl dioxy-
genase, bphB encoding dihydrodiol dehydrogenase, bphC en-
coding 2,3-dihydroxybiphenyl dioxygenase (DHB dioxygen-
ase), and bphD encoding 2-hydroxy-6-oxo-6-phenylhexa-2,4-
dienoic acid hydrolase (HOPDA hydrolase) (16, 35). The
KF715 bph gene cluster is very similar to the well-characterized
bphABCXD operon of P. pseudoalcaligenes KF707 in terms of
gene organization as well as the restriction enzyme profiles.
However, the bphX region (3.5 kb), which exists between bphC
and bphD and which is involved in the conversion of 2-hydroxy-
penta-2,4-dienoic acid to acetyl-coenzyme A (16, 17), is miss-
ing in the KF715 bph gene cluster (Fig. 1). In the course of
further study of the KF715 catabolic genes, we found that
KF715 easily loses the biphenyl-utilizing ability when the cells
are grown in nutrient medium. Lee et al. have cloned and
sequenced the three sal genes coding for the conversion of
salicylate to 2-hydroxymuconic semialdehyde in KF715 (20,
21). Furthermore, we found that the catabolic capabilities of
biphenyl and salicylate are transferred from KF715 to other P.
putida strains.

Here we report on the deletion and mobilization of the large
chromosomal bph-sal element in P. putida KF715.

MATERIALS AND METHODS

Bacterial strains and cultivation. P. putida KF715, used throughout this study,
was originally isolated from soil in Kitakyushu, Japan, together with the well-
characterized P. pseudoalcaligenes KF707 (14, 35). Some characteristics of KF715
were previously described (13, 16). P. putida KF715M1 is the KF715 mutant
strain in which both the bphABCD and sal genes are deleted. P. putida KF715M2
is another KF715 derivative in which only the bph genes are deleted, but the sal
genes are retained. Pseudomonas graminis KF701 (formerly Achromobacter xy-
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losoxidans KF701), which possesses bph genes very similar to those of KF715, was
described previously (13). P. putida AC30 was obtained from A. M. Chakrabarty
(University of Illinois at Chicago), and a rifamcin-resistant and tryptophan-
requiring mutant (AC30RifrTrp) was obtained in this study. P. putida KT2440
was donated by K. N. Timmis (GBF-National Research Center for Biotechnol-
ogy, Braunschweig, Germany), and a streptomycin-resistant (Smr) and methi-
onine-requiring mutant (KT2440SmrMet) was obtained in this study. A plasmid
pCNU516 containing the salA gene was donated from Y. Kim (Chungbuk Na-
tional University, Cheongju, Korea). Other strains and plasmids used in this
study are listed in Table 1. Luria-Bertani (LB) broth (40) was used as a nutrient
medium. Basal salt medium (BSM) (14) was also used. Rifampin or streptomycin
was used at 300 or 500 mg/ml, respectively, when needed.

Conjugation. Transfer of the KF715 Bph1 phenotype by conjugation into the
recipient strain P. putida AC30RifrTrp was carried out by filter mating. Donor
and recipient cells were grown overnight in LB agar medium, and both cultures
(2 3 109) were suspended in 1 ml of LB broth. The cell suspensions (0.5 ml each)
were mixed and put on a nitrocellulose filter and incubated on an LB agar plate
for 6 h. The cells on the filter were suspended in sterilized distilled water and
plated onto BSM plates containing 300 mg of rifampin and 20 mg tryptophan per
ml, providing solid biphenyl in the inverted lid to select transconjugants.

Detection of loss of Bph1 and Sal1 phenotypes. After sequential batch growth
on LB medium, biphenyl-, salicylate-, and benzoate-utilizing abilities were scored
for every 100 colonies.

Southern blot analysis. Digoxigenin-11-dUTP was employed to label DNA by
using a digoxigenin DNA labeling and detection kit according to the instructions
of the manufacturer (Boehringer Mannheim, Mannheim, Germany). The
genomic DNA was digested with appropriate restriction enzymes and subjected
to electrophoresis through 0.7% agarose gels. The digested DNA fragments were
transferred onto nylon membranes (Biodyne B; PALL, Port Washington, N.Y.).
Hybridization was performed with the digoxigenin-labeled DNA probes.

PCR. PCR was performed with a total volume of 50 ml which contained PCR
buffer (Takara Shuzo Co., Ltd., Kyoto, Japan), template DNA (0.5 mg), 100 mM
(each) deoxyribonucleotide triphosphate, 1 mM (each) oligoprimer, and 0.5 U of
Taq DNA polymerase. Amplification of DNA was carried out as described
elsewhere (19). The oligoprimers used for the amplification of the bphC, bphD,
and salA DNA were as follows: bphC, 59-ATGTGCATTAAAAGTTTG-39 for
the upstream sequence and 39-AACGCCTTGTTTCGTATT-59 for the down-
stream sequence; bphD, 59-ATGACAGCGCTCACTGAA-39 and 39-AAAAAT
GCCGTCCGGATT-59; and salA, 59-ATGAACGCTAAGAAACCA-39 and 39-
CGCGACGCAGTTCCCATT-59.

Construction of cosmid libraries. Genomic DNA of P. putida strains KF715
and AC30Bph1 were partially digested by Sau3AI. The DNA was subjected to
20% sucrose density gradient centrifugation at 85,000 3 g for 16 h. After frac-
tionation, the DNA sizes were examined by 0.3% agarose gel electrophoresis,
and the 35- to 45-kb DNA was collected. The purified DNA was ligated at the
BamHI site of a cosmid vector Super Cos1 and packaged in vitro into lambda
phage particles by using a GIGAPACK III Gold kit (Stratagene, La Jolla, Calif.),
which were infected into Escherichia coli DH5a (38). The genomic libraries were
amplified by growing the cells in LB broth supplemented with ampicillin. Am-
plified genomic libraries were preserved in 20% glycerol at 280°C until use.

PFGE. Agarose-embedded DNA suitable for separation by pulsed-field gel
electrophoresis (PFGE) was prepared in accordance with instructions provided
by the manufacturer (Bio-Rad Laboratories AG, Glattbrugg, Switzerland) with
some modifications. PFGE was performed by clamped homogeneous electric-
field (CHEF) electrophoresis for 24 h by the CHEF-DRII system (Bio-Rad). The
gel (1%) was subjected to electrophoresis in 45 mM Tris-borate and 1 mM
EDTA (pH 8.3) at 6 V/cm and 14°C.

RESULTS

Organization of the bph and sal genes in P. putida KF715.
We previously reported that a region named bphX (3.5 kb)
between bphC and bphD is missing in KF715 (16), where four
genes are present in P. pseudoalcaligenes KF707 (GenBank
accession no. D85853) and Burkholderia cepacia LB400 (17). In
KF707 they are bphX0 (encoding glutathione S-transferase;
bphK in LB400), bphX1 (encoding 2-hydroxypenta-2,4-dieno-
ate hydratase; bphH in LB400), bphX2 (acetaldehyde dehydro-
genase [acylating]; bphJ in LB400), and bphX3 (encoding 4-hy-
droxy-2-oxovalerate aldolase; bphI in LB400). Sequence
analyses of the intervening region of bphC and bphD in KF715
revealed that only one nucleotide (nucleotide A) of the start
codon of bphX0 and that the 39-terminal 106 nucleotides of
bphX3 remain (Fig. 1). Thus, most of the 3.5-kb bphX region is
deleted in the KF715 bph genes. The KF715-bphD and KF707-

FIG. 1. Analysis of the deletion of bphX region within the P. putida KF715 bph operon in comparison with the corresponding region of P. pseudoalcaligenes KF707.
The intervening sequence between bphC and bphD is schematically depicted. The deletion point is shown by a vertical arrow, indicating that only one nucleotide A of
the start codon of bphX0 and the 39 region of 106 nucleotides of bphX3 remain. The nucleotide sequences right after the stop codon of bphD from KF707 and KF715
are presented in boxes. nt, nucleotide(s).
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bphD genes share an identity as high as 96.0%, and both are
ended with TAA in common, but their nucleotide sequence
right after the stop codon is entirely different (Fig. 1).

Another catabolic gene cluster coding for the conversion of
salicylate to 2-hydroxymuconic semialdehyde was cloned
(termed salA-encoding salicylate hydroxylase, salB-encoding
ferredoxin, and salC-encoding catechol 2,3-dioxygenase [C23O])
(20, 21). We determined the location of the sal genes. For this
purpose we constructed a genomic cosmid library for KF715.
First, we screened a cosmid clone expressing both DHB dioxy-
genase (encoded by bphC) and C23O (encoded by salC) by
spraying with 2,3-dihydroxybiphenyl and catechol, respectively.
From the restriction maps of the cosmids and the following
Southern blot analyses with bph and sal DNA probes, it was
revealed that the sal gene cluster lies 10 kb downstream of the
bphABCD gene cluster.

Appearance of the Bph2 and Sal2 phenotypes and their
characteristics. When P. putida KF715 was sequentially sub-
cultured in LB broth, it was found that colonies unable to grow
on biphenyl (Bph2) appeared at high frequency. After 80 gen-
erations, 91% of the cells tested had lost the Bph-utilizing

ability. About half of such Bph2 mutants derived from KF715
also had lost their ability to grow on salicylate. These results
indicated that two types of deletion occurred within the KF715
genome around the bph-sal gene clusters. The genomic South-
ern analyses with the bphA1 DNA (see TNF-IV in Fig. 3) and
salA DNA (TNF-VI), together with other parts of DNA (TNF-
II and TNFVII) since the probes revealed that strain
KF715M1 had lost both the bph and sal genes, including the
intervening region (ca. 10 kb), and that KF715M2 had lost only
the bph genes (Table 2 and Fig. 3). Shown in Fig. 2 are the
PFGE profiles of SpeI digests and the following Southern blot
analysis of the genomic DNA from KF715, KF715M1, and
KF715M2. No hybridization was observed for the genomic
DNA of both KF715M1 and KF715M2 when bphA1 was used
as the probe, while KF715M2 DNA hybridized with the salA
probe only. PCR experiments revealed that the bphC, bphD,
and salA genes were amplified from the genomic DNA of the
original KF715 and that only the salA gene was amplified from
KF715M2 (data not shown). Neither bphC and bphD nor salA
were amplified from KF715M1. These results are in agreement
with those from the Southern blot analyses.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant descriptiona Source or reference

Strains
P. putida KF715 Wild type, Bph1 Sal1 Ben1 16
P. putida KF715M1 Bph2 Sal2 Ben1 (Dbph/Dsal) This study
P. putida KF715M2 Bph2 Sal1 Ben1 (Dbph) This study
P. putida KF715M1Bph1 Bph1 Sal1 Ben1 This study
P. putida KF715M2Bph1 Bph1 Sal1 Ben1 This study
P. putida AC30 Ben1 A. M. Chakrabarty
P. putida AC30RifrTrp Ben1 Rifr trp This study
P. putida AC30Bph1 Bph1 Sal1 Ben1 Rifr trp (transconjugant acquired the bph-sal element) This study
P. putida KT2440 Ben1 K. N. Timmis
P. putida KT2440SmrMet Ben1 Smr met This study
P. putida KT2440Bph1 Bph1 Sal1 Ben1 Smr met (transconjugant acquired the bph-sal element) This study
P. pseudoalcaligenes KF707 Wild type, Bph1 Ben1 14
P. graminis KF701 Wild type, Bph1 Ben1 13
E. coli S17-1 pro thi recA hsdR; chromosomally integrated RP4-2-Tc::Mu-Km::Tn7 33
E. coli DH5a supE44 DlacU169(f80 lacZ DM15) hsdR recA1 endA1 gyrA96 thi relA1 40

Plasmids
pMFB2 pKT230-bphABC(KF707); Smr; 19.7 kb 14
pNHF715 pKT230-bphABCD(KF715); Smr; 22.3 kb 16
pCNU516 pUC18-salA(KF715); Apr; 4.6 kb 20, 21
Super Cos1 Apr Nmr; cosmid vector; 7.6 kb Stratagene
pKTF6246 Cosmid containing the sal genes This study
pKF6337 Cosmid containing upstream of the bph genes This study
pKF6465 Cosmid containing downstream of the bph-sal element from AC30Bph1 This study
pKF6500 Cosmid containing upstream of the bph genes This study

a Abbreviations: Bph, biphenyl; Sal, salicylate; Ben, benzoate; Rif, rifampin; Tc, tetracycline; Km, kanamycin; Sm, streptomycin; Ap, ampicillin; D, deletion; r,
resistance.

TABLE 2. Growth characteristics and genomic Southern analyses of P. putida KF715 and P. putida AC30 and their derivativesa

Strain
Growth on: Hybridization with:

Bph Sal Ben TNF-I TNF-II TNF-III TNF-IV TNF-V TNF-VI TNF-VII TNF-VIII TNF-IX

KF715 1 1 1 1 1 1 1 1 1 1 1 (1)
KF715M1 2 2 1 1 1 2 2 (1) 2 1 1 (1)
KF715M2 2 1 1 1 1 2 2 1 1 1 1 (1)
AC30RifrTrp 2 2 1 (1) 2 2 2 2 2 2 2 1
AC30Bph1 1 1 1 1 1 1 1 1 1 1 1 1

a Abbreviations are as defined in Table 1. The DNA probes used in this experiment are shown in Fig. 3. (1), positive bands due to the unknown DNA homologous
to the respective probe used.
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Recovery of the Bph1 phenotype by introducing the bph
genes. The two Bph2 mutant strains KF715M1 and KF715M2
were mated with E. coli S17-1 carrying pMFB2, containing the
bphABC genes of P. pseudoalcaligenes KF707 (14), or
pNHF715 containing the P. putida KF715 bphABCD genes
(16), respectively. Both KF715M1 and KF715M2 carrying
pNHF715 restored the ability to grow on biphenyl; however,
the same mutant strains carrying pMFB2 failed to grow on
biphenyl but produced a large amount of yellow meta-cleavage
compound (HOPDA) from biphenyl (Table 2).

Deletion regions in KF715M1 and KF715M2. From the
analyses of genomic DNAs by Southern blot and PCR, it was
revealed that KF715M1 had lost bph and sal genes, including
the intervening region (10 kb), and that KF715M2 had lost the
bph genes but retained the sal genes. Based on these findings,
we analyzed KF715 cosmid DNAs carrying both the bphABCD
and sal genes in comparison with the corresponding regions
from KF715M1 and KF715M2. By using various DNA probes
that include the upstream of bphA, the downstream of bphD,
and the downstream of sal, DNA fragments which hybridized
with these probes, but with different sizes, were screened (Fig.
3). In order to determine the upstream of deletion sites in
KF715M1 and KF715M2, the EcoRI 13-kb DNA (TNF-II in
Fig. 3) was prepared from cosmid pKF6337, which was derived
from the KF715 chromosome. The TNF-II DNA probe hybrid-

FIG. 2. PFGE of the genomic DNA of P. putida KF715, KF715M1, and
KF715M2 and the subsequent Southern blot analysis of bph and sal genes. The
bphA1 and salA DNAs were used as the probe. The genomic DNAs were
digested by SpeI. Lanes: 1, KF715; 2, KF715M1; 3, KF715M2. Molecular size
markers are shown on the left.

FIG. 3. Analyses of terminal ends of the bph-sal element in P. putida KF715 and the deletion regions within the same element in KF715M1 and KF715M2. The
following four cosmids were analyzed: pKT6500 containing the upstream of the bph-sal element, pKF6337 containing the bph gene cluster and its upstream region,
pKF6246 containing the sal genes, and pKF6465 containing the salC gene and the downstream of the bph-sal element. The former three cosmids (pKF6500, pKF6337,
and pKF6246) are derived from P. putida KF715, and pKF6465 is derived from P. putida AC30Bph1. These cosmids were digested by EcoRI, and some fragments were
further digested by SalI and XhoI. The restriction sites are shown, where E, S, and X indicate EcoRI, SalI, and XhoI, respectively. The DNA fragments used as the
probes are indicated by heavy bars (TNF-I to IX). The estimated sizes and the positions of the bph-sal element and the deletion regions of KF715M1 and KF715M2
are indicated by arrows. Lanes: 1, KF715; 2, KF715M1; 3, KF715M2; 4, AC30RifrTrp; 5, AC30Bph1.
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ized with the same size of DNA from both KF715M1 and
KF715M2 (Fig. 3c). The downstream 15-kb EcoRI DNA
(TNF-III) fragment adjacent to TNF-II failed to hybridize with
both KF715M1 and KF715M2 DNA (data not shown). These
results indicate that the upstream deletion end of these two
mutants lies just inside or just downstream of the 39 end of the
TNF-II DNA (Fig. 3). The downstream deletion site of
KT715M1 was found within the 4.0-kb EcoRI fragment (TNF-
VII) because this fragment was hybridized with the DNA frag-
ment of a different size (8.8 kb) in KF715M1, while this probe
hybridized with the same 4.0-kb DNA in KF715 and KF715M2
(Fig. 3e). The downstream deletion site of KF715M2 was es-
timated to lie just upstream of the 1.95-kb SalI-XhoI fragment
(TNF-V). The TNF-V probe hybridized with DNA fragments
of the same size in KF715 and KF715M2 but hybridized dif-
ferently in KF715M1 (Fig. 3d). The same probe hybridized
with several other DNA fragments (Fig. 3d). Preliminary se-
quence data showed that the 1.95-kb TNF-V DNA contains an
IS-like sequence similar to IS5 (EMBL-DDBJ-GenBank data-
base under accession no. AJ249209). We found that several
copies of this IS-like sequence are present in KF715 and its
derivatives (data not shown). This may be the reason why
several bands appeared with the TNF-V probe. The upstream
4.6-kb DNA fragment (TNF-IV) adjacent to TNF-V DNA did
not hybridize with the KF715M2 DNA (Table 2), indicating
that the downstream deletion site lies just upstream of the
1.95-kb DNA. Based on these results, we estimate that ;70-kb
DNA is deleted in KF715M1, which includes the bphA up-
stream region (30 kb), the entire bphABCD region (10 kb), the
intervening region between the bph and sal genes (10 kb), and
the 20-kb region including the sal genes (Fig. 3). On the other
hand, an ;40-kb DNA region is deleted in KF715M2, which
includes the bphA upstream region (30 kb) and the entire
bphABCD region (10 kb). Furthermore, PFGE revealed that
the SpeI digest profiles of the genomic DNA of KF715,
KF715M1, and KF715M2 are different (Fig. 2a). This indicates
that at least part of the genome of KF715 is highly prone to
rearrangement, which may include deletion and recombina-
tion.

Self-mobilization of the bph and sal genes. From the evi-
dence that P. graminis KF701 possesses a bphABCD gene clus-
ter nearly identical to that of KF715 (14), a question arises

regarding whether the bph gene cluster of KF715 can be trans-
ferred to other strains. P. putida KF715 cells were filter mated
with P. putida AC30RifrTrp, and Bph1 colonies were screened
on a BSM agar plate containing rifampin and tryptophan in the
presence of biphenyl as a sole source of carbon. As a result,
Bph1 AC30 transconjugants were obtained at a frequency of
as high as 1026 per recipient cells. No colony was obtained
when only donor or recipient cells were spread on the same
plates as the control. All Bph1 Rifr colonies thus obtained
grew on salicylate as well and were confirmed for the require-
ment of tryptophan. Shown in Fig. 4 are PFGE profiles of
DNA fragments of one such Bph1RifrTrp strain (AC30Bph1).
The SpeI digestion profile of the AC30Bph1 genome was es-
sentially the same as that of the AC30RifrTrp strain but was
different from that of KF715. Genomic Southern analyses con-
firmed that AC30Bph1 gained both the bph and sal genes. The
two gene clusters were located on the same SpeI fragment
since identical hybridization profiles were obtained when the
bphA probe (Fig. 4b) and the salA probe (data not shown) were
used, respectively. The SpeI DNA fragment which hybridized
to the bph-sal DNAs was ca. 150 kb for KF715 and ca. 310 kb
for AC30Bph1 (Fig. 4b). These results indicate that both the
bph and sal gene clusters were transferred into AC30RifrTrp.
We named this conjugative chromosomal DNA segment the
bph-sal element.

Mobilization of the bph-sal element from AC30Bph1. The
bph-sal genes of AC30Bph1 were also highly prone to deletion.
The deletion frequency of the bph-sal genes was comparable to
that of KF715, but the deletion always took place in the region
including both the bph and sal genes. This result is in contrast
to the original KF715, in which two types of deletions, as seen
in KF715M1 and KF715M2, occurred at almost the same fre-
quency. The conjugative transfer of the Bph1 and Sal1 phe-
notypes from AC30Bph1 was also observed with P. putida
KT2440SmrMet as the recipient, at a frequency of as high as
2 3 1026 per recipient cell. Genomic Southern analyses of
KT2440Bph1 confirmed the presence of both the bph and sal
genes at the SpeI 325-kb DNA (Fig. 4b). AC30Bph1 was also
mated with KF715M1 and KF715M2, respectively, resulting in
the appearance of KF715M1Bph1 and KF715M2Bph1 at a
frequency of 1026 per recipients. The SpeI digests of genomic
DNA from KF715M1Bph1 and KF715M2Bph1 exhibited

FIG. 4. PFGE of the genomic DNA of P. putida KF715, P. putida AC30Bph1, and P. putida KT2440Bph1 (a) and the subsequent Southern blot analysis of the
bph-sal element with the bphA1 probe (b). The genomic DNA was digested by SpeI. Lanes: 1, KF715; 2, AC30RifrTrp; 3, AC30Bph1; 4, KT2440SmrMet; 5,
KT2440Bph1. Molecular size markers are shown on the left.
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bands hybridizing at 250- and 320-kb DNA, respectively, when
the bph probe was used (data not shown).

Size of the bph-sal element. We attempted to determine the
size of the bph-sal element by using the cosmids obtained from
KF715 and AC30Bph1. We constructed the physical map of
this element with the restriction enzyme EcoRI (Fig. 3). The
4.0-kb EcoRI fragment (TNF-I) in a cosmid pKF6500 which is
located at the 59 region far upstream from the bph genes
hybridized, with the same size, with the KF715 chromosome
and with those of the two deletion mutants KF715M1 and
KF715M2 as well (Fig. 3b). However, the same probe hybrid-
ized with the 5.2-kb DNA of AC30Bph1. These results indi-
cate that the 4.0-kb DNA (TNF-I DNA) contains the upstream
end of the bph-sal element and that the two deletion mutants
retain the upstream end of the bph-sal element. On the other
hand, cosmid pKF6465 which is from AC30Bph1 and contains
the salC gene was used to determine the downstream end of
the bph-sal element (Fig. 3f). The 3.7-kb EcoRI fragment
(TNF-IX) which is located far downstream of the sal genes and
includes the vector-borne EcoRI site was strongly hybridized
with the chromosomes of AC30RifrTrp and AC30Bph1 at the
same 10.0-kb DNA and hybridized with the ;20-kb DNA of
the KF715 chromosome to a lesser extent. The reason why the
TNF-IV hybridized with the KF715 and the derivatives has yet
to be elucidated, but the bph-sal element may be inserted
within the region conserved between KF715 and AC30, such as
tRNA structural genes as seen in clc element (28). The SalI
3.0-kb DNA fragment (TNF-VIII) upstream from TNF-IX
DNA hybridized with both KF715 and AC30Bph1 DNA of the
same size (Table 2). These results indicate that the 39 end of
the bph-sal element is located just upstream of the TNF-IX
DNA fragment in pKF6465. Thus, the hybridization results
allow us to assume that the size of the bph-sal element would
be ca. 90 kb, which includes 40 kb upstream from the bph
genes, a 10-kb bph gene cluster, a 10-kb intervening region
between bph and sal, and the 30-kb region including the sal
genes (Fig. 3a).

DISCUSSION

In previous studies (16, 35), we reported that the bphX
region (ca. 3.5 kb conferring the conversion of 2-hydroxypenta-
2,4-dienoic acid to acetyl-coenzyme A) is lacking in the KF715
bph gene cluster. In a sequence comparison with the well-
characterized bph genes of P. pseudoalcaligenes KF707 (35)
and B. cepacia LB400 (17), only one nucleotide (nucleotide A)
of the start codon of bphX0 and the 39-terminal 106 nucleo-
tides of bphX3 remained, suggesting that KF715 used to have
the entire bphABCXD genes as in the case of KF707 and
LB400. In the present study, we have also demonstrated that
two chromosomal regions, including the bph and/or sal gene
clusters, are highly prone to deletion. The KF715 bph and sal
gene clusters are separated by 10-kb DNA. Deletion occurs at
the region that includes both the bph and sal genes (ca. 70 kb)
or at the region that includes only the bph genes (ca. 40 kb).
The upper deletion sites seem to be identical. No deletion was
observed at the lower region containing only the sal region,
and strain KF715M2, which retained only the sal genes, was
stable. In contrast to KF715, other biphenyl-utilizing strains,
such as P. pseudoalcaligenes KF707 and P. graminis KF701,
maintain the bph genes stably. The genome of P. putida KF715
seems to be highly rearranged, not only at the bph-sal regions
but at the entire genome, because the restriction profiles by
SpeI digestion and following PFGE were significantly different
between KF715, KF715M1, and KF715M2 (Fig. 2a). Instability
of the bph-sal element may be one of such rearrangement

events in strain KF715, where insertional elements could be
highly involved, as shown in Yersinia pestis. A 102-kb unstable
region of Y. pestis comprising a so-called high-pathogenicity
island undergoes internal rearrangement, which is a conse-
quence of the presence of numerous insertional elements in
the chromosome (5).

The bph-sal element behaves like a conjugative transposon.
Conjugative drug-resistant transposons were first discovered
from gram-positive Enterococcus faecalis (9, 15) and Strepto-
coccus pneumoniae (2, 32) and, later, from gram-negative Bac-
teroides spp., whose conjugative transposons range in size from
65 to 150 kb (4, 25). Most of them carry tetracycline resistance
genes. These conjugative transposons can excise themselves
from the genome in which they are integrated, transfer them-
selves by conjugation into a recipient cell, and integrate into
the recipient’s genome (4, 6, 30, 31). Recently, two conjugative
catabolic transposons were also reported (24, 27). The clc gene
cluster of Pseudomonas sp. strain B13 conferring 3-chloroben-
zoate degradation (7, 10) is present on the B13 chromosome as
a 105-kb mobile genetic element (clc element) (27, 28). This
element is self-transmissible and integrates into the chromo-
somes of various bacterial recipients, with glycine tRNA struc-
tural gene (glyV) as the integration site (28). It has not been
clear whether the insertion site of the bph-sal element is spe-
cific as seen in the clc element. However, the fact that the
4.0-kb TNF-I covering the upstream end of the bph-sal element
(Fig. 3b) hybridized with ca. The 10-kb fragment of AC30
DNA (Fig. 3b) and that the 10-kb TNF-IX fragment of AC30
downstream of the bph-sal element (Fig. 3f) hybridized with ca.
20-kb fragment of KF715 DNA suggest that there may exist a
hot spot of insertion, such as the conserved tRNA structural
genes. The bph-sal element can be transferred from the
AC30Bph1 transconjugant to another P. putida KT2440. This
implies that all factors necessary for mobilization are located
on the 90-kb bph-sal element. The DNA sequencing of this
element is currently under way to find the genes involved in the
transfer and thereby to reveal the mechanism of conjugal
transfer. Occurrence of the mobile bph elements may explain
why biphenyl-utilizing bacteria are widely distributed and pos-
sess bph genes that are very similar, if not identical, to one
another.
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