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Anna Maid
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University Malaysia Sarawak

ABSTRACT

Bacteria were isolated from soil samples taken from Matang landfill site and riverbank
downstream of the Kuap River. Copper- and mercury-resistant strains were selected and
minimal inhibitory concentrations (MICs) for either heavy metal was determined. Mercury was
more toxic than copper in both solid and liquid media, with inhibitory concentrations in solid
media being higher than in liquid media. With higher MIC values, the Kuap River isolates were
shown to be more resistant to metals than the strains from Matang, thus serving as a bioindicator
of higher levels of heavy metals pollution. The most dominant metal-resistant strains were

Pseudomonas sp.
Keywords: Copper, mercury, metal-resistant, bioindicator.

ABSTRAK

Bakteria telah dipencilkan daripada sampel tanah yang berasal dari tapak pelupusan sampah
Matang dan pinggir hi/iran Sungai Kuap. Strain-strain yang rintang terhadap kuprum dan
raksa disaring dan kepekatan perencat minima bagi kedua-dua jenis lagam berat ditentukan.
Raksa didapati lebih taksik berband;tlg kuprum dalclln kedua-dua media pepejal dan larutan.
dengan kepekatan perencat minima dalam media pepejal lebih tinggi daripada dalam larutan.
Pada kepekatan perencat minima yang lebih tinggi. strain-strain yang diperolehi daripada
Sungai Kuap didapati lebih rintang terhadap lagam berat berbanding strain-strain daripada
Matang, justeru berperanan sebagai penunjuk bia bagi kadar pencemaran lagam berat yang
tinggi. Strain paling dominan yang rintang terhadap lagam berat terdiri daripada
Pseudomonas sp.
Kata kunci: Kuprum, raksa, kerintangan, penunjuk bia.

v

CHAPTER 1

INTRODUCTION

1.1 Background

The characteristics of bacteria isolated from different environments sharing resistance to
mercury (Hg R), have been widely investigated upon at both the biochemical and genetic
level (Misra e/ ai. , 1992). Although lethal to all living organisms, mercury and its
compounds are non-toxic to certain bacteria, which possess resistance genes to
mercurials (Osbourn e/ ai., 1997). Copper, on the other hand, is an essential trace
element for many organisms as it plays a vital role in oxidation and reduction processes
and occurs as a component of the prosthetic part of oxidizing enzymes. However, in
excess amounts, copper is highly toxic especially to lower organisms (Jae and Cooksey,
1991).

In the natural environment, especially in landfills, mercuric and copper compounds can

be found widely due to processes such as leaching of natural ores, weathering of rocks,
and industrial pollution (Von

Bur~d

Greenwood, 1991). To control plant diseases,

copper compounds have been used widely. It is most regularly used as bactericides to
control plant diseases caused by bacteria, since antibiotics are not registered for use on
most edible crops (Jae and Cooksey, 1991). Mercury is used commonly in the
manufacture of antifouling paint, as catalysts in industries, in hospitals as disinfectants,
and in agriculture as fungicides, insecticides, and bactericides (WHO, 1976).

P'"
I

The levels of mercury and copper contamination

In

an environment are frequently

associated with the occurrence of mercury- (Hl) and copper- (CUR) resistant bacteria
(Osborn el aI., 1993). A vast range of bacterial species found to be resistance to these
toxic compounds, have been isolated from different environments across the globe
(Foster et aI., 1987, Osborn el al.. 1997, and Yurieva el aI., 1997).

In order to characterize the genes responsible for copper- and mercury- resistance, the
screening and identification of copper- and mercury-resistant bacteria followed by
isolation and cloning of the genes are necessary. The cloned copper and mercury
resi tance genes may then be further analysed . The information revealed through further
analyses may enable the manipulation of heavy metal-resistant bacteria and their genetic
determinants for use in environmental protection and recovery purposes.

1.2 Problem statement

In view of the fact that Kuching is a city bustling with an ever-increasing population,
industrial and agricultural activities, the extensive dumping of various industrial,
agricultural clinical, sewage, and domestic wastes at landfills, for example the Matang
landfill site, may lead to the contamination of the area with high concentrations of
heavy metals including copper and mercury. Apart from landfills, paper-recycling
processes also lead to release of heavy metal effluents into the environment. Table 1.1
shows the composition of heavy metals and trace elements found in various paper
product (DOE, 1991).

2
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Table 1.1: Comparative heavy metal and trace element content. (All values presented in ppm, dry weight
basis). (Adapted from Department of the Environment, 1991. Recycling. Waste management paper no .28 ,
HMSO, London).

Elements

Glossy print (advertisements)
Blue ink
Mixed colours
News page
Blue headlines
Black and white
Black and white pictures
Photocopies
Computer print-out

Pb
Cr
Ni
Cd
ppm (per dry weight basis)

Cu

Zn

141
141

14
14

10
10

101
2
3
6
1

1
0
3
7
6

4
4
5
7
7

0
0
1
1
0

Hg

5
7

0.1
0.2

0
0

1
1
2
2
2

0.1
0. 1
0.0
0.0
0.1

0
0
0
0
0

One paper recycling plant is located in Kampung Sungai Kuap. Indiscriminate release
of the wastewater from this plant may lead to heavy metal accumulation in the nearby
stream (Sungai Kuap). Continuous exposure of the indigenous bacterial populations
there to heavy metal pollutants would eventually encourage the selection for heavy
metal resistance (Salleh, pers. comm.).

There is a need for detailed studies on copper and mercury resistance at the molecular
level in order to understand

~

mechanisms of heavy metal-resistance. Such

understanding could lead to their application in bioremedial and bioleaching processes.
As Silver (1996) explained, the molecu1ar foundation for toxic ion resistance must be

understood before efforts can be done to devise technologies for bioremediation based
on these resistances.

3

1.3 Objectives

The main objectives of this study are:
1. To screen bacterial strains that are resistant to copper and mercury that occur in
the soils samples collected from (a) the Matang landfill site, and (b) the Sg.
Kuap downstream from the site of the paper recycling plant.
2. To determine the genetic factors that code for the resistance property.
3. To isolate copper and mercury resistance plasmids for use in future molecular
I.:

analyses.

1.4 Environmental impact of heavy metals pollution

Since the beginning of the industrial revolution, pollution of the environment with
heavy metals, including mercury and copper is ever increasing due to its usage in
industrial and agricultural activities. Increasingly, organometals have been shown to
enter underground water supply and the food chain, resulting in its accumulation in
living organisms in the food chain, including humans (Sadhukhan et at., 1997).
Microbial populations in metal-polluted environments can adapt to toxic concentrations
of heavy metals by developing reSIstance mechanism (Kasan and Baecker, 1989).
I'

1.5 Potential uses of heavy metal-resistant bacterial strains

Since all known solid wastes including those produced by industrial and agricultural
activities or a result of dumping of sewage, clinical as well as domestic waste would
eventually end up in landfills which would then accumulate various kinds of heavy

4
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metals knowledge on how to eliminate these heavy metals from landfills is important in
the effort to clean up the environment.

However, before bacterial strains or their heavy metal resistance genetic determinants
can be manipulated and/or through genetic engineering techniques for use as
bioindicators and biosensors of bioavailability of heavy metals, or used

In

bioremed iation, and bioleaching, microbial strains and their heavy metal resistance
genes must be characterized extensively. The percentage of metal-resistant bacteria in
I'

the environment can serve as an index to heavy metal pollution, which is enhanced by
the presence of available metals (Baldi et al., 1994). Thus, the occurrence of heavy
metal-resistant bacteria can serve as bioindicators of heavy metal contamination of the
environment.

In the global perspective, estimates of expenses for cleaning up or prevention of metal
contamination differ, but standard computation shows that the recent cost for metal
bioremediation may be about £20 billion per year, increasing to £200 billion in the US
only by 2005 (Lloyd, 2002). As both copper and mercury resistance bacteria possess
metal recovery and bioremedial

p~ential,

the identification of these bacteria as well as

the cloning of their genes directly responsible for copper and mercury resistance are
important in order to study new ways to engineer bacteria for heavy metal cleanup and
recovery purposes. For instance, microbes that synthesize new mineral phases through
non-specific mechanisms cause the confinement of toxic metals within soils or
sediments. In the soil or sediment, the accumulated metals can then be driven out and
trapped in a bioreactor on the surface (Lloyd, 2002).

5
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Another potential application of metal resistance genes is in the bioleaching processes
of precious metals, especially in the case of low-grade metal ores and both industrial
and agricultural effluents. Currently, metal-polluted industrial and agricultural effluents
are treated by the chemical methods, such as chemical precipitation, electrochemical
treatment and ion exchange. These methods offer only moderately effective treatment
and are costly to implement, especially when the metal concentration is low. The
optional use of microbe-based biosorbents for the elimination and salvaging of toxic
metals from industrial effluents can be economical, natural, and effective methods for
metal removal and recovery (Leung et aI., 2000).

1.6 Possible mechanisms of copper and mercury resistance

Although various heavy metals resistance mechanism occurs, the most commonly is via
enzymatic reduction of toxic ionic M2+ to its less toxic metallic form, where M is a
divalent metal, which may be mercury or other metals. Usually, via active transport
systems, cations are accumulated in the bacterial cell and this induces intracellular
mechanisms to lessen toxicity (Baldi et ai., 1994). Elemental metals on the other hand
are either in solid form or are

hig~

volatile as in the case of mercury, and therefore are

easily be removed from the environment.

For copper and mercury, the resistance mechanisms are conferred by a series of genes
arranged in the cop and the mer operons respectively (lae and Cooksey, 1991, Hart et
aI., 1998).

Genes coding for copper and mercury resistance are usually found on

plasmids in tead of on chromosomes, as they are not essential for the survival of
~teria

in a normal environment, without the excessive stress on their survival and

neither do they code for essential component proteins of the bacteria itself.

6

Williams and Silver (1984) have shown that copper-resistant bacterial strains carry the

cop operon that code for the production of periplasmic copper-binding proteins. These
small (30 to 50 kd) cytoplasmic proteins are given a range of names including
metallothioneins, metal-binding proteins, cysteine-rich membrane-bound proteins,
sequestering proteins and others. They work effectively because they attach to copper,
silver and a host of other heavy metals. When bound to the amino acids (for example,
cysteine) on metallothionein-like detoxification proteins, copper are isolated efficiently
from the other aspects of cellular chemistry and are unable to apply their toxic effect.

These proteins are simple products of single genes and are amplified easily to build up
increased metal resistance. Bacteria can also eliminate copper that has reached the celt's
interior. Efflux pumps (active biochemical) transport systems, attach to silver or copper
and transfer them to the cell surface where they are expelled (Williams and Silver,
1984). Finally, enzymes and other proteins that are the sites of toxic action often will
become altered to lessen their sensitivity to copper and silver that may have escaped
other detoxification mechanisms (Meyer, 2001).

On the other hand, mercury resis!ince genetic factors code for the production of two
inducible enzymes, namely mercuric reductase and organomercurial lyase (Silver and
Misra, 1988; Misra, 1992). Organomercurial lyase catalyses the cleavage of C-Hg
bonds in organomercurial compounds to liberate Hg 2+, which is then reduced by
mercuric reductase in the presence of NADPH and sulfhydryl compounds to Hgo that
volatilizes out of the system due to its high vapour pressure (Schottel, 1978; Tezuka and
nomura, 1978; Nakamura et at., 1990; Misra, 1992; Pahan et aI., 1993).

7
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1.7 Plasmid DNA

Plasmids, are typically small, circular, extra chromosomal DNA molecules found in
most bacteria (Snyder and Champness, 1997).

Plasmids are capable of replicating

autonomously independent of the chromosome. Genes in plasm ids are not necessary for
basic survival under ordinary circumstances, but may be useful and could confer
superior versatility or adaptability on the recipient cell under stressed environmental
conditions (Talaro and Talaro, 1993).

There are accumulating proofs showing that metal tolerance and antibiotic resistance
occur together in numerous clinical isolates, hence, metal and antibiotic resistance is
proximately linked (Timoney et aI. , 1987). Moreover, Duxbury and Bicknell (1983)
discovered that most heavy metal-tolerant bacteria showed multiple antibiotics
resistances.

However, there are exceptions to this case as Brookman (1995) had shown that some
mechanisms of antibiotic resistance in bacteria are not precisely related to the presence
of a specific gene specifying an enzyme involved in resistance. It could be that
antibiotics resistance

and/or

h~y

metal

resistance

in

certain

bacteria are

chromosomally dictated.

1.8 Minimal inhibitory concentration (MIC)

Through the determination of the minimal inhibitory concentration (MIC) of heavy
metal resistant strains, an indication of the possible mechanisms of resistance can be
uced. MIC refers to the lowest concentration that completely stops growth. Usually,
high MIC values signify the association of plasmid-mediated resistance mechanisms,

8

while low MIC values might imply chromosomally encoded resistance mechanisms
(Osbourn el al., 1997). Gram-negative bacteria are expected to have a higher degree of
tolerance to heavy metals and thus higher MIC values compared to Gram-positive
bacteria.

1.9 Cloning of copper and mercury resistance determinants from bacteria

Cloning of genes responsible for heavy metal resistance could lead to the mapping and
characterization of the heavy metal resistance genes. As demonstrated by Reniero et al.
(1995), cloning of mercury resistance genes from Pseudomonas stutzeri plasmid lead to
a more understanding on the evolutionary mechanisms that help form the mercury
resistant bacteria. Cloning experiments are required to determine whether heavy metal
genes can be expressed successfully in engineered host cells. Consequently, a better
understanding of this could result in the optimisation of methods used to create new and
efficient bioremedial engineered strains.

9
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1 Soil samples

All chemicals and reagents being used in this study were of analytical grade. Soil
samples from the Kuap River riverbank and Matang landfill site in Kuching were
collected using sterile digging tools and stored in sterile polyethylene bags. Samples
were preserved at 4°C for extended use.

2.1.2 Growth medium

Nutrient agar (NA) and Mueller-Hinton agar (MHA) was purchased from Oxoid (UK),
while Luria-Bertani (LB) broth was ordered from Fluka (Switzerland). These growth
media including various differential media: Eosin-methylene blue (EMB) agar (Oxoid,
UK), MacConkey agar (Oxoid, UK), Simmons citrate agar (Oxoid, UK), etc. were
sterilized by SUbjecting it to autoclave conditions of 121°C for 15 minutes under
pressures of 15 psi.

2.1.3 Heavy metal stock solutions

Heavy metals alts solutions were prepared by diluting the appropriate weight of metals
salts in distilled water and sterilized by autoclaving at 121°C for 15 minutes. The stock
ncentration for HgCh (Sigma, USA) was 15 mg/ml whereas for CUS04 (Sigma, USA)
was 200 mg/ml. For details, the corresponding stock and working concentrations for
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both heavy metals are listed in Table 2.1. The heavy metals stock concentration were
determined based on the solubility of the heavy metals salts in water and their
respective working concentrations. The stock solutions were stored at 4°C for no longer
than one month. The proper volumes of heavy metal stock solutions were added to
MUeller-Hinton agar (MHA) chilled to 55°C at a predetermined volume (lOa ml,
occasionally) to produce the desired tinal concentration.

Any glassware used was

soaked in 2 N HN03 (nitric acid) and was doused repeatedly with distilled water to
prevent metal contamination.

Table 2.1: Heavy metal salts that are used in this study and their respective concentrations in MHA
media. Abbreviations: CUS04=copper (II) sulphate and HgCl 2=mercury (II) chloride.

Heavy metal salts

HgCh

Heavy metal
cations

Stock
concentrations
(mg/ml)

Copper, Cu2+

200

Mercury, Hg2+

15

Working
concentrations
(~lg/ml)

1000, 1250, 1500,
2000
10,11,12,13,
14, and 15

2.2. Methods

2.2.1 Isolation of bacterial strains from soil samples

Bacteria from Kuap River bank and Matang landfill site soils samples were inoculated
separately into 9 m: distilled water by adding 1g of each soil sample into separate tubes
containing 9 ml di tilled water. Using the serial dilution method, serial dilutions of the
'ssolved soil samples were carried out for the dilution of 10 -I to 10 - 8. 0.1 ml aliquots
of solution from the tubes with the varying dilution values were pipetted onto plates
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containing NA and the solution were spread evenly on the agar surface using a sterilized
bent rod. Two replicates were prepared for each dilution. The plates were then be
incubated at 37°C for 24 hours. Then, the numbers of bacterial cells per gram of soils
were estimated. Then, a random sample of 120 bacterial colonies from Matang and
Kuap river soil samples, respectively, were sub-cultured onto NA to obtain pure
cultures prior to screening for heavy metal isolates.

2.2.2 Maintenance of pure bacterial isolates

Pure cultures were maintained on nutrient agar slants at 4°C and in 20% (v/v) glycerol
broth at -20°C or -80°C. By streaking single colonies onto the slant agar surface and
incubating them at 37°C for 24 hours, slant agar stock cultures were prepared. By
adding 800 /-ll of overnight LB broth bacterial cultures into 200 /-ll of sterilized glycerol,
pure stock cultures in 20% (v/v) glycerol were prepared. To restore the cultures, they
were inoculated onto NA or LB prior to use.

2.2.3 Screening of heavy metal-resistant strains

Heavy metal-resistant strains were selected by subculturing them onto selective agar
media (MHA) plates containing differing concentrations of heavy metal salts (refer to
Table 2.1). The MUeller-Hinton agar (MHA) (Oxoid, UK) plates were incubated at
35°C for 24 hours. Bacterial isolates that were able to grow on the highest concentration
of heavy metals used in the series (Table 2.1), were considered heavy metal-resistant.
Strains growing at the highest concentration used in the series were re-cultured onto
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MHA plates containing the appropriate concentration of metal salts to verify their
resistance.

2.2.4 Identification of copper- and mercury-resistant bacterial isolates

After incubation, survIVIng colonies on MBA (Oxoid, UK) plates were identified
through light microscopy by examining its morphology and spore formation as well as
by examining its growth characteristics. The morphological and physiological
characteristics were determined for the bacterial isolates by the following: Gram stain,
catalase test, oxidase test, nitrate reduction test, B 2S generation test, acid formation test,
growth on MacConkey agar (Oxoid, UK), growth at 42°C, and pigment formation test.
Gram stains were performed using Gram stain reagents (crystal violet: 30 seconds,
iodine: 30 seconds, alcohol: 5 seconds, and safranin: I minute).

Then, the isolates were identified, up to their genus level, according to the diagnostic
tables of Bergey's Manual of Determinative Bacteriology (Matsuda et ai., 1995). For
further confirmation, five bacterial isolates were chosen for identification using the API
20E (Analytab Products Inc.) system obtained from bioMe'rieux, France. The API
system would confirm the identities of bacterial isolates through their biochemical
properties using the MicroID system API 20E (Enterobacteriaceae identification).
Subsequently, the numbers of heavy metal-resistant isolates were determined and
phenotyped accordingly.
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2.2.5 Determination of minimal inhibitory concentration (MIC)

2.2.5.1 Heavy metal MHA plate method

Sterile MHA medium supplemented with the appropriate volume of heavy metal stock
solutions were prepared to give the desired concentrations of heavy metals, as enlisted
in Table 2.1, and poured into sterile, disposable plastic petri dishes under aseptic
conditions. Each plate could be divided up to eight sections to test resistance of eight
different bacterial isolates. Before streaking plates with bacterial isolates, however,

MHA heavy metal plates were air dried under laminar flow hood to avoid cross
contamination of bacterial isolates within the same plate.

Plates streaked with a colony of bacterial isolates using the flat end of an inoculating
needle were then incubated at 35°C for 24 hours. Plates showing bacterial growth of up
to single colonies were considered resistant. Then, single colonies were picked from
these plates and re-streaked onto plates with similar concentrations of heavy metals and
incubated at 35°C for 24 hours to confirm its resistance. Again, formation of single
colonies was used as the criterion to assign status of heavy metal resistance to the
bacterial isolate . As a negative control, a strain of P. jluorescens known to be non
metal tolerant (MIC: Cu<lOOO Jlg/ml and Hg<12 Jlg/ml) was used throughout this
study.

14

Pusat Khidmat Maklumat Akade

UNIVERS_ITI MALAYSIA SARAW
94100 KOfa Samaraban.

2.2.5.2 Liquid broth method

Growth of bacterial isolates was also observed in LB broth supplemented with
concentrations of heavy metals as listed in Table 2.2. LB broth and Bijoux bottles were
sterilized separately by autoc1aving (121°C, 15 psi, 15 minutes) and by dry heat
sterilization (placed in an oven at 160°C for 2 hours) respectively. The LB broth used
consisted of 10 g tryptone (Oxoid, UK), 5 g yeast, and 5 g NaCI per litre of medium.
Appropriate volumes of heavy metal stock solutions were delivered into the sterile
bottles and brought to a final volume of 5 ml under aseptic conditions.

A colony of bacteria from an overnight culture plate was inoculated into corresponding
heavy metal liquid broth. The cultures were incubated with shaking at 37°C for 24
hours. Growth was recorded turbidimetrically in a spectrophotometer (UJtrospec 1100
Pro by Amersham Pharmacia Biotech) as readings of absorbance (OO=optical density)
at a wavelength of 600 nm. Culture having an 00 600 greater than 0.1 was considered as
showing positive growth (Burnley, 2000). Bacterial growth was recorded accordingly at
intervals of heavy metals concentrations, as listed in Table 2.2. The test in liquid broth
was carried out in two

replicates~

each treatment.

Table 2.2: Concentrations of heavy metals in liquid broth (LB) that were used for MIC determination .

Concentrations

Heavy metal ions

(~g/ml)

600,650, 700,750,800, 850,900,950, 1000,1250, 1500
8,9,10,11 ,12
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2.2.5.3 Disk method
Adapted from Munger (1997), the disc method is a modification of the antibiotic
resistance testing method. Whatman No.3 filter paper discs about 6 mm in diameter
were saturated with solutions of heavy metals at various concentrations (Cu: 1000,
1500, 2000, 2500, and 3000

~g1ml;

Hg: 15, 20, 25, and 30

~g1ml)

while paper discs

soaked in ddH20 served as the negative control.

The discs were left to dry followed by sterilization (Munger, 1997). When sterile, the
discs were placed on MHA plates pre-spread with 0.1 ml of overnight culture broth
containing bacteria. A maximum of 5 discs were placed in each plate at one time,
including one disc lacking the heavy metal salt. The plates were incubated at 35°C for
72 hours, after which the zones of inhibition were measured. The length from the
perimeter of the zone to the boundary of the disc was entered as the zone measurements.

Strains with a zone size larger than 1 mm were considered as sensitive (Burnley, 2000).
trains most resistant to copper and/or mercury were chosen for further study. Plasmid
and genomic DNA extraction were then conducted on these bacterial strains.
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2.2.6 Antibiotics susceptibility testing

The antibiotics paper disc diffusion method was employed in this study to assess
antibiotics susceptibility of strains most resistant to both copper and mercury. The
Bauer-Kirby test, as adapted by NCCLS, is the conventional technique for conducting
disc diffusion su ceptibility tests (Koneman e/ al., 1994).

Standard commercial paper discs rings consisting of individual discs containing 25 flg
chloramphenicol (C), 5 flg erythromycin (E), 10

~tg

fusidic acid (FC), 10 flg methicillin

(M), 5 flg novobicin (NO), 1 unit penicillin G (PG), 10 flg streptomycin (S), and 25 flg
tetracycline (T) were used. Bacteria to be tested were grown overnight in LB broth at
37°C.

Then, 50 fll culture broth was spread onto the surface MHA without heavy metals using
a sterile bent rod and left to air dry under aseptic conditions. Using a sterile forceps, an
antibiotic paper discs ring was picked and placed in the centre of the plate. The ends of

the forceps were used to press down firmly the individual antibiotic discs on to the agar
surface to ensure direct contact. Care was taken to ensure that, once the antibiotics discs
ring has touched the agar surface, it was not moved to another position.

Once plates have been properly inoculated and planted with antibiotic disc rings, they
re left to incubate at 35°C for 24 hours. Antibiotics susceptibility was then measured
as the diameter of the inhibitory zone. An estimated MIC result was inferred from the

zone diameter, resulting from diffusion of antibiotic in agar from the paper disc. In
. iple, the concentration of antibiotic decreases as the distance from the disc

increases.
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