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Thirty-three enteric isolates from Australian (Escherichia coli only) and United Kingdom (U.K.) (Salmonella
sp., Citrobacter spp., and E. coli) piggeries were characterized with respect to their copper resistance. The
copper resistance phenotypes of four new Australian E. coli isolates were comparable with that of the
previously studied E. coli K-12 strain ED8739(pRJ1004), in that the resistance level in rich media was high (up
to 18 mM CuSO,) and resistance was inducible. Copper resistance was transferable by conjugation from the
new Australian isolates to E. coli K-12 recipients. DNA similarity between the new Australian isolates and the
pco copper resistance determinant located on plasmid pRJ1004 was strong as measured by DNA-DNA
hybridization; however, the copper resistance plasmids were nonidentical as indicated by the presence of
restriction fragment length polymorphisms between the plasmids. DNA-DNA hybridization and polymerase
chain reaction analysis demonstrated DNA homology between the pco determinant and DNA from the U.K. E.
coli, Salmonella sp., and Citrobacter freundii isolates. However, the copper resistance level and inducibility
were variable among the U.K. strains. Of the U.K. E. coli isolates, 1 demonstrated a high level of copper
resistance, 4 exhibited intermediate resistance, and 16 showed a low level of copper resistance; all of these
resistances were expressed constitutively. A single U.K. C. freundii isolate had a high level of copper resistance,
inducible by subtoxic levels of copper. Transconjugants from one E. coli and one C. freundii donor, with E. coli
K-12 strain UB1637 as a recipient, showed copper resistance levels and inducibility of resistance which differed
from that expressed from plasmid pRJ1004. We conclude that closely related resistance determinants in
nonidentical plasmids are responsible for copper resistance in enteric bacteria isolated at separate geographic

locations.

Copper has been used as the active ingredient in bacterio-
cides and fungicides on fruits and vegetables for more than
100 years. Since the mid-1980s, copper-resistant bacterial
pathogens have been detected repeatedly (7, 10). However,
copper resistance was the most frequently found resistance
in bacteria from pre-antibiotic era isolates (17). The copper
resistance determinant from a Florida Xanthomonas
campestris pv. vesicatoria isolate (a pathogen of pepper and
tomato plants) was found on a conjugative plasmid pXVCul
(25). Bender and Cooksey (1la) demonstrated that another
pathogen of tomatoes, Pseudomonas syringae pv. tomato,
carries a plasmid containing a copper resistance determi-
nant, named cop (2).

Copper and antibiotics have been used as growth promot-
ers in pig diets for at least 40 years (5, 15). This practice has
continued because pigs fed such supplemented diets may
demonstrate an improved average daily weight gain and food
conversion efficiency (5, 9, 15). It has been proposed that
copper elicits an antibacterial effect on the bacteria of the pig
gut (22, 25). We are interested in the nature of copper
resistance determinants in bacteria, whether they are re-
lated, and how widespread they are.

Plasmid pRJ1004 was isolated from an Escherichia coli
strain from the feces of pigs fed copper sulfate at approxi-
mately 180 ppm (26). The plasmid confers on the host E. coli
K-12 strain ED8739 a 2.5- to 3-fold increase in tolerance to
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copper on Luria broth agar supplemented with CuSO,, an
increase in resistance to silver (8), and an increased sensi-
tivity to zinc (26). Plasmid pRJ1004 carries no other known
antibiotic or heavy metal resistance markers. A 12.5-kb
HindIII fragment from pRJ1004 was shown to contain the
plasmid-borne copper resistance determinant (pco) and con-
fer copper resistance in the host E. coli HB101 almost
equivalent to that of ED8739(pRJ1004) (18).

We have isolated other enteric organisms from similar but
geographically distinct environments and characterized their
copper resistance phenotypes. Colony formation on CuSO,-
supplemented agar and induction assays, with subinhibitory
concentrations of CuSO,, identified the enteric isolates in
this study as having either normal (wild-type) copper sensi-
tivity or copper resistance. The resistant isolates were
investigated to determine their similarity to the pco determi-
nant and to ascertain how well the resistance determinant
has been conserved geographically and temporally. The
results presented here show significant DNA homologies
between the pco determinant and DNA from other copper-
resistant enteric bacteria from Australia and the United
Kingdom (U.K.).

MATERIALS AND METHODS

Bacterial strains. The sources and characteristics of the
bacterial strains used are listed in Tables 1 and 2. The newly
isolated strains were obtained from fecal swabs taken from
pigs housed in Australia and in the U.K.

Copper induction assay. To test for induction of growth
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TABLE 1. Strains used

Strain or species Phenotype or genotype fgfl;ii:;
ED8739 metB gal lac supE supF hsdR hsdM 4
GMEO008 ED8739, spontaneous nalidixic acid-resistant mutant This study
UB1637 his lys trp recA56 strA (rpsL) 14
ED8739(pRJ1004) pRJ1004, copper resistant 27
JW001 Copper-resistant transconjugant from GMEO008 x 1988-1 This study
JW002 Copper-resistant transconjugant from GME(008 x 1988-8 i This study
UB1637(pRJ1004) Copper-resistant transconjugant from UB1637 x ED8739(pRJ1004) This study
JW101 Copper-resistant transconjugant from UB1637 x JW001 This study
JW102 Copper-resistant transconjugant from UB1637 x JW002 This study
C. freundii Wild-type, copper tolerant NCTC 9750

resistance by subinhibitory levels of CuSO,, the strains were
grown overnight in Luria broth. The following day, 40 nl of
each culture was inoculated into 2 ml of fresh Luria broth
containing 0, 0.5, or 2.0 mM added CuSO, and was incu-
bated at 37°C for 3 h with shaking. The amount of culture
remaining on a 1-cm length of inoculating wire after being
dipped into 2 ml of broth was streaked on a gradient agar
plate; the gradient ranged from 0 to 20 mM CuSO,.

The CuSO, gradient plates were prepared with a modifi-
cation of the method of Szybalski and Bryson (cited in
reference 16). Twenty-five milliliters of Luria broth agar
supplemented with 20 mM CuSO, (pH adjusted to 7.5) was
poured into 10-cm square petri dishes and allowed to set with
the dishes inclined at an angle of approximately 4°. The agar
was dried for 20 min in a laminar flow cabinet, and then a
second layer of 25 ml of Luria broth agar without added
CuSO, was layered on top while the plate lay horizontally.
These gradient plates were poured and used on the same
day. Each growth measurement was performed in triplicate.

Bacterial conjugation. (i) Australian isolates. The newly
isolated donor strains and the recipient E. coli GMEQ08 were
inoculated into Luria broth and incubated overnight at 37°C
with shaking. Both strains were then inoculated into fresh
Luria broth (125 ul into 5 ml) and were incubated for 3 h at
37°C with shaking. The donor and recipient were then

TABLE 2. Copper-resistant enteric bacterial isolates

Species

Strain identification Source
1979 isolates: TJ48, TJ51, E. coli Victoria, Australia
TI5S, and TI57
1988 isolates
1988-1, -2, -3, -4, -5, -6, E. coli Shropshire, U.K.
and -7
1988-8, -9, and -10 C. freundii Shropshire, U.K.
1989 isolates
1989-E, -J, -K, -L, E. coli Shropshire, U.K.
and -R
1989-C, -H, and -O C. freundii Shropshire, U.K.
1989-S Salmonella sp.  Shropshire, U.K.
1990 isolates
1990-1, -2, -5, -9, E. coli Shropshire, U.K.
and -10
1990-11, -14, and -15 E. coli Humberside, U.K.
1990-17 E. coli Lothian, U.K.
1990-4 C. freundii Shropshire, U.K.

combined in a ratio of 1:3, and conjugation was allowed to
proceed at 37°C for a period of 3 to 24 h in static culture.
Aliquots were plated out at regular time intervals on the
selection plates of Luria broth agar supplemented with 10
mM CuSO, and nalidixic acid (30 pg/ml). As controls, the
individual strains were plated out on the same selection
plates. Putative transconjugants were purified by streaking
on fresh selection plates.

(ii) U.K. isolates. Initial experiments with the U.K. isolates
showed that they did not transfer readily in broth matings. In
order to improve the frequency of conjugal transfer, filter
matings were used. The donor and the recipient, E. coli
GMEQ008 or UB1637, were inoculated into Luria broth and
were incubated overnight at 37°C with shaking. Both strains
were then inoculated into fresh Luria broth (125 pl into 5 ml)
and were incubated at 37°C with shaking for 3 h. Donor
(1-ml) and recipient (2-ml) cultures were combined in a
sterile 5-ml disposable syringe and were mixed and trans-
ferred onto a sterile cellulose acetate filter (2.5-cm diameter,
pore size of 0.45 pm) held in a sterile filter holder. The filter
was aseptically removed and placed onto a dried Luria broth
agar plate with the bacteria uppermost. The filters on the
agar plates were incubated at 37°C for periods of between 24
and 48 h. The bacteria were then resuspended by swirling the
filter in 2 ml of Luria broth, and aliquots were plated out onto
10 mM CuSO, agar containing 30 pg of nalidixic acid per ml
(for GMEOQO08) or 100 pg of streptomycin per ml (for
UB1637). As controls, the individual strains were plated out
onto the same selection plates. Putative transconjugants
were purified by streaking on fresh selection plates.

Preparation of plasmid DNA. The method used for extract-
ing plasmid DNA from the Australian isolates was a modi-
fication of the alkaline lysis method of Birnboim and Doly
(3). After the first ethanol precipitation of plasmid DNA, the
DNA was precipitated a second time by the addition of
one-third volume of 30% polyethylene glycol 6000 in 1.8 M
NaCl.

Preparation of bacterial genomic DNA. Bacteria were
grown overnight in 5 ml of Luria broth. The cells were
pelleted at 5,500 x g at 4°C for 10 min. After the cell pellet
was resuspended in 0.25 ml of 10 mM Tris-Cl-1 mM EDTA
buffer (pH 8.0), 0.05 ml of lysozyme (freshly dissolved at 10
mg/ml in the same buffer) was added and the mixture was
incubated at 37°C for 20 min. This was followed by the
addition of 0.02 ml of 25% sodium dodecyl sulfate (SDS)
with incubation at 60°C for 15 min. The mixture was quickly
cooled on ice before 0.08 ml of 5 M sodium perchlorate was
added. The DNA solution was treated with a buffered
phenol-chloroform-isoamyl alcohol (24:24:1) extraction fol-
lowed by two extractions with chloroform-isoamyl alcohol
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(24:1). The DNA was precipitated at —20°C by the addition
of 1/10 volume of 3 M sodium acetate and 2 volumes of
ethanol. The pellet was rinsed with 70% alcohol, dried under
vacuum, and resuspended in sterile water.

DNA-DNA hybridization. A modification of the method of
Southern (23) was used for DNA-DNA hybridization analy-
sis. DNA fragments separated by horizontal gel electro-
phoresis (in 0.8% agarose in 90 mM Tris-borate [pH 8.3]-2.5
mM EDTA-0.05 pg of ethidium bromide per ml) were
denatured and transferred to a nitrocellulose membrane
(Schleicher and Schuell) (21). The 6.2-kb Pvul fragment from
the plasmid pPA87 (in which the 12.5-kb HindIII fragment
containing pco is cloned in a tandem repeat of pBR322 [18])
was purified by electrophoresis in low-gelling-temperature
agarose and adsorption onto a DEAE-cellulose membrane
(21) and then was labelled with [a->2P]JdATP with an OLK
oligonucleotide labelling kit from Bresa Pty. Ltd. (Adelaide,
Australia) according to the manufacturer’s instructions. Un-
incorporated nucleotides were removed on a Sephadex spun
column, and the nitrocellulose membrane was prehybrid-
ized, hybridized with the labelled probe, and washed (21).
High-stringency washes were done three times, the final
wash being with 0.1x SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate)-0.1% SDS at 65°C. Probes were
removed from filters by heating the filters to 95°C in 0.1x
SSC for approximately 30 min, and the filters were air dried.
The filters were checked for removal of the probe by
reexposure to X-ray film. Once clean, the filters could be
prehybridized and reprobed.

PCR. Oligonucleotide primers were chosen from the pco
sequence data (1), and were prepared by Alta Bioscience
(Birmingham, United Kingdom). The sequences of the poly-
merase chain reaction (PCR) primers used are 5'-GATATC
TGACTCCCTGGCAAAA-3' (primer X), 5'-TTAAGCCCT
TTGATTTTACGG-3' (primer 2), 5'-CTCTGAGACCATG
CAGGAGT-3' (primer 11), 5'-TTTCCCGAATTAGTCC
ATCA-3' (primer 18), 5'-CTTCAAATGGACAGTCTT-3'
(primer 10), 5'-CCCGAGCTTGTTGAGTGCA-3' (primer 8),
and 5'-CAAAGCAATCTTCGACGACCG-3' (primer 24).

A 50-pl reaction mixture contained 100 pmol of each
primer, 200 mM each deoxynucleoside triphosphate, ap-
proximately 1 pug of template DNA, 4.2 U of thermostable
DNA polymerase (Tub; Amersham International plc, Amer-
sham, United Kingdom), and the reaction buffer provided by
Amersham; controls without template were also run. The
reaction mixture was sealed with 100 pl of mineral oil. The
PCR was typically run for 30 cycles in an automated ther-
mocycler (Techne PHC-2) with the following cycle profile:
93°C for 1.75 min, 55°C for 1.5 min, and 72°C for 2.0 min.
PCR samples (5 pl per lane) were run on 0.8% agarose gels
in 90 mM Tris-borate (pH 8.3)-2.5 mM EDTA-0.05 pg of
ethidium bromide per ml and were visualized on a UV
transilluminator.

RESULTS

Australian isolates. The four isolates from a single pig farm
in Australia (TJ48, TJ51, TJSS, and TJ57) were able to form
colonies on Luria broth agar plus 18 mM CuSO,. The level of
resistance on copper gradient plates was increased (induced)
by pregrowth in subinhibitory concentrations of CuSO,,
although strain TJ51 was either noninducible or possibly
marginally inducible (Table 3). Plasmids from the four TJ
strains were shown to be conjugative, and the copper
resistance determinant in each of the TJ strains was appar-

U.K. AND AUSTRALIAN COPPER-RESISTANT ENTERIC BACTERIA 2533

TABLE 3. Growth of control and representative copper-resistant
bacterial isolates on copper gradient plates

Growth (cm) on 0-20 mM CuSO, gradient

plates with®:
Strain
0 mM 0.5 mM 2 mM
CuSO, CuSO, CuSO,

E. coli

Control ED8739 42 +0.1 44 +0.2 44 0.2

ED8739(pRJ1004) 79 £ 0.5 9.6 0.3 10.0 = 0.0
Australian isolates

TJ48 7.2 +0.1 8.1 +0.2 8.9 + 0.6

TJ51 8.3 + 0.8 8.4 0.7 8.5 = 0.7

TJ5S 8.1 +0.3 89 + 0.5 9.4 = 0.5

TI57 6.6 + 0.3 7.1+ 04 7.8 0.4
U.K. isolates

Group 1 1988-1 9.5+ 04 9.5*+04 9.5 0.2

Group 2” 1988-6 8.1 £ 0.7 8.3 + 0.6 8.5 £ 0.6

Group 3” 1989-L 55+0.2 55=+02 5502
C. freundii

Control 345 7.1 0.1 7.1 x0.1 7.1 0.1

Group 1 1988-8 8.2+ 0.5 9.1+04 9.7 £ 0.3

Group 2”2 1989-O 6.7 = 0.1 6.7 = 0.1 6.7 0.1
Salmonella sp., 1989-S 7.7 £ 0.1 7.7 £ 0.1 7.7 £ 0.1

2 Growth was measured as the mean length of bacterial growth (+ standard
error of the mean; n = 3) in centimeters along the Cu?* gradient from the zero
concentration end. Zero, 0.5, or 2 mM CuSO, was added to the pregrowth
medium as indicated.

% Other U.K. copper-resistant bacterial isolates which belong to E. coli
group 2 include 1988-5, 1989-E, and 1989-R; others which belong to E. coli
group 3 include 1988-2, 1988-3, 1988-4, 1988-7, 1989-J, 1989-K, 1990-1, 1990-2,
1990-5, 1990-9, 1990-10, 1990-11, 1990-14, 1990-15, and 1990-17; and others
which belong to C. freundii group 2 include 1988-9, 1988-10, 1989-C, 1989-H,
and 1990-4.

ently linked to a tetracycline resistance marker, since after
primary selection for either the copper or tetracycline
marker in transconjugants, 100% cotransfer of the second
marker was found.

The 6.2-kb Pvul fragment from the pco determinant of
pRJ1004 demonstrated strong homology to total plasmid
preparations from each of the TJ strains, which were cut
with EcoRI, EcoRV, or HindIll in Southern hybridization
experiments under high-stringency washing conditions (sece
Fig. 2, left panel). Hybridizing DNA fragments completely
internal to pco (the 3.0-kb EcoRI and 2.9-kb EcoRV frag-
ments; Fig. 1) were present in pRJ1004 and all four plasmid
DNAs tested. However, bands which overlapped with the
region outside that was defined genetically as pco (18, 20)
differed between strains. The pco determinant is completely
contained within a 12.5-kb HindIII fragment in pRJ1004, and
this is shown to hybridize to the Pvul probe fragment in Fig.
1. The corresponding HindIII fragments from the TJ strains
were smaller than that in pRJ1004: those in TJ48 and TJS5
were of similar size (ca. 10.5 kb), that in TJ57 was approx-
imately 9.5 kb, and that from TJ51 was the smallest fragment
(ca. 7 to 8 kb). The Pvul probe fragment hybridized only to
EcoRI and EcoRV fragments, which are internal to pco in
pRJ1004 or which overlap the right end of the determinant
and contain both pco sequences and flanking sequences
outside the region defined genetically as pco. As shown in
Fig. 2, these EcoRI and EcoRV junction fragments are a
different size in pRJ1004 (5.1 kb for EcoRI and 3.4 kb for
EcoRV) from those in the TJ strains, all of which are similar
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FIG. 1. Map of the HindIII fragment of pRJ1004 containing the pco region, showing the relevant restriction sites and locations of the
oligodeoxyribonucleotide primers used for PCR analysis of the U.K. isolates. Sizes of the PCR products generated by the primer pairs: X and
18, 726 bp; 2 and 10, 526 bp; 11 and 8, 333 bp; X and 24, 3,008 bp.

or identical in size (4.0 kb for EcoRI and 5.5 kb for EcoRV). pPA87; approximately 4 kb), which does not contain pco
The difference in sizes of these junction fragments suggests (Fig. 1), was hybridized to the same blot (Fig. 2, right panel).
variability in the positions of the EcoRI and EcoRV restric-  After high-stringency washing, bands of homology to this
tion sites flanking but outside of the pco determinant. The flanking region of pRJ1004 were visible in the DNA. In
BgllI-HindIII fragment (from the right of pco in plasmid  addition, this Bg/II-HindIII fragment hybridized weakly to
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FIG. 2. Autoradiographs of Southern blots of total plasmid DNA from the Australian isolates TJ48, TJ51, TJ5S, and TJ57 and plasmid
pRJ1004 DNA. The DNA was digested with the restriction enzymes EcoRI (A), EcoRV (B), or HindIII (C), electrophoresed through agarose
gels, blotted onto nitrocellulose filters, and probed with the *?P-labelled purified 6.2-kb Pvul probe (1, left panel), which contains pco, and,
after the removal of this probe, the DNA was reprobed with a 3?P-labelled, purified Bg/II-HindIII (approximately 4-kb) fragment (2, right

panel) from the right of pco in plasmid pPA87, which does not contain pco. Fragment sizes of standards are given in kilobase pairs (kb). Lanes:
1, TJ48; 2, TI51; 3, TISS; 4, TIST7; 5, pRI1004.
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the pco portion of plasmid pRJ1004 and to plasmid DNA
from the TJ strains. The sizes of these bands were consistent
with blotting to the pco determinants in each case. That this
fragment also hybridized to the pco sequences of plasmid
pRJ1004 suggests that two closely related and adjacent
sequences are in the pco region of pRJ1004. Results from
hybridizing the pco probe to genomic DNA of the control
strain ED8739 did not show any significant bands of homol-
ogy, suggesting that there is no pco homolog on the genome
of E. coli.

U.K. isolates. The 21 E. coli isolates could be separated
into three groups by resistance levels (Table 3) and by
colony-forming ability (CFU per milliliter) on Luria broth
agar containing increasing concentrations of CuSO, (data
not shown). Isolate 1988-1 (group 1) showed the highest level
of resistance, and the level of resistance was not increased
by pregrowth in subinhibitory concentrations of copper.
Group 2 strains exhibited an intermediate level of resistance
to copper, which was only marginally increased, if at all,
after pregrowth in subinhibitory concentrations of copper.
Group 2 strains showed 10- to 100-fold lower colony forma-
tion rates than 1988-1 at high copper concentrations (data not
shown). The low resistance level of group 3 strains was not
altered by pregrowth in subinhibitory concentrations of
copper, and these strains showed 10°- to 10°-fold fewer
colonies formed at high copper concentrations in survival
assays than did strain 1988-1 (data not shown). Therefore,
induction of the copper resistance phenotype in the U.K. E.
coli isolates by pregrowth of the strains in subinhibitory
concentrations of copper was generally not found. The
Salmonella sp. isolate had an intermediate copper resistance
level and was not inducible.

Of the seven U.K. Citrobacter freundii isolates, six dis-
played a copper resistance phenotype similar to that of the
copper-tolerant reference strain C. freundii 345 (Table 3).
The resistance level of these strains was not increased after
pregrowth in subinhibitory concentrations of copper. C.
freundii isolate 1988-8 tolerated up to approximately 20 mM
CuSO,, and the level of resistance achieved on copper
gradient plates was increased by pregrowth in copper; i.e.,
resistance was inducible.

Initial conjugation experiments with the U.K. E. coli and
C. freundii isolates as donors showed a very low frequency
of transfer of the copper resistance determinants (approxi-
mately 1 x 10~° transconjugants per donor cell). No spon-
taneous resistant mutant isolates of GME(Q08 were obtained
from 50 separate control plates (Luria broth agar plus 8 or 10
mM added CuSO,) on which 10° recipient GMEQ08 cells
were plated per plate. In further attempts to isolate strains
with chromosomal resistance to copper, 50 x 10° cells were
spread on copper-containing plates, but no spontaneous
copper-resistant isolates were observed. Spontaneous cop-
per-resistant isolates also have not been obtained after the
plating and purification of GME(008 on Luria broth agar
containing incremental concentrations of added CuSO,
(17a). Transconjugant derivatives of E. coli GMEO08 were
obtained from the U.K. donor strains E. coli 1988-1 and C.
freundii 1988-8 (JW001 and JWO002, respectively). Each had
the same level of resistance, which was similar to that of
ED8739(pRJ1004) (Table 4). Colony-forming ability on Luria
broth agar showed that ED8739 had a copper sensitivity
similar to that of GMEO008. The copper resistance phenotype
of isolate E. coli 1988-1 was not inducible when tested on
gradient plates. However, the derived transconjugant JW001
showed an inducible copper resistance phenotype under the
same conditions.
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TABLE 4. Growth of recipient strains and transconjugants on
copper gradient plates

Growth (cm) on 0-20 mM CuSO,
gradient plates with®:

Strain

0 mM 0.5 mM 2mM

CuSO, CuSO, CuSO,
GME008 42 = 0.1 44 +0.2 4.4 +0.2
ED8739(pRJ1004) 7.9 0.5 9.6 = 0.3 10.0 + 0.0
JW001 8.0 £ 0.2 8.9 + 0.5 9.2 +0.3
JWO002 8.1+04 8.7+ 0.5 9.3 +0.3
UB1637 29 + 0.05 2.9 + 0.05 2.9 = 0.05
UB1637(pRJ1004) 43 0.1 9.0 £ 0.5 10.0 = 0.0
JW101 7.0 + 04 8.0 = 0.6 9.0 + 0.4
JW102 43 +03 8.0 0.5 8.9 + 0.5

2 Growth was measured as the mean length of bacterial growth (+ standard
error of the mean; n = 3) in centimeters along the Cu?* gradient from the zero
concentration end. Zero, 0.5, or 2 mM CuSO, was added to the pregrowth
medium as indicated.

The copper resistance determinants from the U.K. iso-
lates 1988-1 and 1988-8 were further conjugated from strain
GMEOQ08 into E. coli UB1637 (JW101 and JW102). Copper
resistance encoded by plasmid pRJ1004 in UB1637 was more
strongly induced after pregrowth of the transconjugant in
Luria broth with 2 mM CuSO, than that in either of the
transconjugants JW101 and JW102 (Table 4). However, in
the absence of induction with added CuSO,, the resistance
conferred on the host UB1637 by the determinant from
isolate 1988-1 was greater than that for the determinants
from either pRJ1004 or isolate 1988-8. Attempts to isolate
plasmid DNA from these U.K. strains and the transcon-
jugants were unsuccessful.

DNA-DNA hybridization experiments with total DNA
from the U.K. isolates 1988-1, 1988-3, and 1988-8 revealed
strong similarity to the pco determinant, and restriction
nuclease fragment length measurements suggest that se-
quences flanking pco differ from those in pRJ1004 and among
the U.K. strains (data not shown). PCR analysis with total
DNA from the 29 U.K. isolates and pco primers showed
apparently identical products on ethidium bromide-stained
agarose gels for 16 of the 21 U.K. E. coli strains, for 6 of the
7 U.K. C. freundii strains, and for the U.K. Salmonelia sp.
isolate. No products were detected from PCR analysis of
genomic DNA of the control strains ED8739 and C. freundii
345 when the pco primer pair X and 18 was used (Fig. 1).
Sau3Al restriction enzyme digest analysis of PCR products
amplified from the DNA of the U.K. strains 1988-1, 1988-3,
and 1988-8 and plasmid pRJ1004 showed identical patterns of
bands on acrylamide gels (Fig. 3). Preliminary DNA se-
quence data of a PCR fragment from strain 1988-8 demon-
strated 94% identity to the pco sequence over 114 bp (data
not shown).

DISCUSSION

We have shown strong similarity between the previously
characterized pco copper resistance determinant originally
detected on plasmid pRJ1004, which was isolated in Austra-
lia in 1979 (19, 20, 26), and four additional copper-resistant
E. coli strains isolated in Australia in the same year. The four
strains contain conjugative plasmids which confer copper
resistance. The four E. coli strains contain sequences show-
ing close similarity to pco, which are flanked (at least on one
side) by sequences which differ from those in pRJ1004. The
copper resistance in these strains is conferred by at least
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FIG. 3. DNA fragments produced after digestion of PCR prod-
ucts with the restriction enzyme Sau3Al. The PCR products were
produced by amplification of template DNA with the pco primer
pairs X and 18 (A), 2 and 10 (B), and 11 and 8 (C). Molecular size
markers are in the left-hand lanes. Lanes: 1, U.K. E. coli 1988-1; 2,
U.K. E. coli 1988-3; 3, U.K. C. freundii 1988-8; 4, pRJ1004.

three different, albeit related, conjugative plasmids, namely,
pRJI1004, the plasmid present in TJ51, and the plasmids
present in the remaining TJ strains tested. Homology has
also been seen between pco and a number of E. coli strains
isolated from U.K. pig feces in 1988. The PCR data show
conservation of restriction nuclease fragment sizes. In one of
these strains, there was 94% identity of nucleotide sequence
across a short region. These data show that internal se-
quences within pco are conserved in many of the strains, but
DNA hybridization data indicate that the sequences flanking
pco vary between the strains.

The PCR and hybridization analysis of the U.K. and
Australian strains indicate that the pco determinant is wide-
spread in copper-resistant enteric bacteria isolated from pig
feces but that the determinant is found in a variety of DNA
molecules, some of which are nonidentical conjugative plas-
mids. The determinant has not been spread by the recent
conjugative transfer of a single plasmid.

The variable phenotypic expression of the U.K. copper
resistance determinants in different genetic backgrounds
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indicates that genetic information other than the resistance
determinant itself contributes to the expression of resis-
tance. This is highlighted by the U.K. E. coli isolate 1988-1,
which shows constitutive copper resistance, whereas
transconjugants after transfer of pco into the E. coli K-12
derivatives GMEOO8 and UB1637 were inducible for copper
resistance. Chromosomal genes such as the regulatory gene
cutR have been postulated to be involved in both the
mechanism of resistance and the regulation of its expression
(7, 20). We were unable to detect pco-related genes in the E.
coli chromosome by DNA hybridization.

Additional copper resistance determinants are known.
The cop determinant from plasmid pPT23D of P. syringae
pv. tomato (la, 2) shows no hybridization to pco by South-
ern analysis, although DNA sequence data (1) show consid-
erable similarity between the pco and cop protein product
sequences. Cooksey et al. (12) demonstrated homology
between the cop plasmid genes of P. syringae pv. tomato
and the chromosomal DNA of copper-sensitive Pseudo-
monas isolates. They suggest that the copper resistance
operon evolved from chromosomal genes, which perhaps
have some other cellular function. The mechanism of cop-
encoded copper resistance is sequestration of copper and
higher accumulation (11), whereas that encoded by pco is
energy-dependent export and lower accumulation (18, 20).

The data presented here show that a pco-like determinant
is also present and functional in C. freundii and a Salmonella
sp. and show DNA homology between the copper resistance
determinants in these species and pco. The proposed mech-
anism of copper resistance in E. coli requires that both
plasmid and chromosomal functions contribute to resistance
in an integrated fashion, such that resistance to high concen-
trations of copper can be expressed while homeostasis of
intracellular copper concentrations is maintained within
physiological requirements for metalloenzyme function. The
range of bacterial hosts in which the pco determinant could
function might be limited to those genera closely related to
E. coli, such as Citrobacter, Salmonella, and Shigella.
Studies on the DNA extracted from copper-resistant Proteus
spp., which were isolated in the same screening program, did
not demonstrate DNA homology to the pco determinant by
high-stringency hybridization (data not shown).

We propose that pco and related sequences have trans-
ferred between strains now found in geographically distinct
locations and that these determinants may be a widespread
cause of copper resistance among the enterobacteria.

ACKNOWLEDGMENTS

This work was supported by Australian Research Council grant
A09030665 and by U.K. Agricultural and Food Research Council
grant AG6/537. The Royal Society and the British Council supported
travel between our laboratories.

We thank S. Silver for a critical review of the manuscript.

REFERENCES

1. Barrett, S. R., D. A. Rouch, B. T. O. Lee, and N. L. Brown.
Unpublished data.

la.Bender, C. L., and D. A. Cooksey. 1986. Indigenous plasmids in
Pseudomonas syringae pv. tomato: conjugative transfer and
role in copper resistance. J. Bacteriol. 165:534-541.

2. Bender, C. L., and D. A. Cooksey. 1987. Molecular cloning of
copper resistance genes from Pseudomonas syringae pv. to-
mato. J. Bacteriol. 169:470-474.

3. Birnboim, H. C., and J. Dely. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

4. Borck, K., J. D. Beggs, W. J. Brammar, A. S. Hopkins, and



VoL. 59, 1993

10.
11.
12.

13.
14.

15.

16.

N. E. Murray. 1976. The construction in vitro of transducing
derivatives of phage lambda. Mol. Gen. Genet. 146:199-207.

. Braude, R. 1981. Twenty-five years of widespread use of copper

as an additive to diets of growing pigs, p. 3-15. In P. L’Hermite
and J. Dehandtschutter (ed.), Copper in animal wastes and
sewage sludge. D. Reidel Publishing Co., Dordrecht, The Neth-
erlands.

. Brown, N. L., B. T. O. Lee, and S. Silver. 1993. Bacterial

transport of and resistance to copper. In H. Sigel (ed.), Metal
ions in biological systems, vol. 30. Marcel Dekker, New York.

. Brown, N. L., D. A. Rouch, and B. T. O. Lee. 1992. Copper

resistance systems in bacteria. Plasmid 27:41-51.

. Bryson, J. W., T. V. O’Halloran, D. A. Rouch, N. L. Brown, J.

Camakaris, and B. T. O. Lee. 1993. Copper resistance in E. coli,
p. 101-109. In K. D. Karlin and Z. Tyeklar (ed.), Bioinorganic
chemistry of copper. Chapman and Hall, New York.

. Cooke, B. C. 1981. Copper as a growth promoter, p. 327-340. In

P. L’Hermite and J. Dehandtschutter (ed.), Copper in animal
wastes and sewage sludge. D. Reidel Publishing Co., Dordrecht,
The Netherlands.

Cooksey, D. A. 1990. Genetics of bacteriocide resistance in plant
pathogenic bacteria. Annu. Rev. Phytopathol. 28:201-219.
Cooksey, D. A. 1993. Copper uptake and resistance in bacteria.
Mol. Microbiol. 7:1-5.

Cooksey, D. A., H. A. Azad, J. Cha, and C. Lim. 1990. Copper
resistance gene homologs in pathogenic and saprophytic bacte-
rial species from tomato. Appl. Environ. Microbiol. 56:431-435.
da Silva, J. J. R. F., and R. J. P. Williams. 1991. The biological
chemistry of the elements. Clarendon Press, Oxford.

de la Cruz, F., and J. Grinsted. 1982. Genetic and molecular
characterization of Tn21, a multiple resistance transposon from
R100.1. J. Bacteriol. 151:222-228.

Edmonds, M. S., O. A. Izquierdo, and D. H. Baker. 1985. Feed
additive studies with newly weaned pigs: efficacy of supplemen-
tal copper, antibiotics and organic acids. J. Anim. Sci. 60:462—
469.

Elek, S. D., and L. Higney. 1970. Resistogram typing—a new

U.K. AND AUSTRALIAN COPPER-RESISTANT ENTERIC BACTERIA

17.

2537

epidemiological tool: application to Escherichia coli. J. Med.
Microbiol. 3:103-110.

Hughes, V. M., and N. Datta. 1983. Conjugative plasmids in
bacteria of the ‘pre-antibiotic’ era. Nature (London) 302:725-
726.

17a.Lee, B. T. O. Unpublished observations.

18.

19.

20.

21.

22.

26.

Rouch, D. A. 1986. Plasmid mediated copper resistance in
Escherichia coli. Ph.D. thesis. The University of Melbourne,
Parkville, Australia.

Rouch, D. A., J. Camakaris, B. T. O. Lee, and R. K. J. Luke.
1985. Inducible plasmid mediated copper resistance in Esche-
richia coli. J. Gen. Microbiol. 131:939-943.

Rouch, D. A,, B. T. O. Lee, and J. Camakaris. 1989. Genetic and
molecular basis of copper resistance in Escherichia coli, p.
439-446. In D. H. Hamer and D. R. Winge (ed.), Metal ion
homeostasis: molecular biology and chemistry. Alan R. Liss,
Inc., New York.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

Shurson, G. C., P. K. Ku, G. L. Waxler, M. T. Yokoyama, and
E. R. Miller. 1990. Physiological relationships between micro-
biological status and dietary copper levels in the pig. J. Anim.
Sci. 68:1061-1071.

. Southern, E. M. 1975. Detection of specific sequences among

DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

. Stall, R. E., D. C. Loschke, and J. B. Jones. 1986. Linkage of

copper resistance and avirulence loci on a self-transmissible
plasmid in Xanthomonas campestris pv. vesicatoria. Phytopa-
thology 76:241-243.

. Stansbury, W. F., L. F. Tribble, and D. E. Orr, Jr. 1990. Effect

of chelated copper sources on performance of nursery and
growing pigs. J. Anim. Sci. 68:1318-1322.

Tetaz, T. J., and R. K. J. Luke. 1983. Plasmid-controlled
resistance to copper in Escherichia coli. J. Bacteriol. 154:1263—
1268.



