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Abstract

Resistance to a range of heavy metal ions was determined for lead-resistant and other bacteria which had been
isolated from a battery-manufacturing site contaminated with high concentrations of lead. Several Gram-positive
(belonging to the genera Arthrobacter and Corynebacterium) and Gram-negative (Alcaligenes species) isolates
wereresistant to lead, mercury, cadmium, cobalt, zinc and copper, although the levels of resistance to the different
metal ionswere specific for each isolate. Polymerase chain reaction, DNA-DNA hybridizationand DNA sequencing
were used to explore the nature of genetic systems responsible for the metal resistance in eight of the isolates.
Specific DNA sequences could be amplified from the genomic DNA of all theisolates using primersfor sections of
the mer (mercury resistance determinant on the transposon Tn501) and pco (copper resistance determinant on the
plasmid pRJ1004) genetic systems. Positive hybridizations with mer and pco probes indicated that the amplified
segmentswere highly homologousto these genes. Some of the PCR products were cloned and partially sequenced,
and the regions sequenced were highly homologous to the appropriate regions of the mer and pco determinants.
These results demonstrate the wide distribution of mercury and copper resistance genesin both Gram-positive and
Gram-negative isolates obtained from this lead-contaminated soil. In contrast, the czc (cobalt, zinc and cadmium
resistance) and chr (chromate resistance) genes could not be amplified from DNAs of some isolates, indicating the
limited contribution, if any, of these genetic systems to the metal ion resistance of theseisolates.

Introduction of leaded gasoline, coal burning or metal smelting.

Mining and leaching from natural deposits also con-

Many agricultural and industrial practices have led to
environmental pollution by heavy meta ions. Metals
such as zinc, cobalt, cadmium, nickel, copper and
chromium are used for several industrial applications
such as production of steel and other alloys, galvaniza-
tion of iron, electroplating, manufacture of batteries,
TV tubes and pigments. Copper has been used for
a number of years as an active ingredient of bacteri-
cides and fungicides and as a growth enhancer of pigs.
Mercury is abyproduct of burning coal and petroleum
products and it is also used in household and hospital
disinfectants. Contamination of soil by lead occursfol-
lowing theuse of |ead arsenateinsecticides. Highlevels
of lead in waste waters may originatefrom combustion

tribute to environmental contamination. A number of
sites contaminated by heavy metals around the world
are associated with human activities such as discharge
of wastesinto natural waterways, variousmetallurgical
industries, accidental spills or mining [1-8].

L ow concentrationsof certaintransition metalslike
cobalt, copper, nickel and zinc are essential for many
cellular processes of bacteria, however, higher con-
centrations of these can be cytotoxic. Other heavy
metals, including lead, cadmium, mercury, silver and
chromium have no known beneficial effects to bacte-
rial cells and are toxic even at low concentrations [9,
10]. Natural bacterial populations are very important
in the major elemental and organic metabolism cycles
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[1]. As environmental pollutants pose a great risk to
natural bacterial populations, the adaptive responses
of bacteria in contaminated environments have been
studied extensively. Such investigations have indicat-
ed that bacteriawhich survive, and, indeed, flourishin
such environments have developed or acquired genet-
ic systems that counteract the effects of high metal
ion concentrations. For example, resistance to mer-
cury is encountered commonly in bacteria from areas
of mercury deposits [11, 12], hospital samples [13]
and contaminated terrestrial and aguatic environments
[1, 5-7, 14, 15]. The genes encoding mercury resis-
tance are found to be located frequently on plasmids
and transposons [13-18], although a chromosomally-
encoded determinant has been identified also [19].
Bacteria resistant to cadmium, zinc, cobalt, chromi-
um, copper, arsenic and nickel have beenisolated from
several contaminated sites and natural deposits. Their
genetic systems have been studied extensively and the
resistance-encoding genes also appear to be predom-
inantly plasmid-located [4, 20-31]. The observations
that metal resistance determinantsarelocated most fre-
guently on plasmids and transposons have led to sug-
gestions that these determinants are probably spread
by horizontal transfer [11, 32]. Such genetic systems
are useful tools to investigate the nature and extent
of horizontal transfer of adaptive genes across natural
bacterial populations.

Investigations of adaptive responses commonly
involve studying phenotypic changes. However, amore
basic understanding of adaptation can be achieved
if the molecular mechanisms were understood also.
Approaches used recently have included the use of
molecular techniques such as polymerase chain reac-
tion (PCR), DNA-DNA hybridization and/or restric-
tion fragment length polymorphism (RFLP) determi-
nation [2, 5-7, 32-35]. Thesetechniquesare, in gener-
al, more sensitive and quicker than some of the tradi-
tional microbiological methods and can be aimed pre-
cisely at aparticular genetic determinant; they thuspro-
videauseful meansof investigating bacterial responses
to environmental stress and the molecular mechanisms
of adaptation.

Several bacteria had been isolated previously from
heavily lead-contaminated soil samples taken from a
discontinued and rezoned lead battery manufacturing
site [36]. We are interested in investigating the nature
of the genetic systems encoding resistance to lead
and other heavy metals in these isolates, which will
enable comparison with similar genes isolated from
other locations disparate from Australia. The broader

context of this work is the application of the genetic
systemsin biomonitoring and potential use of the bac-
teriain pollution abatement. This paper describes the
heavy metal resistance properties of eight soil bacter-
ia isolates from Ardeer, Melbourne, and the analysis
of genes encoding metal resistance in these isolates
using PCR, DNA-DNA hybridization, RFL Pand DNA
seguencing. In the absence of extensive genetic infor-
mation on lead resistance in bacteria, the approach
used involved analysis of genes known to occur more
broadly in nature and where the genetic mechanisms
of resistance are well characterised (mercury, copper,
cadmium resistance), to obtain genetic tools for future
analysis of the genetics of lead resistance mechanisms
especialy in the Gram-positive isol ates.

Materials and methods

Soil description, bacterial strainsand plasmids  Soil
samples had been collected from a discontinued bat-
tery manufacturing site at Ardeer, an outer suburb of
Melbourne, where the lead content of soil was up to
260 mg/g. Severa bacteria had been isolated from the
soil homogenates previoudly, either following enrich-
ment for |ead-resistant bacteria or by screening indi-
vidual isolates for lead resistance [36]. Eight of these
isolates, which showed different degrees of lead toler-
ance, were characterized by Gram staining and deter-
mining their biochemical properties including acid-
alcohol fastness, catalase production, oxidase activ-
ity, glucose fermentation, citrate utilization, casein
hydrolysis, hydrogen sulphide production, indole test,
gelatine hydrolysis and nitrate reduction according to
Reade [37]. Table 1 summarizes the properties, appli-
cationsand sourcesof al bacterial strainsand plasmids
used in this study.

Estimation of bacterial tolerance to metals. Analyt-
ical grades of metal salts were used to prepare 0.5 M
stock solutions, which were filter-sterilized and added
to 50 mM Tris-buffered Nutrient Agar (Oxoid) (NAT)
media[ 36] for determination of the Minimum Inhibito-
ry Concentrations (MICs) of the metal ions for each
isolate. The range of concentrations used was 0.5 to
4 mM for lead nitrate, 0.5to 8 mM for cupric nitrate,
0.01t0 0.1 mM for mercuric chloride, 0.5to 5 mM for
zinc nitrate and cobalt nitrate and 0.1 to 3 mM for cad-
mium chloride. Overnight cultures grown in Nutrient
Broth (Oxoid) (NB) were diluted to 10° cells/ml then
spotted onto metal-salt-containing NAT plates. Dupli-



Table 1. Bacterial strains and plasmids
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Bacterium/plasmid Properties and applications Reference
E9 Gram-positive, Arthrobacter Present work
E11 Gram-positive, Arthrobacter As above
AB12 Gram-positive, Corynebacterium As above
AB18 Gram-positive, Corynebacterium As above
AO5 Gram-positive, Corynebacterium As above
AO17 Gram-negative, Alcaligenes As above
AO21 Gram-positive, Corynebacterium As above
AO22 Gram-negative, Alcaligenes As above

Alcaligenes eutrophus

Contains pMOL 28 (Ni", Co", Chrs", Hg") and pMOL 30 (Co", Zn", Cd", 4,44

CH34¢ Pb™, Hg"). Positive control for amplification of czc and chr operons and for
determining resistance levels to different metal ions under our conditions.
E. coli AB1157 Hg", Cm”. Transposon Tn501 encodes mer (Hg") operon. Used as positive 17
(PACYC184::Tn501)> control for amplification of a section of the mer operon and for isolation of
mer probe.
E. coli IM105 Hg", Cm™. Transposon Tn21 encodes mer operon (Hg™) which is highly 17

(PACY C184::Tn21)®

homologous to the Tn501 mer operon. Used as a positive control for

amplification of a section of the mer operon.

E. coli ED8739 Amp”, Cu”. A 12.5 kb Hindlll fragment encoding the pco (Cu”) genetic 31,42
(pPA8T7)c system of pRJ1004 subcloned into pBR322. Used as positive control for

amplification of pcoR and pcoA genes of the pco operon, for isolation of

pco probe and for copper resistance phenotype.
Corynebacterium Rif". Plasmid-free. No known plasmid- or transposon-encoded 39
glutamicum AS019 metal-resistance genes. Used as a reference for estimating levels of

resistance to different metals.
C. glutamicum ATCC Rif¢. Plasmid. No known plasmid or transposon-encoded metal-resistance ATCC
13032 genes. Same application as above.
pBluescript SK+ Plasmid cloning vector. Stratagene
E. coli XL-1Blue Host strain for pBluescript plasmids. Stratagene

@QObtained from Dr. M. Mergeay, VITO, Mol, Belgium.

bObtained from Dr. M. Osborn, School of Biological Sciences, Donnan Laboratories, The University of Liverpool, Liverpool, UK.
¢Obtained for Dr. B. T. O. Lee, Department of Genetics, University of Melbourne, Australia.

cate plates of each isolate were incubated at 28 °C for
5 days before growth was scored and MIC (the lowest
concentration of metal ion which completely inhibited
growth) determined.

Isolation of total genomic and plasmid DNA. Tota
genomic DNA was isolated from cell pellets obtained
following centrifugation of 10 ml of cultures grown
overnight in NB at 28 °C. The extraction protocol fol-
lowed for Gram-negative bacteria was similar to that
in Sambrook et al. [38], with the following modifi-
cations. The cell pellets were suspended in TE buffer
(10 mM Tris-Cl, 1 mM EDTA, pH 7.6) containing
0.5% SDS, 10 ug/ml proteinase K, 10 pg/ml lysozyme
and 10 pg/ml DNAase-freeRNAase A and incubated at

37°Cfor onehour. Thelysate was extracted twicewith
Tris-equilibrated phenol-chloroform-isoamyl alcohol
(25:24:1) and the DNA was precipitated with ethanal.
The Gram-positive bacteria were grown in NB con-
taining 2% glycine to achieve cell lysis and an extrac-
tion protocol that involved extensive digestions with
lysozyme was followed [39]. Plasmid DNA was iso-
lated by alkaline lysis of cells[38].

Oligonucleotide primers.  Table 2 provides detail s of
the primers and the expected size of productsfrom the
known genes. The positive controls used were Tn501
and Tn21 for mer (mercury resistance), pPA87 for pco
(copper resistance), and total genomic and plasmid
DNA of A. eutrophus CH34 for czc (cadmium-zinc-
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Table 2. Oligonucleotide primers used for PCR amplification

Resistance Upstream primer Downstream primer Exact length Reference
determinant of amplified
amplified region (bp)
merRTAP merl mer2 1011 18
region of Tn501 5 GAGATCTAAAGCACGCTAAGGC 3 5 GGAATCTTGACTGTGATCGGG 3
pcoR gene of pcoR1 pcoR2 636 9,42 and B. Leg,
pco operon 5 CAGGTCGTTACCTGCAGCAG 3 5 CTCTGATCTCCAGGACATATC 3 personal
communication.
pcoA gene of pcoAl pcoA2 1791 9,42 and B. Leg,
pco operon 5 CGTCTCGACGAACTTTCCTG 3 5 GGACTTCACGAAACATTCCC 3 personal
communication.

czcA gene of czc czcAl czcA2 1885 26
determinant of 5 GTTTGAACGTATCATTAGTTTC3 5 GTAGCCATCCGAAATATTCG 3
A. eutrophus CH34
czcB gene of above czcB1 czcB2 1520 26

5 CTATTTCGAACAAACAAAAGG3 5 CTTCAGAACAAAACTGTTGG 3
czcD gene of above czcD1 czcD2 398 26

5 CAGGTCACTGACACGACCAT 3 5 CATGCTGATGAGATTGATGATC3
chrA gene of above chrAl chrA2 1292 27

5 CTTATACGCTACGCCAACTG 5 GTAATGGCATTCAGTCGCTTG
chrB gene of above chrB1 chrB2 450 27

5 GTCGTTAGCTTGCCAACATC 3

5 CGgAAAGCAAGATGTCGATCG 3

cobalt resistance) and chr (chromate resistance) sys-
tems. Primer pair mer 1-mer2 was designed to amplify
alkb (kilobasepair, 1000 base pairs) conserved region
containing the merR and mer T genes and 5/ end of the
mer P gene (mer RT AP region) of Tn501and Tn21 (18).
The other operons (pco, czc and chr) consist of sev-
eral genes, the total size of which was too large to be
amplified together by PCR. For these operons, several
primer pairs were constructed to allow amplification
of individual genes. All primerswere at least 20 bases
longto alow only specific binding to templates, had no
self-complementary regions, and the base composition
was chosen such that they had similar annealing tem-
peratures (58-64 °C) so several amplifications could
be carried out simultaneously.

PCRamplification. Templatesfor PCR amplification
included the following: total genomic DNA from the
eight test isolates and A. eutrophus CH34; plasmids
encoding Tn501 or Tn21; plasmid pPA87 and a plas-
mid isolated from strain AO21. Amplifications were
performed in 100 ul reaction volumes for 35 cycles,
using the GeneAmp kit and AmpliTag DNA poly-

merase (Perkin-Elmer). After theinitial denaturationat
95 °C for 5 min, each cycle consisted of denaturation
(95 °C, 90 sec), annealing (57 °C, 90 sec) and exten-
sion (72 °C, 2 min). All reactions included a negative
(sterile water) control.

Sze determination and restriction digestion of PCR
products. Aliquots (10 ul) of the amplification reac-
tions were electrophoresed on 1% agarose gels made
and run in 1X TAE buffer containing 0.5 ug/ml
ethidium bromide [38]. The amplification products
of the mer1-mer2 primer pair were digested with the
restriction enzyme Aval (New England Biolabs), elec-
trophoresed as above and photographed.

Blotting and filter hybridization of PCR products.
The gels containing mer, pcoR and pcoA PCR prod-
ucts were Southern-blotted [40] onto Hybond N filters
(Amersham), which werethen hybridized with the mer
and pco probeslabelled as below. Hybridizationswere
carried out overnight at 55 °C using Church buffer [41],
filters were washed in wash buffer (40 mM NapHPOy,,
pH 7.5, 1% SDS) 2X30 min at room temperature and
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Figure 1. MICs of metal ions for control strains and selected soil bacteria strains. Details of the ranges of metal salt concentrations used are
given in Materials and methods and details of the bacteria strains are given in Table 1.

1X30minat 55 °Cand exposed to Kodak X AR-5 X-ray
film for 1-2 daysat —70 °C.

Probe preparations. The mer probe was a 2.2 kb
Hindlll-EcoRI fragment of Tn501 containing the
mer RTAP region [18] and the pco probe was a 12.5
kb Hindlll insert of pPA87 encoding the pco oper-
on [31, 42]. These were purified from the respective
restriction digests run on gels by using the Bandpure
DNA purification kit (Progen), and labelled by nick-
tranglation using a-3?P-dCTPand theNick-Trang ation
System (Promega).

Purification, cloning and sequencing of PCR prod-
ucts. Threeof the PCR products (amplification prod-
ucts of Alcaligenes strains AO17 and AO22 DNAs
with mer1l-mer2 primer pair and Arthrobacter strain

E9 DNA with pcoR1-pcoR2 primer pair) were puri-
fied on Microspin™ columns (Pharmacia), clonedinto
the EcoRV site of pBluescript SK+ (Stratagene) and
sequenced manually by the chain termination method
[43], using the T7 DNA Polymerase Sequencing kit
(Pharmacia).

Results

| dentification of soil isolatesand determination of rela-
tive levels of resistance of theisolatesto metals. Pre-
liminary taxonomic classification of the eight select-
ed Ardeer isolates was performed using classical bio-
chemical and staining propertiesto provide abasis for
differentiating strainswhichwere otherwisedistinct on
the basis of colony morphology. The Gram-positive,
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non-acid-fast bacteria were keyed out as belonging to
the genera Arthrobacter and Corynebacterium, which
were differentiated on the basis of glucose utilisation,
and the remaining two Gram-negative strains were
Alcaligenes species (Table 1), where al of these gen-
era are commonly found in soil microflora. Further
designation of these strains to species level was not
possible based on their biochemical reactions and tax-
onomic determination is being undertaken currently
by 16S RNA sequencing. The E and AB series of
isolates were obtained following enrichment in lead-
containing broths whereas the AO series were iso-
lates randomly selected from the microflora recovered
on non-selective media without enrichment for metal
resistance.

Previous experimental work in our laboratory [36]
had shown that some of the Ardeer isolates grew poor-
ly on minimal media which have been used by other
researchersto determine MICsfor several heavy metal
ions, including the minimal medium used previously to
determine lead resistance of A. eutrophus CH34. Con-
sequently, MICswere determined using arich medium
which supported the growth of all isolates, although it
wasrecoghised that datagenerated would not beimme-
diately comparable to previously published research.
In particular, resistance to lead is difficult to determine
because of non-specific binding of lead to mediacom-
ponents, including polypeptides. However, by using
a range of 20 strains with known resistance or pre-
sumed sensitivity to lead which served as controls, we
could clearly differentiate between lead sensitiveand
resistant strains using NAT media [36]. These strains
included the lead resistant A. eutrophus strain CH34
and lead-sensitive variants, although it was noted that
the level of lead resistance of strain CH34 was only
subtly different to that seen for the sensitive A. eutro-
phus strains when screened on NAT plates [36]. Data
presented in Figure 1 shows MICs determined follow-
ing growth on NAT platesfor six metal ions, including
lead: C. glutamicum strains AS019 and ATCC 13032
served as controls with no known resistance to heavy
metal ions, to provideabasisof comparisonwith MICs
determined for the Gram-positive isolates, and strain
CH34 is included in this data set as a Gram-negative
strain with known resistance to the metal ions tested.
Comparison of MICs of lead, zinc, copper, mercury,
cadmium and cobalt indicated that severa of the iso-
lateswereresistant to these metal ions, but eachisolate
exhibited a characteristic level of resistance to each
metal (Figure 1). The Gram-positive isolates E9 and
E11 were the most resistant of the test strains to lead,

and the MICs for these metals were approximately
two-fold that of A. eutrophus CH34 which isknown to
be lead-resistant (Table 1) and showed similar MICs
to strain LH101, a lead-resistant Enterobacter strain
(M. Mergeay, personal communication) [36]. These
isolates also showed the highest level of resistance to
cadmium and were also moderatly resistant to zinc,
mercury, copper and cobalt. The MICs for copper for
the isolates E9, E11, AB12 and AB18 were similar
to those of pPA87 (which encodes Cu” in E. coli, see
Table 1) and A. eutrophus CH34 which is also known
to encode Cu” genes[44].

The Gram-negative isolates AO17 and AO22
(Alcaligenes species) were most resistant to mercury
and werea so resistant to high levelsof zinc and cobalt.
Thelevelsof resistanceto mercury were approximately
1.5to 2-fold greater than those of the other test isolates
aswell as A. eutrophus CH34, which isknown to have
mer” transposons[44].

Amplification of mer and pco genes from soil bacteria.
By using the primer pair mer 1-mer2, amplification of a
~ 1 kb fragment was detected reproducibly in al eight
soil bacteria isolates, in total genomic and plasmid
DNA of A. eutrophus CH34 and in plasmid DNA of
the isolate AO22 (Figure 2A). The size of the product
was identical to that in the positive controls Tn501 and
Tn21, and corresponded to the expected 1 kb fragment
encompassing the merRTAP region of the Tn501 mer
operon [18]. Additional minor bands were seen for
some isolates.

Using the primers pcoR1 and pcoR2, al isolates
reproducibly showed the presence of a ~ 600 base pair
(bp) fragment, which was identica to the expected
fragment in the positive control pPA87 (Figure 2B).
This fragment corresponds to the pcoR gene of the
pco operon [9, 42 and B. Lee, personal communica-
tion]. Primer pair pcoAl-pcoA2, which spansa~1.8kb
region encompassing the pcoA gene[9, 42 and B. Lee,
personal communication], could amplify the expected
fragment successfully from pPA87 (positive control)
(Figure 2C). The isolates E9, AO5 and AO21 aso
showed this band and some additional smaller ones.
Other test isolates showed either no amplification or
smaller bands only. The 1.8 kb product, together with
some additional bands, was also amplified from A.
eutrophus CH34.

Amplification of czc and chr genes. Experiments
involving amplification with czcD1-czcD2 primer pair
yielded the expected ~ 400 bp productsfor the A. eutro-
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isolates yielded no amplification products with the
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(AQO21) yielded a product of size other than expected
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Figure 2. Agarose gel electrophoresis of PCR products of total
genomic DNAs and/or plasmid DNASs with primer pair mer1-mer2
(Figure 2A), primer pair pcoR1-pcoR2 (Figure 2B) and primer pair
pcoAl-pcoA2 (Figure 2C). Lanes for Figure 2A: 1 and 9, DNA
marker (Lambda DNA digested with Hindl11 and EcoRl); 2, plasmid
DNA of Tn21; 3, plasmid DNA of Tn501; 4, A. eutrophus CH34
genomic DNA; 5, A. eutrophus CH34 plasmid DNA; 6-8, 10-14,
genomic DNA of isolatesE9, E11, AB12, AB18, AO5, AO17, AO21
and AO22 respectively; 15, plasmid DNA of isolate AO22; 16, sterile
water control. Lanesfor Figure 2B and 2C: 1and 9, DNA sizemarker
(LambdaDNA digested with Hindl 1 and EcoRl); 2, plasmid DNA of
pPA87; 3-8, genomic DNA of isolates E9, E11, AB12, AB18, AO5,
AO17 respectively; 10, genomic DNA of isolate AO21; 11, genomic
DNA of isolate AO22; 12, plasmid DNA of isolate AO22, 13, A.
eutrophus CH34 genomic DNA; 14, A. eutrophus CH34 plasmid
DNA, 15, sterile water control; 16, blank (no sample |oaded).

with the primer pair czcB1-czcB2 (datanot shown) and
these results could not be reproduced.

Primer pair chrAl-chrA2yielded the expected ~ 1.3
kb band in A. eutrophus CH34 (positive control) but
only multiple smaller bands in some isolates (E11,
AB18, AO17, AO21) or no amplification in others
(E9, AB12, AO5, AO22) (data not shown). Similar
results were obtained with primer pair chrB1-chrB2,
where expected fragment of 450 bp could be produced
from A. eutrophus CH34, but the test isolates yielded
either no amplification (E9, E11, AB12, AO17, AO21,
AO22), a very faint band of appropriate size (AB12)
or adlightly larger band (AO5) (data hot shown). Due
to the poor amplification and reproducibility of results
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of most test isolates with the czc and chr primers, PCR
and hybridization experimentsfor these geneswere not
pursued further.

Hybridization of PCR products with mer and pco
probes. The amplification products from the gels
illustrated in Figure 2A, 2B and 2C were transferred
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Figure 3. Southern blot hybridizations of the PCR products shown
in Figure 2. Figure 3A shows results of hybridization of samples
shown in Figure 2A with the mer probe. Figure 3B and 3C show
hybridization of samples shown in Figure 2B and 2C respectively
with the pco probe.

onto membranes and hybridized with mer (for sam-
ples shown in Figure 2A) and pco (for samples shown
in Figure 2B and 2C) probes, to test whether the
PCR products were the result of true amplification of
homologous sequences or whether they were spuri-
ous amplifications of an unrelated area of the genome.
Hybridization with the Tn501 mer probe produced
strong hybridization signals for the 1 kb fragments
(Figure 3A). Similarly, samples illustrated in Figure
2B showed strong hybridization signals for the 600 bp
bands with the pco probe. (Figure 3B). None of the
other minor bands seen in Figure 2A or 2B hybridized
with the respective probes. These results indicate the
presence of high homology between the probe and the
appropriate fragments on the filters, as the hybridiza-
tion and washing conditionswould haveallowed only a
limited extent of mismatch between the two. The only
hybridizations seen for the pcoA amplification prod-
uctswerethe~ 1.8 kb bandsin the samplesAO5, AO21
and A. eutrophus CH34 (Figure 3C). As expected, the
mer probe hybridized with the sequences originating
from Tn21, asthetwo Hg" genetic systems are highly
homologous[18]. Thehybridization of the mer and pco
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Figure 4. Agarose gel eectrophoresis of merl-mer2 PCR prod-
ucts digested with Aval. Lanes: 1, DNA size marker (Lambda DNA
digested with HindlI1 and EcoRl); 2, undigested A. eutrophus CH34
PCR product; 3-5: Aval-digested PCR products of Tn501, A. eutro-
phus CH34 genomic DNA and A. eutrophus CH34 plasmid DNA
respectively; 6-11, digested PCR products of genomic DNASs of E9,
E11, AB12, AB18, AO5 and AO17 respectively.

probesto A. eutrophus CH34 is expected also, as this
strainisHg", Cu” and encodes homol ogous sequences
[2 and M. Mergeay, personal communication].

RFLP analysis of amplified mer sequences. The
restriction map of the 1 kb mer RT AP region of Tn501
indicatesthe presence of an Aval restriction site, divid-
ing it into a 0.6 kb and a 0.4 kb fragment [18]. Since
the mer amplification was aimed at this region, it was
decided to subject the mer PCR products of the test
isolates to restriction digestion by Aval, to detect any
polymorphismspresent at thissite. All digestsreveaed
a 0.6 and a 0.4 kb band, indicating the presence of the
Aval site at aposition similar to that in Tn501 (Figure
4).

Cloning and sequencing of mer and pcoR amplifica-
tion products. As PCR and probe hybridization had
indicated similar results for all the test isolates, two
samples (AO17 and AO22) from the mer and one
(E9) from the pcoR amplification products were cho-
sen for cloning and sequencing. Approximately 300—
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400 bases were sequenced from each of these (data
not shown). Comparison of the AO17 and AO22 mer
sequences with the appropriate 1 kb region of the
Tn501 mer operon[18], and of E9 pcoR sequencewith
the corresponding region of the E. coli pRJ1004 pcoR
sequence [42 and B. Lee, personal communication]
revealed >90% identity.

Discussion

The present investigation was aimed at determining
whether the bacteriaisolated from soil heavily conta-
mined with lead had adapted to the high lead content in
their microenvironment, and if so, which genetic fac-
tors could have contributed to such a phenotype. With
the rapid developmentsin the recombinant DNA tech-
niques, molecular methods are being applied more and
more to investigations of this nature, as these methods
often provide quick and accurate answers to the prob-
lems. A few investigations of this nature have been
carried out in the last 5-10 years, however, we believe
thisisoneof thefirst reportsof application of molecular
techniquesto studying metal ion polluted environments
in Australia.

Resistance to avariety of metal ionswas examined
in addition to lead because the literature had indicated
that resistance often occurs for a range of metal ions
rather than for a specific metal only [3, 4, 8]. MIC
determination indicated that the soil bacteria used in
the present investigation have devel oped resistance to
several of themetal ionstested and some of theisolates
showed highresistanceto certainions. Theobservation
of highlevelsof mercury resistancein AO17 and AO21
is notable, as several other laboratories have identified
mercury-resistant Gram-negative isolates from conta-
minated sites and these often have mercury-resistance
encoding plasmids or transposons [1, 5-7, 14, 15].
A direct comparison of our MIC estimates with oth-
er studies was not attempted, as the differencesin the
metal-binding capacities of our media and those used
by other investigators can result in discrepancies in
the MIC results. A. eutrophus CH34 [4] was included
in our study for comparative purposes and was indeed
moreresistant to Co, Cr, Zn, Pb, Cd and Hg when com-
pared to the two Al caligenes controls, as was expected
dueto the multipleresistance markerson pMOL 28 and
pPMOL30 carried in strain A. eutrophus CH34.

In the absence of any genetic systemsidentified to
encode lead resistance specifically, molecular investi-
gations concentrated on looking for other heavy-metal
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resistance genetic systems, particularly thosethat have
been identified previously in bacteria isolated from
contaminated environments. The mer system was cho-
sen as it has been reported widely in different geo-
graphic locations and environments in the Northern
hemisphere [1-3, 6, 11, 12, 34] and czc and chr sys-
tems were chosen to detect resistances to these ions
in bacteriafound at industrial sites[4, 5, 30]. The pco
system was chosen even thoughit wasisolated from an
enteric bacterium, as it was discovered locally [9] and
would provideamodel for possible horizontal transfer
of genes.

mer and pcoR-related sequences could be ampli-
fied successfully from the eight test isolates and pos-
itive hybridization of these to respective probes indi-
cates that they were true amplification products corre-
sponding to the endogenous mer or pco sequencesin
the genomic DNA of the isolates and not the results
of amplification priming at unrelated locations in the
genomes. The presence of mercury-resistance pheno-
typein lead-contaminated soil is not unexpected, since
mercury-resistant microbes have been isolated previ-
oudy from a variety of environments. However, the
observation of Tn501-related sequences in the Gram-
positiveisolatesisimportant, asthese have been report-
ed so far only for Gram-negative bacteria[reviewed in
Ref. 17]. The observation that the two Gram-negative
isolates (AO17 and AO22) werethe most resistant ones
to mercury prompted us to clone and obtain prelimi-
nary sequence data for their mer PCR products. The
data, although partial, showed >90% identity to the
appropriateregion of Tn501, thusindicating that these
two isolates probably contain Tn501 or asimilar genet-
ic system.

The pco operon has been reported so far only in
copper-resistant enteric bacteria [9, 31], so the ampli-
fication of pcoR in the soil isolates is an interesting
observation. Its presence in the soil bacteria may sug-
gest that the pco system could be either more wide-
spread and not just restricted to enteric microorgan-
isms, or it could have been spread by horizontal trans-
fer between enteric and soil bacteria. Such modes of
transmission, especially through animals, have been
suggested to play arole in the dissemination of metal-
resistance phenotypes. The pcoR PCR product from
only onetest isolate (E9) was sequenced and found to
be very similar to the appropriate section of the pcoR
system; thusit is not possible to determine at present
whether the PCR products in the other isolates are
authentic pcoR segquences or their homologues. pcoR
has been shown recently to encode a regulatory pro-

tein with homologiesto other regulators[42]. Thusthe
pcoR amplification products observed in the present
study could represent regulatory proteins with homol-
ogy to pcoR. More widespread amplification of pcoR
sequences compared to the pcoA sequences suggests
that the pcoR (or related) sequences are more con-
served than the pcoA which is a structural gene in the
pco operon [9, 42]. Further work is needed to deter-
mine whether the entire pco system or only parts of it
are present in these soil bacteria.

The lack of uniform amplification of various czc-
and chr-related sequences in all test isolates, or the
presence of fragments with sizes other than those
obtained with positive control samples, suggests that
either these sequences are present but highly diverged
in the test isolates, or they are absent in, at least, some
of thetest strains. I n either case, these sequencesappear
to have alimited role, if any, in contributing to metal
resistance in the soil bacteria studied here. It is pos-
sible that these bacteria have other genetic systems
such as cnr [24], cadA [28], ncc [8], or some as yet
unidentified genes that contribute resistance to cadmi-
um, cobalt, zinc, lead and nickel. Investigations are
underway to test this possibility.

These and future studies should provide some
insight into the molecular mechanisms of heavy metal
ion resistance in these soil microorganisms and may
demonstrate their utility in detecting environmental
pollution by heavy metals.

Conclusions

Several Gram-positiveand Gram-negative soil bacteria
isolated from a lead-contaminated site exhibited resis-
tance to a range of metal ions including lead, zinc,
copper, cadmium, cobalt and mercury. PCR, DNA-
DNA hybridization, RFLP and DNA sequencing were
used to analyse the genetic systems involved in metal
resistance in these bacteria. All isolates showed DNA
seguences homologous to sections of the transposon-
encoded mer and plasmid-encoded pco genetic systems
of resistance to mercury and copper respectively. This
isthefirst report of detection of mer-related sequences
in Gram-positive isolates, and pcoR-related sequences
in soil bacteria. The czc (cadmium-zinc-cobalt resis-
tance) and chr (chromate resistance) genetic systems,
on the other hand, could not be detected as uniformly
in these bacterial isolates.
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