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Abstract In order to isolate antibiotic resistance plas-
mids from bacterial communities found in activated
sludge, derivatives of the 3-chlorobenzoate-degrading
strain Pseudomonas sp. B13, tagged with the green
¯uorescent protein as an identi®cation marker, were
used as recipients in ®lter crosses. Transconjugants were
selected on agar plates containing 3-chlorobenzoate as
the sole carbon source and the antibiotic tetracycline,
streptomycin or spectinomycin, and were recovered at
frequencies in the range of 10)5 to 10)8 per recipient.
A total of 12 distinct plasmids, designated pB1±pB12,
was identi®ed. Their sizes ranged between 41 to 69 kb
and they conferred various patterns of antibiotic resis-
tance on their hosts. Two of the plasmids, pB10 and
pB11, also mediated resistance to inorganic mercury.
Seven of the 12 plasmids were identi®ed as broad-host-
range plasmids, displaying extremely high transfer fre-
quencies in ®lter crosses, ranging from 10)1 to 10)2 per
recipient cell. Ten of the 12 plasmids belonged to the
IncP incompatibility group, based on replicon typing
using IncP group-speci®c PCR primers. DNA sequenc-
ing of PCR ampli®cation products further revealed that
eight of the 12 plasmids belonged to the IncPb sub-
group, whereas two plasmids were identi®ed as IncPa
plasmids. Analysis of the IncP-speci®c PCR products
revealed considerable di�erences among the IncPb
plasmids at the DNA sequence level. In order to char-
acterize the gene ``load'' of the IncP plasmids, restriction
fragments were cloned and their DNA sequences
established. A remarkable diversity of putative proteins
encoded by these fragments was identi®ed. Besides
transposases and proteins involved in antibiotic resis-
tance, two putative DNA invertases belonging to the

Din family, a methyltransferase of a type I restriction/
modi®cation system, a superoxide dismutase, parts of a
putative e�ux system belonging to the RND family, and
proteins of unknown function were identi®ed.
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Introduction

The extensive use of antibiotics in clinical therapy of
human infectious diseases and in animal husbandry
during the past 50 years has resulted in the emergence
and rapid global spread of antibiotic resistance deter-
minants (Davies 1994; Courvalin 1996; Baquero and
Blazquez 1997; Witte 1998). These determinants are
usually located on mobile genetic elements such as
conjugative plasmids (Datta and Hughes 1983; Davies
1994) or conjugative transposons (Scott 1992; Saylers
and Shoemaker 1994), which ensure their dissemination
among bacterial populations via horizontal gene transfer
(HGT). Some of the conjugative plasmids, such as those
belonging to the incompatibility (Inc) groups IncP,
IncW, IncN and IncQ, exhibit a broad host range of
transfer and autonomous replication. They usually
transfer to and are maintained within most gram-nega-
tive bacterial species (Thomas 1989), and are thus of
major importance with respect to the dissemination of
antibiotic resistance determinants among even distantly
related bacteria. As a consequence of the lateral transfer
of resistance genes, multiply resistant human pathogens,
such as Shigella dysenteriae and Pseudomonas aerugin-
osa, have emerged, which meanwhile pose serious health
problems (Cohen 1992).

The obvious importance of conjugative antibiotic
resistance plasmids for human and animal health has
raised the issue of the incidence of such plasmids in the
environment. Several studies have demonstrated
that conjugative antibiotic resistance plasmids are
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Mobilization mediated by R751 occurred at frequencies
in the range of 10)2 to 10)3 per recipient cell. Such high
transfer frequencies clearly indicated that pB7 was
mobilized in trans rather than in cis, i.e., by cointegrate
formation.

No mobilization of pB7 from Pseudomonas sp. GFP1
to E. coli was detected when streptomycin, spectino-
mycin or amoxicillin was used for transconjugant
selection. Moreover, in contrast to experiments per-
formed with plasmid RP4 DNA, no transformation of
competent E. coli DH5a cells by comparable amounts of
plasmid pB7 DNA occurred when the above-mentioned
antibiotics were used as selective agents. It remains to be
determined whether its resistance determinants are
expressed in this species. Alternatively, plasmid pB7
may be unable to replicate in E. coli and thus may
belong to a new group of narrow-host-range mobiliz-
able plasmids.

In contrast to plasmid pB7, no mobilization of
plasmid pB9 was detected, indicating that pB9 is neither
self-transmissible nor mobilizable. At least three di�er-
ent explanations may account for the fact that this
plasmid was captured by Pseudomonas sp. GFP1. First,
pB9 may have been mobilized by helper plasmids other
than those of the IncP group. Secondly, pB9 may have
been mobilized via cointegrate formation by a conju-
gative plasmid which was lost following cointegrate
resolution. Finally, parts of pB9 necessary for plasmid
transfer may have been mutated after its transfer to the
Pseudomonas sp. GFP1 recipient strain, thus resulting in
a non-conjugative plasmid.

Eleven of the twelve newly identi®ed plasmids
confer multiple antibiotic resistances on their host

To test for antibiotic resistances conferred by the
newly isolated plasmids, a collection of 17 antibiotics
was used in minimal inhibitory concentration (MIC)
tests. As shown in Table 3, all plasmids except pB1
conferred resistance to at least two antibiotics. Eight
out of the twelve plasmids encoded resistance to at
least four di�erent antibiotics. Both newly identi®ed
IncPa plasmids, pB5 and pB11, encoded resistances to
tetracycline as well as kanamycin, thus con®rming
the common association of IncPa plasmids with
these resistance determinants (Smith and Thomas
1989).

It is well known that antibiotic resistance plasmids
may carry genes encoding resistances to heavy metals.
Therefore, all plasmids were tested for the ability to
confer resistance to the heavy metals cadmium, copper,
cobalt, and nickel, as well as organic and inorganic
mercury. With the exception of plasmids pB10 (IncPb)
and pB11 (IncPa), which encode resistance to inorganic
mercury, none of the plasmids conferred heavy metal
resistance on the Pseudomonas sp. GFP1 host. Thus,
plasmids pB10 and pB11 were identi®ed as narrow-
spectrum mercury resistance plasmids.

DNA sequence analysis revealed remarkable diversity
among the plasmid-encoded functions that are not
essential for plasmid transfer and maintenance

Regions of IncP plasmids involved in plasmid mainte-
nance, replication, incompatibility or conjugative
transmission have been termed the plasmid ``backbone''
(Villarroel et al. 1983), whereas the remaining plasmid-
borne sequences such as resistance determinants may be
considered as the plasmid's ``load''. To date little is
known about the ``load'' of plasmids isolated from en-
vironmental habitats at the nucleotide sequence level. In
order to characterize the ``load'' of the IncP plasmids
identi®ed here, hybridization experiments were per-
formed. All IncP plasmids were triply digested using the
restriction enzymes EcoRI, HindIII and BamHI. Due to
evolutionary constraints, recognition sites for the cor-
responding restriction sites usually cluster in the ``load''
region rather than in the ``backbone'' of IncP plasmids
(Thomas et al. 1980; Pansegrau and Lanka 1987).
Hence, the use of these restriction enzymes ensured the
generation of predominantly small fragments which
carried no ``backbone'' DNA. Restriction fragments of
IncPa plasmids pB5 and pB11 were blotted onto nylon
membranes and hybridized with Sau3A-digested and
labeled RP4 DNA under stringent conditions (Fig. 3A).
Similarly, restriction fragments of the newly identi®ed
IncPb plasmids were employed in hybridization experi-
ments using Sau3A-digested and labeled plasmid R751
DNA (Fig. 3B).

A total of 33 di�erent DNA fragments amounting to
approximately 64 kb of sequence failed to hybridize with
the labeled reference plasmid DNAs. The restriction

Fig. 3A, B Analysis of the ``load'' of the newly identi®ed IncPa (A)
and IncPb (B) plasmids. The newly identi®ed IncP plasmids were
digested with EcoRI, HindIII and BamHI, and the resulting DNA
fragments were hybridized to labeled RP4 or R751 DNA, respectively.
Non-hybridizing DNA fragments which were cloned and sequenced
are boxed
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sites ¯anking the non-hybridizing fragments were de-
duced from comparative restriction enzyme analyses
(data not shown), and 25 of these fragments, repre-
senting approximately 55 kb, were cloned into pBlue-
script KS + after eluting them from agarose gels.
In order to exclude the possibility that some of the
cloned fragments originated from contaminating
chromosomal Pseudomonas sp. DNA the following ap-
proach was adopted. With the exception of the narrow-
host-range plasmid pB8, all plasmid DNA was isolated
from the E. coli host strain DH5a. This strain is a
derivative of E. coliK12 whose total nucleotide sequence
is stored in databases. Subsequently single-stranded
DNA sequencing using the universal or the reverse
primer was carried out. Database analyses revealed a
remarkable diversity among plasmid-encoded functions
not essential for plasmid transfer and maintenance.
Regions of signi®cant similarity in most cases spanned
more than 100 amino acid residues. The deduced amino
acid sequences of 11 fragments obtained from plasmids
pB1, pB4, pB5, pB10, pB11 and pB12 shared signi®cant
similarity with proteins encoded by transposons, integ-
rons or IS elements, i.e. the usual constituents of anti-
biotic resistance plasmids (data not shown). The results
of all database searches for the remaining fragments are
summarized in Table 4.

The nucleotide sequences of 12 DNA fragments
displayed signi®cant similarity at the deduced amino
acid level to protein sequences frequently associated
with conjugative plasmids, such as antibiotic or heavy
metal resistance determinants. Putative proteins encoded
by four fragments which all originated from plasmid
pB4 displayed signi®cant similarity to a methyltrans-

ferase, a superoxide dismutase (SOD), parts of a puta-
tive new multidrug e�ux system similar to e�ux systems
(RND systems; see below) of the pathogenic bacterium
P. aeruginosa, and a DNA invertase. Sequences encod-
ing a similar DNA invertase were identi®ed on a frag-
ment derived from plasmid pB6.

The pB4-encoded putative methyltransferase dis-
played signi®cant similarity to methyltransferases of
type I restriction and modi®cation (R-M) systems, such
as those of E. coli (44% identity; Loenen et al. 1987) and
Salmonella enteritica (44% identity; Sharp et al. 1992).
The identi®cation of a plasmid-encoded R-M system is
not unprecedented. The type I systems of the Entero-
bacteriaceae, for instance, are grouped in three families,
and, interestingly, one group is mainly composed of
plasmid-encoded R-M systems (Bickle and KruÈ ger
1993). One of these enzymes, StyR124I, has been shown
to be encoded by a Salmonella conjugative plasmid
(Price et al. 1987). To our knowledge this is the ®rst
study to report the identi®cation of a type I system on an
IncPb plasmid.

The pB4-encoded putative superoxide dismutase
(SOD) was 73% identical to a chromate-induced putative
SOD encoded on plasmid pMOL28 (Nies et al. 1990), as
well as to an ORF of plasmid pUM505 (75% identity;
Cervantes et al. 1990). Although both SOD genes are
reported to be parts of chromate resistance operons, they
are not necessary for resistance to the metal (Cervantes
and Silver 1992). Further sequence analyses are required
to establish whether or not the pB4-encoded SOD gene is
part of a chromate resistance operon.

In order to ensure that the e�ux system (see below)
is in fact encoded by plasmid pB4, the cloned 3-kb

Table 4 Homologies between known proteins and amino acid sequences deduced from the sequences of selected DNA fragments derived
from the newly identi®ed IncP plasmids

Plasmid Fragment
size (kb)

Signi®cant similaritiesa GenBank accession
numbers

pB2 4.3 Cm transporter P. aeruginosa (100%)/Tc repressor class C, pSC101 (100%) AF078527/M36272
pB4 3.2 DNA invertase Rhodospirillum rubrum plasmid pKY1 (65%); DNA invertase

(pin) E. coli (72%)
D17434; D90750

3.0 Outer membrane protein OprJ P. aeruginosa (57%)/transmembrane protein
MexY P. aeruginosa (48%)

U57969/AB015853

2.8 M protein EcoKI type I restriction-modi®cation system (44%) U14003
1.8 Putative superoxide dismutases pMOL28; pUM505 (73%;75%) J05278; M29034

pB5 1.75 Aminoglycoside 3¢-N-acetyltransferase P. aeruginosa (99%) L06157
1.3 Dihydropteroate synthetase Type I (97%) X15024

pB6 1.6 DNA invertase Thiobacillus ferrooxidans plasmid pTF5 (75%); DNA invertase
(pinB) S. boydii (64%)

U73041; D00660

pB8 1.3 Dihydropteroate synthetase Type I (98%) X15024
pB10 5.5 Tc repressor Tn1721 (100%) X61367

5.0 Streptomycin phosphotransferase strB (97%) M95402
3.0 Mercury reductase Tn501 (82%) K00031
2.2 Mercury reductase Tn501 (97%)/Mercury operon regulator P. ¯uorescens (100%) K00031/Z00027

pB11 3.2 Mercury operon coregulator Tn5053 (100%) L40585
2.0 Mercury transport protein Tn5053 (99%)/Mercury reductase P. ¯uorescens (100%) L40585/L40585
0.6 Mercury reductase Tn5053 (90%) L40585

pB12 1.3 Dihydropteroate synthetase Type I (91%)/orf5 Tn21 (100%) X15024/U49101

a Similarities are given as percentage sequence identity and refer to a stretch of at least 56 ± and in most cases more than 100 ± amino acids.
Similarity values of putative proteins encoded by the same DNA fragment to database entries are separated by a slash
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EcoRI-HindIII fragment carrying the respective RND
sequences was hybridized to NotI-digested pB4 DNA
isolated from E. coli DH5a. The probe hybridized to an
approximately 13-kb fragment of pB4 (data not shown),
thus con®rming the location of RND sequences on
IncPb plasmid pB4.

The pB4-encoded e�ux system belongs to the RND
(resistance/nodulation/cell division) family (Saier et al.
1994) of multidrug e�ux systems. These transport sys-
tems are driven by the proton motive force of the
transmembrane electrochemical gradient and possess an
extremely broad substrate speci®city (Paulsen et al.
1996). Members belonging to the RND family export
antibiotics (Paulsen et al. 1996), heavy metals such as
cobalt and zinc (Nies et al. 1989; Saier et al. 1994) or
oligosaccharides involved in nodulation signaling (Baev
et al. 1991; Saier et al. 1994). Study of the function of
the pB4-encoded e�ux system may o�er further clues to
the selective forces to which bacteria are exposed under
environmental conditions.

The DNA invertases encoded by plasmids pB4 and
pB6, respectively, displayed signi®cant similarity to
members of the Din family of invertases (Table 4). These
enzymes catalyze the inversion of DNA fragments
¯anked by speci®c inverted repeat sequences and have
been shown to be encoded by some phages, such as Mu
and P1, as well as by Shigella boydii, E. coli and Sal-
monella typhimurium (for a review see van de Putte and
Goosen 1992). Invertases of the Din family mediate the
inversion of DNA fragments, resulting in altered gene
expression or, if the inverting fragment is part of an
ORF, the generation of new proteins (van de Putte and
Goosen 1992). In S. typhimurium, for instance, the
expression of two genes encoding di�erent ¯agellar
genes is regulated by the inversion of a promoter-car-
rying fragment which is ¯anked by these ¯agellar genes
(Szekely and Simon 1981). Din family invertases are also
encoded by plasmids such as pKY1 of Rhodospirillum
rubrum (Nishise et al. 1993), pTF5 of Thiobacillus
ferrooxidans (Dominy et al. 1998) and pMG7 of
P. aeruginosa (Vaisvila et al. 1995). The biological
functions of these invertases, however, remain to be
established.

Sequences located on ®ve of the 25 non-hybridizing
fragments exhibited no signi®cant similarities at the
deduced amino acid sequence level to entries in the
GenBank database.

The identi®cation of new traits and, moreover, the
®nding that the newly identi®ed IncP plasmids also
carried sequences which did not show any signi®cant
similarity to database entries, clearly emphasizes the
need to address the question of the gene ``load'' of
conjugative plasmids that reside in bacterial populations
of natural habitats in future experiments.
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