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Analysis of chlorobenzene-degrading transconjugants of Pseudomonas putida F1 which had acquired the
genes for chlorocatechol degradation (clc) from Pseudomonas sp. strain B13 revealed that the clc gene cluster
was present on a 105-kb amplifiable genetic element (named the clc element). In one such transconjugant, P. pu-
tida RR22, a total of seven or eight chromosomal copies of the entire genetic element were present when the
strain was cultivated on chlorobenzene. Chromosomal integrations of the 105-kb clc element occurred in two
different loci, and the target sites were located within the 3* end of glycine tRNA structural genes. Tandem am-
plification of the clc element was preferentially detected in one locus on the F1 chromosome. After prolonged
growth on nonselective medium, transconjugant strain RR22 gradually diverged into subpopulations with
lower copy numbers of the clc element. Two nonadjacent copies of the clc element in different loci always re-
mained after deamplification, but strains with only two copies could no longer use chlorobenzene as a sole sub-
strate. This result suggests that the presence of multiple copies of the clc gene cluster was a prerequisite for
the growth of P. putida RR22 on chlorobenzene and that amplification of the element was positively selected for
in the presence of chlorobenzene.

Pseudomonas sp. strain B13 was the first described pseudo-
monad which could use 3-chlorobenzoate (3CBA) as a sole car-
bon and energy source (7). The degradation of 3CBA involves
initial oxidation to chlorocatechols, which are subsequently
converted to 3-oxoadipate by the action of four enzymes of the
modified ortho cleavage pathway. This ortho cleavage pathway,
also referred to as the chlorocatechol oxidative pathway, is en-
coded by the clcABDE genes (9). The clc genes can be trans-
ferred from strain B13 to many different recipient bacteria,
thereby enabling the recipients to degrade chlorocatechols as
well (20, 23, 29, 35). Although presumed to be a conjugative
process, the transfer mechanisms and the nature of the trans-
ferred element have remained unclear. The isolation of a 110-
kb plasmid carrying the clc genes in Pseudomonas sp. strain
B13 was reported (3). However, other research groups were
unable to isolate plasmid DNA from strain B13 (20, 35). Weis-
shaar et al. hypothesized the clc genes to be present on the
chromosome of strain B13, but clear evidence for this hypoth-
esis was not presented (33).

Strain B13 remained the basic organism for biochemical
studies on the chlorocatechol oxidative pathway, but the clc
genes were characterized initially from Pseudomonas putida
AC827 (9). Indeed, in this strain a plasmid (pAC27) harboring
the clc genes was discovered. The clc genes are organized in
two clusters. One is formed by the clcABDE structural genes,
comprising a 4-kb region (9). The other is formed by a 0.9-kb
regulatory gene, clcR, oriented divergently from clcABDE and

with a 0.3-kb spacing from clcA (5). It was long presumed that
the clc genes of strain B13 would be very similar to those of
P. putida AC827. Only recently was a DNA fragment contain-
ing the clcR gene of strain B13 characterized and shown to be
identical to the pAC27 clcR gene (17).

To study the transmissible clc element of strain B13, we
tested the possibility of trapping the element in a clear distin-
guishable form in another host. As a new recipient for the clc
genes, we chose P. putida F1. This bacterium can metabolize
toluene due to the catalytic activities of the enzymes encoded
by the chromosomally located tod genes (36, 37). It had pre-
viously been demonstrated that the clc genes of Pseudomonas
sp. strain B13 could be transferred to P. putida F1 (20, 22). The
resulting F1 transconjugants expressed both the chlorocatechol
oxidative pathway genes and those for toluene degradation and
were therefore able to completely metabolize monochloroben-
zene (MCB) and 1,4-dichlorobenzene (1,4-DCB).

In this report, we describe previously unknown features of
the transmissible clc element of strain B13. Using pulsed-field
gel electrophoresis (PFGE), cosmid mapping, and DNA-DNA
hybridizations, we show that the element has a size of 105 kb
and is integrated into the chromosome of strain F1. A physical
map of the complete element and the sequences of its integra-
tion sites in strain F1 are presented. We demonstrate the un-
usual amplification and deamplification behaviors of the clc
element in strain F1. To our knowledge, this is the first large
chromosomal tandem amplification found in Pseudomonas spp.

MATERIALS AND METHODS

Bacterial strains and relevant characteristics. Pseudomonas sp. strain B13
grows on 3CBA as a sole source of carbon and energy (20, 23). P. putida F1,
which uses toluene as a sole carbon and energy source, was kindly obtained from
Dave Gibson (36, 37). Strains P. putida RR1, RR3, RR4, RR6, RR7, RR8,
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dorf, Switzerland. Phone: (41) 1-823-5438. Fax: (41) 1-823-5547. E-mail:
vdmeer@eawag.ch.

4360



RR21, RR22, RR28, and RR29 are transconjugants of strain F1 which have
obtained the clc genes from strain B13. These transconjugants were isolated from
matings between P. putida F1 and Pseudomonas sp. strain B13 on agar plate
surfaces with 1,4-DCB as a sole substrate. They all use toluene, 3CBA, MCB, and
1,4-DCB as sole sources of carbon and energy. Strains RR1 to RR8 and strains
RR21 to RR29 were obtained from two independent matings. P. aeruginosa rec1
(PAO rec1) is a recA mutant which was obtained from Michael Kertesz, Institute
of Microbiology, Swiss Federal Institute for Technology, Zürich, Switzerland.
PAO rec1 carries a Tn501::A7 insertion of the mercury resistance genes in recA
as described by Ohman et al. (19). Escherichia coli DH5a (26) and E. coli
XL1-Blue MR (Stratagene, La Jolla, Calif.) were used as host strains for recom-
binant DNA.

Media and culturing conditions. For routine growth of the Pseudomonas
strains and their enumeration by selective plating, Z3 minimal medium (30) to
which the appropriate aromatic compounds were added was used; for strain B13,
this compound was 3CBA, for strain F1, it was toluene, and for F1 transconju-
gants, it was MCB. Agar plates were incubated in gas-tight glass jars to which
toluene or MCB was applied through the vapor phase. 3CBA was dissolved di-
rectly in the agar at a concentration of 5 mM. Ultrapure agar (Merck AG, Dieti-
kon, Switzerland) was used to minimize background growth. For liquid cultures,
toluene, MCB, and 1,4-DCB were dissolved in a secondary phase (2,29,4,49,6,8,89-
heptamethylnonane [HMN]; Sigma Chemical Co., St. Louis, Mo.). Relative to
HMN, toluene was dissolved at a ratio of 0.1 (vol/vol), MCB was dissolved at 0.04
(vol/vol), and 1,4-DCB was dissolved at 0.02 (wt/vol). Per liter of Z3 minimal
medium, 400 ml of toluene (346 mg), 400 ml of MCB (443 mg), or 400 mg of
1,4-DCB was added. For growth on aromatic substrates in liquid media, 1:100
volumes from an overnight preculture in nutrient broth (Biolife, Milano, Italy) or
Luria-Bertani (LB) medium were used as inocula. PAO rec1 was grown in the
presence of 6 mg (for Z3 minimal medium) or 20 mg (for LB medium) of mercury
chloride per ml. For every experiment (unless otherwise stated), the bacteria
were restreaked on selective agar plates from stock cultures which were main-
tained in 15% (vol/vol) glycerol at 280°C.

Prolonged cultivation of strain RR22 on specific media. To determine the
stability of the clc element in P. putida RR22, this strain was grown on LB
medium and on Z3 medium with 3CBA for more than 200 generations. Cells
were grown in batch cultures for approximately 20 generations each time. From
each new batch culture, a fraction of 1026 was inoculated into fresh medium.
This procedure was repeated until 220 generations had passed. From every
transferred culture, a sample was frozen in 15% (vol/vol) glycerol at 280°C. In
addition, 10 individual cell lineages were derived from strain RR22 after culti-
vation on nonselective medium. Ten colonies were randomly picked from LB
plates after 100 generations on LB medium. These lineages were designated
RR2231 to RR2240. They all had different capabilities to grow on MCB as a sole
carbon and energy source. Strain RR221, which could not use MCB anymore,
was picked as a single colony after 200 generations of growth of RR22 on LB
medium.

PFGE. Agarose-embedded DNA suitable for separations by field inversion gel
electrophoresis (FIGE) or PFGE was prepared in accordance with instructions
provided by the manufacturer of the FIGE Mapper electrophoresis system (Bio-
Rad Laboratories AG, Glattbrugg, Switzerland) with some modifications. Bac-
terial cultures were grown to the late exponential phase. The cells were harvested
by centrifugation, washed in 20 mM phosphate buffer (pH 7), and resuspended
in a cell suspension buffer (10 mM Tris-HCl [pH 7.2], 20 mM NaCl, 5 mM
EDTA) to a final density of 109 cells per ml. The cell suspension was mixed with
the same volume of a 2% low-melting-temperature agarose solution (in distilled
water) at 40°C, and the mixture was transferred into plug molds (Bio-Rad). After
the agarose plugs had solidified, they were incubated in lysozyme buffer at 37°C
for 30 min (lysozyme buffer contains 10 mM Tris-HCl [pH 7.2], 50 mM NaCl,
0.2% sodium deoxycholate, 0.5% sodium lauryl sarcosine, and 1 mg of lysozyme
per ml). The lysozyme buffer was removed, and the plugs were rinsed once with

wash buffer (20 mM Tris-HCl [pH 8.0], 50 mM EDTA) and incubated overnight
at 50°C in proteinase K reaction buffer (100 mM EDTA [pH 8.0], 0.2% sodium
deoxycholate, 1% sodium lauryl sarcosine, 1 mg of proteinase K per ml). Sub-
sequently, the plugs were washed four times in wash buffer with gentle agitation
for 1 h each time. In the second wash, phenylmethylsulfonyl fluoride was added
to a final concentration of 1 mM to inactivate any residual proteinase K activity.
After the fourth wash, the plugs were stored in wash buffer at 4°C.

Prior to restriction enzyme digestion of the DNA in the agarose plugs, the
EDTA concentration in the plugs was lowered by incubation in 10-times-diluted
wash buffer for 0.5 h. Each agarose plug was then incubated in an Eppendorf
tube with 1 ml of the appropriate restriction enzyme buffer for 1 h. After
replacement of this buffer with 0.3 ml of fresh restriction enzyme buffer, restric-
tion digestion was performed by adding 50 U of restriction enzyme per 100 ml of
plug volume and incubating the mixture overnight at the appropriate tempera-
ture for the enzyme. Before agarose plugs were loaded on the gels, they were
equilibrated in electrophoresis buffer for 30 min. Separations of DNA molecules
up to 500 kb were performed with the FIGE Mapper electrophoresis system,
whereas for separations up to 2,000 kb, a CHEF DR II system (Bio-Rad) was
used. Routinely, gels contained 1% agarose in 0.53 Tris-borate buffer (0.53
Tris-borate buffer is 45 mM Tris-borate and 1 mM EDTA); TBE buffer was also
used as the running buffer for electrophoresis. Total run time and pulse times
were set to obtain the desired separation range by following the instructions
given by the manufacturers. Both FIGE and PFGE separations were performed
at 4°C. After electrophoresis, the gels were stained with ethidium bromide.

DNA-DNA hybridizations. DNA fractionated by agarose gel electrophoresis
was blotted onto a Qiabrane nylon membrane (Qiagen AG, Basel, Switzerland)
by the following procedure (modified from protocol 18-1023-07, Pharmacia Bio-
tech, Uppsala, Sweden). The ethidium bromide-stained gel was irradiated by UV
light (312 nm) for 45 s, denatured with a solution of 0.4 M NaOH plus 0.6 M
NaCl for 30 min, and finally neutralized in a solution of 1.0 M Tris-HCl plus 1.5
M NaCl (pH 7.6) for 30 min. The DNA was transferred in 203 SSC (13 SSC is
150 mM NaCl plus 15 mM trisodium citrate at pH 7.0) to the nylon membrane
over 45 to 60 min with a vacuum blotting device (VacuGene XL; Pharmacia).
The membrane was removed from the gel and treated with the NaOH-NaCl
solution for 30 s and with the Tris-HCl–NaCl solution for 1 min. The DNA was
fixed on the membrane with UV light (254 nm, 120 mJ/cm2) by use of a model
1800 Stratalinker (Stratagene GmbH, Heidelberg, Germany). Hybridizations
were performed with SDS/BSA hybridization buffer (0.5 M sodium phosphate
[pH 7.0], 1 mM EDTA, 7% sodium dodecyl sulfate, 1% bovine serum albumin)
at 62°C for approximately 16 h, followed by washing twice with a solution of 53
SSC and 1 mM EDTA for 2 min at room temperature and twice with a solution
of 0.23 SSC and 0.1% sodium dodecyl sulfate for 30 min at 62°C. DNA frag-
ments used in the hybridizations were labelled with [a-32P]dATP (3,000 Ci/
mmol; Amersham, Buckinghamshire, United Kingdom) by use of a random-
primer DNA labeling kit (Boehringer GmbH, Mannheim, Germany). As a DNA
probe for the clc genes, we used a 4.2-kb BglII fragment of pDC100 (Table 1)
containing the clcABD genes from P. putida(pAC27) (9). Hybridized membranes
were exposed to Kodak X-Omat film. Hybridization signal intensities on exposed
films were measured and analyzed on a computing densitometer with Image-
Quant software (Molecular Dynamics, Sunnyvale, Calif.). Densitometric analy-
ses were always performed on autoradiograms with relatively short exposure
times to be in the linear range.

Construction and analysis of a cosmid library from transconjugant strain
RR221. High-molecular-weight total DNA of strain RR221 was isolated from an
LB medium overnight culture with an Easy-DNA kit (Invitrogen, Carlsbad,
Calif.). From this DNA preparation, a SuperCos 1 cosmid library with DNA
inserts ranging from 33 to 42 kb was constructed by Stratagene, La Jolla, Calif.
The unamplified library was transfected into host strain E. coli XL1-Blue MR
according to the recommendations given by Stratagene. At random, a total
number of 768 individual colonies were picked and inoculated into eight 96-well

TABLE 1. Plasmids used in this study

Plasmid Source of insert DNA Relevant characteristics

pDC100 4.2-kb BglII fragment of pAC27 (9) Contains the clcABD genes
pRR101 4.2-kb NheI-HindIII fragment of cosmid insert 3C9 cloned into

pUC18Not
Contains the right junction (R1) of the integrated clc element at INT1

pRR102 1.9-kb NotI-HindIII fragment of pRR101 cloned into pUC28 Contains the right junction (R1) of the integrated clc element at INT1
pRR104 4.2-kb EcoRI fragment of cosmid insert 3G3 cloned into pUC18Not Contains the left junction (L1) of the integrated clc element at INT1
pRR108 4.1-kb NheI-EcoRI fragment of cosmid insert 2B1 cloned into

pUC18Not
Contains the right junction (R2) of the integrated clc element at INT2

pRR123 871-bp PCR product obtained from strain F1 DNA with primers
RR301 and RR303, cloned into pGEM-T Easy

Contains INT1 in strain F1 prior to integration

pRR148 984-bp iPCR product obtained from strain RR221 DNA with prim-
ers RR315 and RR316 after digestion with SphI and religation,
cloned into pGEM-T Easy

Contains the left junction (L2) of the integrated clc element at INT2

pRR157 1.1-kb PCR product obtained from strain F1 DNA with primers
RR302 and RR325, cloned into pGEM-T Easy

Contains INT2 in strain F1 prior to integration
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microtiter plates. The bacteria were grown overnight at 37°C in 200 ml of LB
medium (per well) supplemented with 50 mg of kanamycin per ml. For screening
of the library by Southern hybridizations, 25 ml of bacterial culture from each
well was transferred to a Qiabrane nylon membrane by use of a filtration man-
ifold system (series 1055; Life Technologies, Gaithersburg, Md.). Cosmid DNA
from positive clones was isolated and analyzed by restriction enzyme digestions
by standard procedures (26). Some cosmid DNA fragments were subcloned in
pUC18, pUC18Not, or pUC28 vectors (Table 1).

DNA sequencing, PCR, and sequence analysis. Double-stranded template
sequencing was performed on plasmids by use of a Thermo Sequenase fluores-
cence-labelled primer cycle kit with 7-deaza-dGTP (Amersham). Primers la-
belled with the fluorescent dye IRD-800 at the 59 end were purchased from
MWG Biotech, Munich, Germany. An automated DNA sequencer (model
4000L; LI-COR Inc., Lincoln, Nebr.) was used for sequencing. Computer anal-
ysis of DNA sequences was done with DNASTAR software (DNASTAR Inc.,
Madison, Wis.). PCR was performed with Taq polymerase (Life Technologies).
PCR primers used in this study (Table 2) were purchased from MWG Biotech or
from Microsynth, Balgach, Switzerland. Amplified DNAs were cloned into
pGEM-T Easy (Promega, Madison, Wis.).

RESULTS
Transconjugants of P. putida F1 with multiple copies of a

100-kb element containing the clc genes. Transconjugants ca-
pable of mineralizing chlorobenzene were obtained in matings
between Pseudomonas sp. strain B13 and P. putida F1 on agar
plate surfaces incubated with 1,4-DCB as the sole substrate.
These transconjugants were strain F1 derivatives having ac-
quired the clc genes from strain B13 (22). To determine the
location and presence of the clc genes, total DNA samples of
the F1 transconjugants, F1, and B13 were analyzed by FIGE
and hybridization with a clc gene probe. Total DNAs embed-
ded in agarose plugs were prepared from LB medium-grown
cultures. Among SpeI-digested DNAs, three similarly sized
fragments of 100, 150, and 410 kb hybridized for all transcon-
jugants (Fig. 1). As expected, no hybridizing fragments were
observed in strain F1 DNA. In strain B13 DNA, two SpeI
fragments of 90 and 320 kb hybridized to the clc gene probe.
The 100-kb SpeI fragment in the transconjugants gave an ap-
proximately five-times-stronger hybridization signal than the
other hybridizing fragments. Since the clc gene probe did not
have internal SpeI restriction sites, the 90- and 320-kb frag-
ments in B13 and the 150- and 410-kb fragments in the trans-
conjugants were likely to each carry one copy of the clc genes.
The more strongly hybridizing 100-kb fragment in the trans-
conjugants suggested that multiple copies of the clc genes were
present. The FIGE and hybridization mapping results also
suggested that a DNA fragment carrying the clc genes had
actually become integrated into the strain F1 chromosome,
since the hybridizing 410-kb SpeI fragment in the transconju-
gants was clearly larger than the original 370-kb SpeI fragment
in strain F1 (Fig. 1A).

Because all F1 transconjugants seemed identical, only one
(RR22) was analyzed further. In RR22 total DNA digested
with XbaI, fragments of 48, 75, and 100 kb hybridized to the clc
gene probe (results not shown). Like the results observed with
SpeI digests, the 100-kb XbaI fragment hybridizing with the clc
gene probe appeared much more intense than the other two

hybridizing fragments. In double digests with SpeI and XbaI,
the more intense band appeared at 70 kb. This result indicated
that both enzymes cut only once in this multicopy unit, that the
distance between the SpeI and XbaI restriction sites was 70 kb,
and that the total size of the unit was 100 kb. The multicopy
unit was named the clc element. The largest common DNA

TABLE 2. PCR primers used in this study

Primer Nucleotide sequence Position (59 end)a

RR301 59 GAG AAC GGA TTC AAC GCC ACC 39 348 bp left of INT1 in strain F1
RR302 59 ATC GGC AAA CTG TGC CAT GAC TGG 39 384 bp right of INT2 in strain F1
RR303 59 ACT GCA GCA GAG CAC GCC GTT CG 39 523 bp right of INT1 in strain F1
RR315 59 TGC TCT CAG TTC CCG CAT CC 39 clc element, 209 bp from left end, directed inward
RR316 59 GAT GAC GTT GTG ACG ACT GC 39 clc element, 178 bp from left end, directed outward
RR325 59 AGA TAC TGC GCA GCG ACA ACA CCA 39 295 bp left of INT2 in strain F1

a Relative to the positions of the exact junctions between the clc element and chromosomal target sites in strain F1.

FIG. 1. Total DNAs digested with SpeI and separated by FIGE. (A) Gel
stained with ethidium bromide. (B) Southern hybridization with a probe for the
clc genes; the probe was a 4.2-kb BglII fragment containing the clcABD genes
from P. putida(pAC27) (9). Lanes: 1 to 6, P. putida RR1, RR3, RR4, RR6, RR7,
and RR8, respectively; 7, 5-kb marker (Bio-Rad); 8, Saccharomyces cerevisiae
molecular size marker (225 to 2,200 kb; Bio-Rad); 9, P. putida F1; 10, Pseudo-
monas sp. strain B13; 11 to 14, P. putida RR21, RR22, RR28, and RR29,
respectively. Note that the sample in lane 1 contained more DNA than the oth-
ers, resulting in inaccurate migration velocity for this sample. The 5-kb marker
consisted of pUC concatemers and hybridized with the gene probe since the
probe contained traces of pUC vector.
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fragment in strains B13 and RR22 hybridizing to the clc gene
probe was a 28-kb NheI fragment (data not shown).

Construction of a physical map of the region containing the
clc element. To derive a physical map of the clc element, we iso-
lated overlapping cosmid clones from a library constructed for
one particular F1 transconjugant. This transconjugant (RR221)
contained only two copies of the clc element (see below). The
first series of cosmids was isolated by hybridization with the clc
gene probe (probe I; Fig. 2A). The DNAs of positive clones were
mapped with restriction enzymes BamHI, EcoRI, HindIII, and
NotI. A second gene probe (II) located at the left outer border
of the farthest reaching cosmid insert was chosen for further
screening of the library, with subsequent mapping of positive

clones. This step was again repeated with a third gene probe
(III). Finally, a physical map of the entire region containing the
clc element could be constructed (Fig. 2A). The positions of
the NheI sites flanking the clc gene cluster and the SpeI and
XbaI sites were mostly confirmed with respect to the results
from FIGE experiments. However, the higher resolution of
cosmid insert mapping revealed two XbaI sites just 1.4 kb
apart, instead of only one XbaI site (Fig. 2A).

Identification and characterization of the junctions between
the integrated clc element in strain RR221 and the F1 chro-
mosomal target sites. Since two copies of the clc element were
present in strain RR221, two types of cosmid clones would be
expected if the element were integrated at two locations in the

FIG. 2. Physical map of the region containing the 105-kb clc element and of its flanking chromosomal sites in P. putida RR221. (A) Restriction map of the complete
clc element for the enzymes BamHI (B), EcoRI (E), HindIII (H), NotI (N), SpeI (S), and XbaI (X). Indicated with vertical arrows are the positions of SpeI and XbaI
sites initially mapped by FIGE. Note that two XbaI sites just 1.4 kb apart are actually present. The two NheI sites flanking the clc genes are shown within parentheses,
since other possible NheI sites were not mapped. For comparison with previous data on pB13 (4), the sizes of all EcoRI fragments within the clc element are given.
The locations of DNA probes (I, II, and III) used for screening the cosmid library are indicated. Probe I was the 4.2-kb BglII fragment containing the clcABD genes
from P. putida(pAC27) (9). The fourth DNA probe (IV) was used for hybridizations with total DNAs from P. aeruginosa transconjugants carrying the clc element. ORF,
open reading frame. All of the overlapping cosmid clones (2H7, 3G3, and so forth) used for isolating and mapping the clc element are depicted below the physical map. The
parts of the cosmid inserts extending beyond the right and left borders of the clc element are not shown. (B) Restriction maps of the left and right junctions of the two
integrated elements in strain RR221. Grey shading indicates DNA which is part of the clc element. The remaining DNA is chromosomal DNA from parental strain F1.
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chromosome. Inserts of cosmid clones near the clc genes in-
deed started to differ from an NruI site onward, suggesting that
the right end of the clc element and the regions of integration
on the chromosome were to be found here. These regions were
subcloned (plasmids pRR101 [right end of first copy, R1] and
pRR108 [right end of second copy, R2]), sequenced, and com-
pared (Fig. 2B and 3). The two sequences were identical up to
the point including a putative glycine-tRNA structural gene.
From there on the sequences differed, suggesting that either
the Gly-tRNA gene itself or a sequence within it formed the
actual border of the clc element. The sequence of the Gly-tRNA
gene in strain RR221 was 100% identical to that of the aGly-
tRNA gene in E. coli K-12 (16).

On the basis of the estimated total size of approximately 100
kb (based on FIGE), the left end of the element was already
covered by the mapped cosmids, but three cosmid inserts at the
left end (2H7, 3G3, and 7D12) did not differ with respect to
restriction patterns. We tested the possibility that similar se-
quences were present at both outer ends of the integrated clc
element. A DNA probe from the right end of the element
(pRR102) was used to hybridize digested DNAs from cosmids
covering the left end. Only very weak hybridization was ob-
served for a 4.2-kb EcoRI fragment of cosmid 3G3. Sequencing
of this fragment (pRR104) revealed the putative left end of the
first copy (L1) of the clc element. Short homologous sequences
between L1 and R1-R2 with 83% identity (in a 92-bp overlap)
were present (Fig. 3). The 91-bp sequence at L1 contained the
18-bp 39 end of the Gly-tRNA sequence at R1. This result
indicated that the clc element had been integrated into the
Gly-tRNA gene at this position. To confirm this hypothesis, the
original integration site was isolated from strain F1. PCR was
performed on F1 total DNA with primers located outside the
borders of the clc element at the left (primer RR301) and right
(primers RR302 and RR303) ends. With primers RR301 and
RR303, a PCR product (insert pRR123) which contained a
complete tRNA gene in the middle (named integration site
INT1; Fig. 3) was obtained. The sequences to the left and right
of the tRNA gene were identical to those adjacent to the in-
tegrated clc element in strain RR221 (Fig. 3). The exact ends
of the clc element were now determined, and the total size of the
element was estimated from restriction mapping to be 105 kb.

The left end of the second copy (L2) of the integrated clc
element could be cloned after amplification by inverse PCR
(iPCR). Total DNA from strain RR221 was digested with SphI,
religated, and subjected to iPCR with primers RR315 and
RR316. The obtained PCR product was cloned and sequenced,
and again the 18-bp 39 end of the Gly-tRNA gene was found
(pRR148 [L2]). Beyond the tRNA gene the sequence of L2
started to differ from that of L1, confirming the left end of the
element. The PCR primers RR302 and RR325 were then used
to amplify and demonstrate the presence of the second inte-
gration site in strain F1(pRR157). This site was named INT2
(Fig. 3). Interestingly, the amplified DNA was 391 bp longer
than expected and was found to contain sequences for three
tandemly arranged Gly-tRNA genes (Fig. 3). The situation for
strain RR221 suggested that the clc element had been inte-
grated into one of these Gly-tRNA sequences. Perhaps the
others disappeared during recombination between multiple
copies of the clc element (see below).

RecA independence of integration. Since no P. putida F1
recA mutant was available, PAO rec1 was used to test whether
chromosomal integration of the clc element was dependent on
RecA. Filter matings were performed between B13 and PAO
rec1 on LB agar as described previously (22). PAO rec1
transconjugants having obtained the clc genes were selected on
Z3 minimal medium supplied with HgCl2 and with 3CBA as

the sole substrate. Several transconjugants were obtained and
subjected to genetic characterization. Total DNAs of such
transconjugants were hybridized with the clc gene probe.
Among EcoRI-digested DNAs, a band of approximately 20 kb
hybridized for all transconjugants. A second hybridization with
a probe for the clc element left end (probe IV; Fig. 2) resulted
in the hybridization of an EcoRI fragment of approximately 9
kb. If the clc element were present in P. aeruginosa as a closed
circular molecule (e.g., a plasmid), both probes would have
hybridized to the same 20-kb EcoRI fragment (see Discus-
sion). These results showed that the clc element was integrated
into the PAO rec1 chromosome in a single copy, suggesting a
mechanism of integration independent of RecA activity. The
sensitivity of the transconjugants to UV irradiation did not
differ from that of PAO rec1, precluding the possibility of recA
complementation by the clc element.

Deamplification of the 105-kb clc element in P. putida RR22
under nonselective growth conditions. To investigate the na-
ture of the multiple copies of the clc element in the F1 trans-
conjugant RR22, we determined their stability during growth
for 220 generations on LB medium. Isolated total DNAs from
different generations were digested with SpeI, separated by
FIGE, and hybridized to the clc gene probe; fragments of 150
and 410 kb were present at every stage (Fig. 4). Interestingly,
the intensity of the 105-kb band decreased upon prolonged
growth on LB medium, suggesting a decrease in the copy
number of the clc element. Based on densitometric measure-
ments of several autoradiograms, the 105-kb band in the DNA
from RR22 cultures grown on MCB corresponded to an aver-
age clc element copy number of five or six. For this estimation,
the intensities of the 150- and 410-kb bands served as single-
copy standards. After 220 generations of growth on LB me-
dium, the mean copy number had decreased to approximately
one. The deamplification process was reversible. When cul-
tures were grown again on MCB, the copy number of the 105-
kb element was almost immediately restored to the original
level (Fig. 4). In a control experiment with strain RR22 grown
for 220 generations on 3CBA, the copy number of the 105-kb
element did not change measurably (results not shown). This
finding suggested that the copy number of the element in
RR22 cultures decreased under nonselective conditions, where-
as under selective conditions (i.e., a requirement for the clc
genes), an approximate copy number of between five and six
was maintained (not including the copies represented by the
150- and 410-kb SpeI fragments).

Divergence of P. putida RR22 into a heterogenous popula-
tion upon growth on nonselective medium. From samples of
the RR22 culture after 100, 140, 180, and 220 generations on
LB medium, individual colonies were tested for growth with
MCB as the sole substrate on mineral agar plates. After 100
and 220 generations on LB medium, more than 20 and about
80% of the cells had lost their ability to mineralize MCB,
respectively (Fig. 5). Prolonged cultivation of strain RR22 on
LB medium for up to 300 generations did not further reduce
the fraction able to grow on MCB (results not shown). The
derivative strain RR221, used for the cosmid library and un-
able to grow on MCB, was picked as a single colony after 200
generations of growth on LB medium. Ten colonies obtained
after 100 generations in liquid LB medium were picked and
grown again on LB medium to obtain sufficient cells for DNA
isolation. This procedure corresponded to another 30 genera-
tions of growth on nonselective medium. The 10 putative
clones (named RR2231 to RR2240) were tested for their ca-
pability to grow on MCB by spotting 10 ml of an LB medium
culture (from the one used for DNA preparation) on a selec-
tive agar plate (Table 3). To determine the copy number of the
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FIG. 3. Nucleotide sequences of the two chromosomal integration sites of the clc element in P. putida F1 (INT1 and INT2) and the junction regions of the integrated
clc element copies in transconjugant RR221 (L1-R1 and L2-R2). The positions of relevant restriction sites, of a large conserved inverted repeat (IR1, IR2, and IR3),
and of the Gly-tRNA gene copies (or parts thereof) are shown. The parts of the sequences belonging to the clc element are indicated with grey shading. The homologous
sequences found at L1 and R1-R2 are located between nucleotides 37 and 127.
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clc element in each putative clone, the total DNA was digested
with XbaI, separated by FIGE, and hybridized to the clc gene
probe. All strains still had the hybridizing 48- and 75-kb XbaI
fragments, but four of the derived strains had lost the 100-kb
XbaI fragment. This result correlated well with their capability
to grow on MCB (Table 3). When strain RR221 (similar to
RR2231) with only two copies of the clc element was again
incubated with MCB, it was unable to grow. However, after
prolonged incubation, single colonies that could use MCB ap-
peared within the lawn of cells. When these single colonies
were restreaked on MCB plates, they grew reasonably well, but
when analyzed by FIGE and hybridization, they still contained
only two copies of the clc element. These revertants were not
further investigated.

PFGE analysis of P. putida RR22 strains with various copy
numbers of the clc element. Digesting total DNA of P. putida
F1 with SwaI resulted in only nine separate DNA fragments
(30, 55, 200, 350, 400, 750, 1,050, 1,400, and 1,800 kb; Fig. 6).
This result and the apparent absence of SwaI sites within the
transferred clc element (see below) made it suitable for a
large-scale genome analysis of the F1 transconjugants. Total
DNAs of strains RR2231 to RR2240 were digested with SwaI,
separated by PFGE, and hybridized to the clc gene probe.
Similarly, DNA was prepared from strain RR22 grown on
MCB, the “mixed” RR22 population after growth on LB me-
dium for 100 generations, and strain F1 (Fig. 6). For RR22
grown on MCB, a ladder of hybridizing fragments between
1,100 and 1,500 kb could be seen, with the highest intensity
being found for a new, 1,500-kb SwaI fragment (Fig. 6B, lane
13). The ladder with discrete 100-kb steps suggested that cop-
ies of the clc element were amplified and deamplified in tan-
dem order. The DNA preparation from the RR22 culture after
100 generations on LB medium yielded a smeary ladder with
some discrete steps still visible. At this stage, the bacterial
culture was apparently quite heterogenous with respect to the
copy number of the clc element.

The individual strains RR2231 to RR2240 appeared as “fro-
zen” intermediate stages in the process of deamplification and
loss of the clc element. RR2231, RR2232, and RR2240 were
examples of strains without amplification. Two copies of the clc
element were present, one on a 500-kb SwaI fragment (origi-
nally 400 kb in strain F1) and the other on an 850-kb SwaI
fragment (originally 750 kb). This was also the case for strain
RR221, used for the cosmid library (data not shown). RR2234
apparently had two copies on the 400-kb fragment and one on
the 750-kb fragment, resulting in hybridizing bands at 600 and
850 kb. RR2237 had a duplication on the 750-kb fragment,
resulting in hybridizing bands at 500 and 950 kb (Fig. 6B, lane
8). Some of the clones must have diverged to mixed populations
even during the growth needed for DNA isolation (growth
from one single cell to a colony and subsequent growth in
liquid medium). For example, RR2233 showed hybridization

FIG. 4. Autoradiogram of clc gene probe-hybridized total DNAs digested
with SpeI and separated by FIGE. Total DNAs were prepared from strain RR22
after prolonged growth on LB medium or MCB. Lanes: 1, MCB grown; 2, 100
generations on LB medium; 3, 180 generations on LB medium; 4, 220 genera-
tions on LB medium; 5, 5 generations after inoculation from LB medium to
MCB again; 6, 25 generations on MCB; 7, 45 generations on MCB; 8, P. putida
F1; 9, Pseudomonas sp. strain B13. The intensities (determined by densitometric
analysis) of the 100-kb band relative to the other two bands in the same lane are
depicted at the bottom; each figure is the approximate copy number of the clc
element represented by the 100-kb band. The densitometric analysis was per-
formed on an autoradiogram with a shorter exposure time to be in the linear
range.

FIG. 5. Stability of the MCB growth phenotype of strain RR22 after pro-
longed growth on LB medium. Single colonies from a culture grown on MCB and
from cultures after 100, 140, 180, and 220 generations on LB medium were tested
for their ability to grow with MCB as the sole substrate on mineral agar plates.

TABLE 3. Relationship between amplification level for the
clc element and capability to metabolize MCB

Derivative
strain

Growth on
MCBa

Mean copy no. of the clc element
on XbaI restriction fragments ofb:

48 kb 75 kb 100 kb

RR221 2 1 1 0
RR2231 2 1 1 0
RR2232 2 1 1 0
RR2233 11 1 1 5
RR2234 1 1 1 1
RR2235 1 1 1 1
RR2236 1 1 1 1
RR2237 1 1 1 1
RR2238 11 1 1 3
RR2239 2 1 1 0
RR2240 2 1 1 0
RR22 MCBc 111 1 1 6

a Relative capabilities to grow on MCB were tested by spotting 10 ml of
overnight-grown LB medium cultures (except for strain RR22) on a mineral agar
plate incubated in the presence of MCB vapor. 2, no growth; 1, moderate
growth; 11, good growth; 111, excellent growth. It was not feasible to deter-
mine actual growth rates on MCB due to the unstable genotypes of these strains.

b The relative levels of hybridization of the XbaI restriction fragments to the
clc-gene probe were determined densitometrically. This determination provided
an estimation of how many copies of the clc element were included in the 100-
kb XbaI band.

c Strain RR22 cultivated on MCB.
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with 500-, 1,150-, and 1,250-kb fragments, suggesting a heter-
ogenous population of cells with four or five copies on the
large SwaI fragment. As judged from the hybridization pat-
terns of the 10 derivative strains and of RR22, multiple copies
of the clc element seemed to appear preferentially on the
(originally) 750-kb SwaI fragment of strain F1, rather than on
the 400-kb SwaI fragment. Further hybridizations of the SwaI-
digested DNAs of strain F1 indicated that INT1 is located on
the 750-kb SwaI fragment, whereas INT2 is present on the 400-

kb SwaI fragment (data not shown). INT2 is very close to one
end of the 400-kb SwaI fragment (Fig. 2B), a fact which made
it feasible to determine the size of the neighboring SwaI frag-
ment. Hybridizations with a probe from outside the clc element
right end (R2) (SwaI-EcoRI fragment; see Fig. 2B) indicated
that this region is located on the 30-kb SwaI fragment of F1
(data not shown). As a consequence, the two integration sites
in F1 are not located near one another.

Based on the PFGE hybridizations, a rough model of the
physical presence of clc element copies on the two involved SwaI
fragments in strains RR22, RR2231, RR2234, and RR2238
could be drawn (Fig. 6C). Deletions and/or larger DNA rear-
rangements were suspected in some of the other strains. For
example, RR2235 and RR2239 (Fig. 6, lanes 6 and 10) showed
hybridization with fragments smaller than 400 kb. Since the
hybridization of XbaI restriction fragments had indicated that
there were only two clc element copies in strain RR2239 (Ta-
ble 3), the hybridizing 200- and 1,250-kb SwaI fragments indi-
cated that a very large DNA rearrangement had taken place.

DISCUSSION

Genes encoding metabolic pathways for the degradation of
aromatic compounds are often located on large, self-transmis-
sible plasmids with a typical size of between 80 and 120 kb (6,
8, 11, 27, 31). Similarly, for Pseudomonas sp. strain B13, genes
involved in the conversion of chlorocatechols were reported to
be carried on the 110-kb plasmid pB13 (3). However, isolation
of this plasmid could not be reproducibly performed; there-
fore, the location of the genes involved in chlorocatechol deg-
radation remained obscure in strain B13 (20, 33, 35). Based on
the present data, we propose the clc genes to be located on a
transmissible element which can integrate site specifically into
the chromosome with a Gly-tRNA structural gene as the target
site.

The physical appearance of this element was detected by its
tandem amplification in the new host strain, P. putida F1.
Because of the presence of tandemly arranged multiple copies
of the element, it was noted on hybridizations of total DNA
digested with either SpeI or XbaI that the total size of the
element was approximately 100 kb. The 410-kb hybridizing
SpeI fragment gave an indication that the element had actually
been integrated into the chromosome of strain F1. The F1
chromosomal fragments into which the element had been in-
tegrated could be observed in PFGE-separated DNA digested
with SwaI. The actual increase in the size of the original F1
fragments was approximately 100 kb or multiples of 100 kb.
The clc element actually had been integrated into two nonad-
jacent sites on the chromosome of strain F1. In addition, our
data seemed to indicate that the clc element was present in two
copies on the chromosome of strain B13 as well. The idea of
tandem amplification of the clc element in F1 transconjugants
was supported by (i) partial digests with SpeI and XbaI, result-
ing in a discrete stepwise ladder of 100-kb increases (21); (ii)
SwaI digests of the different individual derivative strains with
deamplified copies; and (iii) SwaI digests of the mixed RR22
population grown on MCB and LB medium. Amplification of
the element could occur at both integration sites, with a pref-
erence for the site present on the (originally) 750-kb SwaI
fragment (INT1).

There are several examples of plasmid recombination in
gram-negative bacteria. For example, the E. coli F episome is
integrated into the chromosome (18), the TOL plasmid can
recombine with specific chromosomal sites (14), and the pKA2
plasmid (carrying 2,4-dichlorophenoxyacetic acid degradation
in Alcaligenes paradoxus) is integrated into and excised from

FIG. 6. Total DNAs of RR22 derivative strains obtained after growth on LB
medium, digested with SwaI, and separated by PFGE. (A) Gel stained with
ethidium bromide. (B) Southern hybridization with a probe for the clc genes; the
probe was a 4.2-kb BglII fragment containing the clcABD genes from P. putida
(pAC27) (9). Lanes: 2 to 11, strains RR2231, RR2232, RR2233, RR2234,
RR2235, RR2236, RR2237, RR2238, RR2239, and RR2240, respectively; 12,
P. putida RR22 after 100 generations on LB medium; 13, RR22 grown on MCB;
14, P. putida F1; 1 and 15, S. cerevisiae molecular size marker (225 to 2,200 kb;
Bio-Rad). (C) Copy numbers and genetic organization of integrated clc elements
on the two (originally) 400- and 750-kb SwaI fragments in some of the F1
transconjugant strains. The total size of each resulting SwaI fragment is indi-
cated. No absolute location of the clc element integration on the 750-kb SwaI
fragment is given.
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the host chromosome (15). In most of these cases, insertion
sequences seem to be targets for the recombination events,
which are either RecA dependent or mediated by transposases.
Since integration of the clc element was RecA independent in
P. aeruginosa, it must have been actively mediated and not a
result of general recombination. Apparently, the two chromo-
somal integration events for the clc element in P. putida F1
occurred orientation and site specifically with Gly-tRNA genes
as target sites. Structural genes for tRNAs are common targets
for insertions of bacteriophages, insertional actinomycete plas-
mids, and some conjugative transposons. This kind of insertion
is mediated by site-specific recombinases of the integrase fam-
ily (2, 4, 24, 25). The Gly-tRNA gene at INT1 (strain F1) was
split in two parts by the integration of the clc element, inevi-
tably leading to inactivation of the original gene copy. How-
ever, upon integration, the tRNA gene became restored at the
right end of the elements (Fig. 3). As a rule, integrating genetic
elements which use tRNA genes as targets create a duplica-
tion, restoring the tRNA gene (2). Our cosmids of the F1
transconjugant RR221 showed one anomaly, though. INT2 in
strain F1 contained three tandemly arranged Gly-tRNA genes
prior to integration, similar to their arrangement in E. coli
K-12 (16). However, in strain RR221, two of these Gly-tRNA
gene copies were absent. The R2-L2 junction sites were similar
to the R1-L1 junction sites where integration into a single
tRNA gene occurred. The apparent deletion at INT2 may have
been a result of recombination between two integrated copies
of the clc element.

The question remaining at the moment is whether the inte-
grated clc element is identical to the previously described plas-
mid pB13 (3). We demonstrated that its present form in F1
resembles an integrative plasmid, which also seems to exist in
two copies on the B13 chromosome. The former pB13 may at
some time have lost its ability to replicate efficiently, or the
determinant(s) necessary for chromosomal integration may
have been acquired after its first characterization. However,
deletion or accumulation of a substantial DNA fragment is not
evident. Our EcoRI restriction map is basically identical to that
published for pB13 (3), if circularization of the integrated
element is accounted for. The size difference of approximately
5 kb (110 2 105 kb) seems to result only from inaccurate sizing
of the larger EcoRI fragments. The two chromosomal copies in
strain B13 may explain the low yield and irreproducible plas-
mid DNA isolation observed (20, 33, 35). When B13 was grown
on 3CBA, the circular form was detected mainly in the station-
ary phase (results not shown), indicating that it was dispens-
able for growth on 3CBA.

To our knowledge, the tandem amplification of the clc ele-
ment observed in strain F1 is rather unique for pseudomonads.
The amplification led to an increase in the total DNA content
of the cell of at least 10% (with an estimated genome size of 6
Mb and six copies of the clc element). Similar large amplifica-
tions have been observed for Streptomyces strains, where the
tandem amplifications were assumed to have been caused by a
rolling-circle replication mechanism (1, 34). The tandem am-
plifications in F1 transconjugants were mainly found at INT1;
therefore, they cannot be associated with multiple integration
sites. Only for derivative strain RR2234 was a duplication at
INT2 evident. In this case, the duplication seemed to be a
result of separate integrations into two adjacent Gly-tRNA
gene copies (results not shown). Once formed, the amplified
structures in the F1 transconjugants were quite unstable and
were deamplified under nonselective conditions. Most likely,
the disappearance of amplicons was caused by recombinational
deletions between tandemly arranged copies. After deamplifi-
cations had finally led to two nonadjacent copies, no new

amplification cycle occurred in derivative strains of RR22. This
idea is similar to observations for Streptomyces, where at least
two tandemly arranged copies of an amplifiable DNA element
were required for amplification to occur (1). We found evi-
dence for deletions and DNA rearrangements in some trans-
conjugants after prolonged growth on LB medium, phenom-
ena which are also known for Streptomyces.

The observations for strain F1 suggested that somehow am-
plification of the clc element occurs during transfer of the
element into strain F1 and selection for growth on MCB. In a
mixed population of cells, members which have the clc copy
number necessary for growth on MCB will be the fastest to
grow on MCB and will form the majority of the population (as
observed for RR22 during switches from LB medium to MCB).
This situation causes the apparent “amplification” of the clc
element, reflecting the situation in a mixed population. Several
reports have shown that chromosomal gene amplification can
be advantageous for growth under specific conditions. For ex-
ample, the amplification of chromosomally integrated plasmids
bearing antibiotic resistance genes in Bacillus subtilis led to a
higher level of antibiotic resistance (13, 32). Duplication of the
permease genes in Salmonella typhimurium resulted in a dra-
matic increase in growth rate on certain substrates under car-
bon-limited conditions (12, 28). The advantage of these am-
plifications seemed to be an increased level of gene expression.

We found a positive correlation between the copy number of
the clc element in RR22 derivative strains and their capability
to grow on chlorobenzenes. Efficient conversion of chlorocat-
echols resulting from chlorobenzene metabolism is a critical
step in the chlorobenzene degradation pathway (10, 20). Per-
haps the F1 transconjugants achieved this conversion only by
expressing the clc genes from multiple copies. The chlorocat-
echol 1,2-dioxygenase activities in strain B13 (with two chro-
mosomal copies of the clc element and perhaps two or three
plasmid copies) and in the F1 transconjugant RR1 (with ap-
proximately eight copies) grown on 3CBA were similar (22).
Interestingly, the revertants of strain RR221, which were again
capable of metabolizing MCB and 1,4-DCB, did so with two
copies only. In these cases, a different mechanism, such as a
simple mutation, might have enabled better expression of the
clc genes in the F1 host. Since all the initially isolated chloro-
benzene-degrading transconjugants of strain F1 had multiple
chromosomal copies of the clc element, amplification seemed
to occur at a frequency higher than that of other processes,
such as mutation.
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