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Abstract. Irawati W, Pinontoan R, Yuwono T. 2020. Indigenous copper resistant bacteria isolated from activated sludge of water
treatment plant in Surabaya, Indonesia. Biodiversitas 21: 5077-5084. Biological wastewater treatment using activated sludge is a
promising wastewater treatment solution for removing heavy metals. To improve the effectiveness of biological wastewater treatment,
activated sludge must consist of bacteria that can remove heavy metals through the process of bioaccumulation and biosorption. This
study was aimed to isolate indigenous copper resistant bacteria and determining their resistance to copper, as well as analyzing their
ability to accumulate and remove copper. Copper resistant bacteria were isolated from activated sludge of water treatment plant in
industrial plant in Rungkut, Surabaya. Resistance to copper was analyzed by determining the value of minimum inhibitory concentration
(MIC). The ability of bacterial isolates to remove copper was analyzed by atomic absorption spectrophotometer. A total of six highly
copper resistant bacteria were isolated and designated as B6.1, C8.1, C9.3, C9.4, C9.5, C10.4 isolates. All isolates were categorized as
high resistant bacteria with the MICs of 9-11 mM CuSOas. The two highest copper resistant bacteria were isolates C10.4 and C9.4. The
ability of the two isolates to accumulate copper was 8.02 mg and 4.83 mg per gram dry weight of cells and to remove of copper up to

20.45% and 17.66%, respectively.
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INTRODUCTION

The east coast of Surabaya, Indonesia known as
Pamurbaya, is well known heavy metals-contaminated site
especially with copper, zinc, nickel, lead, and chromium in
Indonesia (Sari et al. 2017). Heavy metal pollution in
Pamurbaya is caused by the disposal of untreated industrial
waste surrounding the Rungkut area which produce more
than 330 tons of waste per day (Arisandi 2013). Copper
pollution in Pamurbaya is one of the serious cases of heavy
metal pollution in Indonesia. Pollution at this location has
resulted in high rate of fish deaths and brain damage of
residents due to consumption of too much copper-
contaminated fish. Copper is an essential element and
enzyme cofactor such as oxidase and oxygenase. Over-
consumption of copper resulted in intoxication and
difficulty in excretion from the body (Rosahada et al.
2018). High levels of copper contamination, which reaches
the amount of 939,000 tons, may damage the quality of the
environment, as it interferes with chemical, physical, and
the interaction of biotic and abiotic components (Zaidi et
al. 2012).

According to Komesli (2014), biological wastewater
treatment plant system by activated sludge is a promising
solution for the removal of heavy metals from the
environment. Chipasa (2003) reported that activated sludge
in sludge particles was produced by growing some

population of bacteria in aeration tanks. Activated sludge is
added to wastewater, and the mixture is aerated and
agitated for a certain time until it settled out by
sedimentation and disposed of or reused for aeration tank.
Activated sludge is a collection of biological flocks
consisting of bacteria to remove pollutants from sewage
treatment plants through precipitation (Pipeline 2003).
Activated sludge consists of a mixed community of
microorganisms, of which about 95 percent is dominated
by aerobic bacteria and the remaining 5 percent are
protozoa, rotifers, and invertebrates. The main principle of
wastewater treatment using activated sludge is by allowing
the growth of a bacterial community that collects together
and formed floc which settles at the bottom as sludge.
Mahmoudkhani et al. (2014) reported that the uptake of
heavy metals by activated sludge involves physical,
chemical, and biological processes including biosorption,
accumulation, and extracellular adsorption by bacterial
biopolymer, and solubility of heavy metals in activated
sludge.

Biological wastewater treatment using activated sludge
has been implemented by industrial communities in
Rungkut before the disposal of the waste into the East coast
of Surabaya. Wastewater treatment occurs repeatedly by
utilizing a native indigenous bacterial community that
grows naturally in activated sludge. The bacteria exposed
in a long period during the wastewater treatment process
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enable them to adapt and thrive in the sludge and develop
resistance to copper. Previous studies as reported by
Kermani et al. (2010) demonstrated that some indigenous
copper-resistant bacteria, Pseudomonas aeuroginosa, could
be isolated from industrial activated sludge. Chellaiah
(2018) found that heavy metals resistant bacteria
Pseudomonas aeruginosa is ubiquitous in  water
ecosystems. Ralstonia pickettii strain DX-T3-01 and
Sphingomonas sp. strain DX-T3-03 were two highly heavy
metal resistant indigenous bacterial strains isolated from
the biggest tailing in Asia-Dexing copper mine (Xie et al.
2010). Alcaligenes faecalis was the high heavy metals
resistant bacteria isolated from sewage wastewater at Taif
Province, Saudi Arabia (Abo-Amer et al. 2015). Rhizobium
halophytocola strain KT327204.1 (RT7) isolated from soil
around iron industries of Sonipat district in Haryana, India,
also demonstrated resistance to metals (Gupta et al. 2015).
Similarly, Proteus vulgaris, Serratia sp., and Pseudomonas
sp. isolated from water samples of Ganga River in India
were also copper resistant (Marzan et al. 2017).

The activated sludge contains bacterial communities
that play an important role in wastewater treatment. The
effectiveness of the biological system depends on the
resistance and metabolic activities of the bacterial
community in activated sludge during the wastewater
treatment process. Copper-resistant bacteria may be
employed for copper removal based on their capability in
bioaccumulation and biosorption of copper. This study was
aimed to isolate indigenous copper resistant bacteria and
determining their resistance to copper, as well as analyzing
their ability to accumulate and remove copper through
accumulation and biosorption process. It is anticipated that
the use of copper resistant bacteria will provide a novel and
more effective system in wastewater treatment of copper-
contaminated sites.

MATERIALS AND METHODS

Copper resistant bacteria were isolated from activated
sludge of wastewater treatment plant in Surabaya industrial
estate Rungkut, Indonesia. The growth medium used for
bacterial isolate was Luria Bertani (LB). The solid medium
was prepared with the addition of 2% pure agar and 2% LB
medium. Copper was made as a stock solution of 1 M
CuSO4 and added to the autoclaved media. One gram of
activated sludge was dissolved in 100 ml sterile water and
inoculated by serial dilution on solid medium containing 2
mM of copper. The medium was incubated at 37°C for 24
hours. The growing bacterial colonies on the culture
medium were selected and purified on the new medium
containing 2 mM of copper to obtain a single colony as a
pure culture. The growth of bacterial communities was
observed by growing cell cultures on medium containing
various concentrations of copper.

Bacterial resistance to copper was determined by
measuring the Minimum Inhibitory Concentration (MIC).
The MICs were determined by streaking cell culture on
solid medium with addition of 2 mM CuSO, and incubated
for 48 hours at 37°C. The growing colonies were repeatedly
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streaked on the new medium containing higher
concentration of copper until the bacterial colonies were
unable to grow on the solid medium. Three highest copper
resistant bacteria were subsequently used for analysis. Cells
were grown in LB broth supplemented with various
concentrations of copper and in medium without copper to
observe the influence of copper on bacterial growth. The
cultures were incubated at 37°C on a shaker at 175 rpm.
The bacterial growth was monitored by measuring optical
density at 600 nm.

Biosorption was described by the quantity of copper
removed from the growth medium compared to the initial
concentration. Cells were grown in LB broth supplemented
with copper and incubated at 37°C with shaking at 200
rpm. Cells were centrifuged at 5000xg for 20 min at 4°C to
separate supernatant from pellets. The supernatant was
digested with HNOs at 100°C to measure copper removal
by bacterial isolates. Copper removal was determined by
using an atomic absorption spectrophotometer at 324.9 nm.
To study the ability of bacterial isolates to accumulate
copper, the cells were collected by centrifugation at 6000
rpm for 10 min at 4°C and washed several times with
phosphate buffer. The cell pellets were digested with HNO3
at 100°C. Copper content was determined by an Atomic
Absorption Spectrophotometer (Irawati et al. 2019).

RESULTS AND DISCUSSION

Isolation and characterization of copper resistant
bacteria

Activated sludge consists of bacterial communities
having resistance towards copper and other pollutants in
wastewater treatment system. The process of biological
waste treatment plants is influenced by the composition of
microorganisms in  the activated sludge. The
implementation of activated sludge occurs repeatedly in the
wastewater treatment plants which resulted in the
development of copper resistant bacteria. The sample
solution of activated sludge was inoculated on to a solid
medium containing 8 mM, 9 mM, and 10 mM of copper to
observe the varieties of bacterial community growth
(Figure 1). The results showed that various concentrations
of copper in solid medium influenced the appearance of
bacterial community. The number of bacterial communities
grew on the medium decreased with the increase of copper
concentration. The lowest number of bacterial communities
was observed on medium containing the highest
concentration copper, indicating that 10 mM of copper was
toxic for bacterial growth.

Table 1. Characteristics of copper resistant bacteria

MICs of CuSO,

Isolate code Form Color Gram

(mM)
B6.1 Circular White - 12
Ccs.1 Circular Brown - 10
Ca9.3 Irregular Cream - 10
C9.4 Circular Brown - 12
C9.5 Circular White - 9
C10.4 Irregular White - 12
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Despite the fact that copper is a micronutrient
necessary for bacterial growth and development (Nies
1999), high level of copper may impose deleterious effect
on microbial communities. Copper toxicity may occur
through the binding or blocking of functional group of
biological molecules by copper which results in the
inactivity of enzymes functions, as well as creates
oxidative stress. The process of biological waste treatment
plants is influenced by the composition of microorganisms
in the activated sludge. The implementation of activated
sludge occurs repeatedly in the wastewater treatment plants
which resulted in the development of copper resistant
bacteria. The sample solution of activated sludge was
inoculated on to a solid medium containing 8 mM, 9 mM,
and 10 mM of copper to observe the varieties of bacterial
community growth (Figure 1). The results showed that
various concentration of copper in solid medium influences
the appearance of bacterial community. The number of
bacterial communities grew on the medium decreased with
the increase of copper concentration. The lowest number of
bacterial communities was observed on medium containing
the highest concentration copper, indicating that 10 mM of
copper was toxic for bacterial growth.

Figures 1 and 2 demonstrated that different
communities, which also showed differences in the
population number, thrived in the activated sludge as
evidenced by the appearance of different colonies when
cultured in Cu-containing media. The observation thus
suggests that different genetic and physiological
background may contribute to the growth of different
microbial communities, as also suggested by Rizvi et al.
(2019) that differences in the number of microorganisms
population may be attributed to differences in nutrients
composition in the growth media, genetic background, and
growth conditions.

Data also show that several different colonies appeared
on the media supplemented with different CuSO4
concentrations of up to 10mM, suggesting that these
colonies were among indigenous populations which
demonstrated higher tolerance to Cu. Other indigenous
microorganisms in the activated sludge may have been
inhibited by the copper medium at elevated concentrations
which, accordingly, did not survive when cultivated at high
concentration of Cu. This observation was in line with
Ahemad (2012) suggestion that high concentration of
heavy metals inhibits the metabolic activity of bacteria
impacting the reduction of population numbers of a specific
population, total microbial colonies, and the changes in the
structure of the bacterial communities. The observation
also supports the notion that the exposure of bacteria to
high concentration of heavy metals for a long period
resulted in development of resistance against heavy metals
which subsequently out-growth other heavy-metals-
sensitive microorganisms (Chen et al. 2019). Copper
resistant bacteria develop a resistance mechanism that
enables them to thrive in a copper-contaminated
environment for an extended period of time.

Altimera et al. (2012) reported differences in microbial
communities that grew on copper contaminated-land along
with that of uncontaminated land. Bacteria accustomed to
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live in heavy metal-contaminated habitats usually have a
copA gene responsible for copper resistance mechanism.
Irawati et al. (2016) reported that bacteria isolated from
copper-contaminated sites developed resistance
mechanisms by producing protein CopA to bind copper
inside the cells. Figure 1 showed that the bacterial isolates
could tolerate and grow on medium supplemented with 10
mM of copper. This observation indicated that copper
contamination in the activated sludge is higher than 10
mM. Manasi et al. (2016) reported that the resistance of
bacterial isolates is an indication of the level of heavy
metal pollution in the location where the bacteria were
isolated. The structure of bacterial communities and total
bacterial colonies changed with the increase of copper
concentration from 8 mM to 10 mM.

Table 1 presented the characteristics of copper resistant
bacteria isolated from activated sludge wastewater
treatment plant in Surabaya. A total of six copper resistant
bacteria designated as B6.1, C8.1, C9.3, C9.4, C9.5, and
C10.4 isolates were analyzed for their copper resistance. It
is quite interesting to note that bacterial isolates obtained in
this study demonstrated higher MIC than the previous
studies (Irawati et al. 2019) as well as other studies carried
out by Altimera et al. (2012). Irawati et al. (2012) reported
that the highest copper resistant Klebsiella pneumoniae
isolated from Cikapundung River in Indonesia has
resistance to copper with the MIC of 8 MM CuSQ,, while
Altimera et al. (2012) showed that Sphingomonas sp.,
Arthrobacteria sp., and Stenotrophomonas sp., isolated
from a copper mine in Valparaiso region, Chile

demonstrated resistance to copper, 3.1 mM to 4.7 mM of
copper. The bacteria which had MIC of 4.7 mM were
categorized as highly resistant. Therefore, microorganisms
obtained in the present study can be categorized as highly
resistant to Cu.

Figure 1. Communities of copper resistant bacteria grew on
medium containing 8 mM, 9 mM, and 10 mM CuSOa.
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Figure 3. The growth of bacterial isolate B6.1 in LB broth medium containing 2-10 mM CuSOa4

Data on Table 1 also shows that all bacteria which
showed high resistance to Cu obtained in this study were
Gram-negative. This observation clearly suggests that
Gram-negative bacteria tend to dominate the microbial
communities in the activated sludge habitat, as also
demonstrated in several previous studies. lrawati et al.
(2019) demonstrated that all bacteria isolated from
Cikapundung River were Gram-negative including
Klebsiella pneumoniae CN6, Acinetobacter calcoaceticus
CN2, Acinetobacter sp. CN5 and Escherichia coli CN8.
Similarly, Adel et al. (2014) also reported that more than
60% of bacteria isolated from sewage were Gram-negative
(Pseudomonas sp., Chryseomonas sp., and Kluyvera sp),
while Benhalima et al. (2020) revealed that 12 strains
copper resistant bacteria isolated from Seybouse River in
Algeria were predominantly Gram-negative (Acinetobacter
baumannii, Pseudomonas aeruginosa, Escherichia coli,
Klebsiella oxytoca, Citrobacter freundii, Chryseobacterium
indologenes, Raoultella  ornithinolytica, Pasteurella
trehalosi, Proteus vulgaris, Salmonella Typhimurium,
Aeromonas hydrophila, and Shigella spp.). The facts that
most of the copper resistant bacteria were predominantly of
Gram-negative, raise the question of the underlying
mechanism of copper resistant. It has been widely known
that the outer membrane of Gram-negative bacteria
contains strong negatively-charged components of
carboxyl, amine, hydroxyl, phosphate and sulfhydryl
groups that play a role in binding the positively-charged
heavy metals (Tortora et al. (2005). According to Velkova
et al. (2012), interactions between metals and bacteria
depend upon the functional groups contained in the cell

walls of Gram-positive or Gram-negative bacteria. The cell
walls of Gram-negative bacteria consist of lipopoly-
saccharides, lipoproteins, and phospholipids as strong
negatively-charged components that play a key role in
major mechanism for copper binding. The results of this
study suggested that Gram-negative bacteria are more
resistant to copper compared to Gram-positive bacteria
because of differences in membrane composition and the
amount of negative charge between Gram-positive and
Gram-negative bacteria.

The influence of copper on bacterial growth

The influence of copper on bacterial growth was
observed not only based on MICs value but also from
growth characteristics in broth medium. Isolate B6.1 was
used as the model for studying the influence of various
concentrations of copper-based on cell cultural color
changes. The bacteria were grown in LB broth medium
containing 2-10 mM CuSOa. It was observed that microbial
culture showed an increase in the turbidity which indicated
cell growth. The level of copper inhibition was indicated by
the changes in turbidity from light green to dark one. Light
green indicated no inhibition by copper, while inhibition
was marked by the appearance of dark green color. Based
on these characteristics, it was demonstrated that the
growth of isolate B6.1 was not inhibited by the addition of
2 mM-5 mM of copper. However, at higher copper
concentrations, the color became darker due to growth
inhibition of isolate B6.1 by copper at 6-10 mM
concentrations present in the medium.
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Figure 4. The growth of bacterial isolates in LB medium containing 9 mM CuSOa, 11 mM CuSOs, and without copper. (A) Isolate B6.1

(B) Isolate C9.4 (C) Isolate 10.4.

Li et al. (2019) reported that copper at low
concentration is a micro-element required for metabolic
processes. At high concentrations, however, copper
becomes toxic because it binds to functional groups and
modifies it. Copper resistant bacteria have a resistance
mechanism to neutralize copper toxicity. Changes in
culture turbidity due to different copper concentrations, 2
mM-5 mM, suggested that the low copper concentration is
required for bacterial growth. The copper concentration of
5 mM is a threshold inhibitory concentration for the growth
of bacterial isolate B6.1. The presence of copper starting
from 6 mM became a toxic condition which may be
attributed to the binding of copper to a sulfhydryl group of
enzymes resulting in the inhibition of metabolism
activities.

Furthermore, the influence of a high concentration of
copper was also observed based on growth pattern of
isolates B6.1, C9.4, and C10.4. Figure 4 showed that the
presence of copper at 9 mM and 11mM concentration
caused a decrease in growth activity and the extension of
lag phase, even resulted in death. Isolate B6.1
demonstrated a lag phase for 4 hours, while isolates C9.4
and C10.4 required 8 hours before entering exponential
phase when they were grown in medium without copper. It
means that the three bacterial isolates required a long time
to adapt and grow in the enrichment medium. Figure 4
showed that the presence of copper in the growth medium
decreased growth activity. The longer lag phase, 28 hours,
was observed when isolates C9.10 and C10.4 were
subjected to copper at 9 mM, while isolate C10.4 required

an even longer lag phase of 78 hours in medium
supplemented with 11 mM of copper.

It should be noted that the adaptation to grow at
elevated copper concentration of the isolate B6.1, C9.4, and
10.4 requires 24-28 hours, followed by sharp increase of
growth, despite the fact that peak of growth was different.
Isolate C9.4 and 10.4 show higher growth than isolate B6.1
even at higher copper concentration. Aljerf and Almasri
(2018) reported that heavy metals affected metabolic
activity, membrane formation, and enzyme synthesis by
extending the lag phase as a resistance mechanism. Irawati
et al. (2012; 2016) showed that copper resistance
mechanism in Acinetobacter sp. IrC1 involved copper
accumulation inside the cells facilitated by protein. Chan et
al. (2011) suggested that bacteria  synthesized
macromolecules and enzymes to degrade toxic compounds.
Isolates C9.4 and C10.4, however, survived copper at
higher concentrations by extending the lag phase as a
mechanism of resistance to copper toxicity. The absence of
growth activity of isolate B6.1 at high concentration of
copper may be attributed to the inability to synthesize
enzymes responsible for copper resistance mechanism.

The results of this study are in line with Haq et al.
(2015) which reported that the growth of Kocuria
rhizophila showed 9 hours of lag phase when grown in
medium supplemented with heavy metal compared to
growth in medium with no copper supplementation. The
extension of lag phase may result in bacterial cells
adaptation to high heavy metal concentrations. The
inhibition of bacterial growth varies depending on the



5082

concentration of heavy metals in the medium. The decrease
in growth activity is mainly due to the interaction of metal
ions with negative groups on the cell surface such as
phosphate, carboxyl, hydroxyl, and amino acids. According
to Hobman and Crossman (2014), copper toxicity occurs
due to the binding of copper ions with cellular components
and bacterial biomolecules that block bacterial biological
molecules which resulted in the damage of protein, DNA,
and biological membrane, as well as disruption in enzyme
and cellular functions.

The ability of copper resistant bacterial isolates to
accumulate and remove copper

Exposure of bacteria to copper-contaminated habitat for
an extended period of time forces the bacteria to develop
copper resistance mechanisms. Mechanism employed in
bacterial copper resistance includes bioaccumulation which
involved complexation of metal ions inside and outside the
cell by biosorption (Gupta et al. 2015). The ability of
isolates C10.4 and C9.4 to accumulate copper is shown in
Figure 6.

Isolates C10.4 and C9.4 accumulated copper at the level
of 8.02 mg and 4.83 mg per gram dry weight of cells,
respectively (Figure 6.A). The two isolates also
demonstrated similar biosorption capacity, despite the fact
that copper accumulation showed a more string difference
(Figure 6A). This result is similar to the previous study of
Irawati et al. (2019) which showed that bacterial strain
CNL1 isolated from Cikapundung River was capable of
accumulating 4.62 mg of copper. This result, however, was
lower than the capability of Pseudomonas sp. strain SN7,
SN28, and SN30 isolated from agricultural soils in India
which accumulated 25 mg-29 mg of copper per gram dry

weight of cells (Ahemad and Malik 2011).
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Pseudomonas sp. strain SN7, SN28, and SN30 were
resistant at 2.92 mM, while isolates C10.4 and C9.4
demonstrated higher resistance to copper at 9 mM
concentration, suggesting that high resistance does not
necessarily linear to copper accumulation. It is, therefore,
interesting to elaborate further on the underlying
mechanism of copper accumulation and biosorption of the
two isolated obtained in this study.

Bacteria have an affinity to bind copper by various
mechanisms including accumulation in cell wall and
complexion with carboxyl groups of the peptidoglycan in
the cell wall (Ahemad and Malik 2011). It was suggested
that the difference of copper accumulation ability between
isolates C10.4, C9.4, and Pseudomonas sp. SN7, SN28,
SN30 might be attributed to differences in the composition
of cell wall carboxyl groups and composition of
peptidoglycan which influence the capacity of copper
accumulation in bacteria. The difference in the ability of
copper accumulation between isolates C10.4, C9.4, and
Pseudomonas sp. strain SN7, SN28, and SN30 may also be
explained by the difference of copper resistance
mechanism between the two groups. It was suggested that
isolates C10.4 and C9.4 develop the efflux mechanism
outside the cell to overcome the higher concentration of
copper to hinder the toxicity of copper, as described by
Sinha and Paul (2014). It was observed that mechanisms of
adaptation to copper may be achieved by accumulation,
biosorption, extracellular precipitation, and efflux of
copper from the cell. Biosorption is a complex process
consisting of ion exchange between amino and phosphate
groups of nucleic acids, amides, and sulfhydryl groups
found in bacterial biomass with copper ions (Murugavelh
and Vinothkumar 2010).

20
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Figure 6. The potency of copper resistant bacterial isolates to accumulate and biosorp of copper. A. Copper accumulation, B. Copper

biosorption
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Copper biosorption mechanism is a combination of
several binding reaction processes between copper and
functional groups on the cell wall surface. The biosorption
mechanism includes two stages, passive and active (Hansda
et al. 2015). The first step is passive biosorption, which is
an extracellular binding of the cell wall surface,
independent of the metabolism process. The second stage is
a process that involves metabolism. This process occurs
slowly due to the penetration of copper ions into the cell
membrane, or intracellular binding (Hansda et al. 2015).
Figure 6(B) showed the percentage of copper biosorption
by copper resistant bacterial isolates C10.4 and C9.4 were
20.45% and 17.66%, respectively. The ability to remove
copper by those isolates was lower than tolerant bacterial
isolate as reported by Al-Gheethi et al. (2014) that tolerant
bacterial isolate was efficient in removing copper of up to
74.61%. While, Irawati et al. (2019) reported that strain
CN8 demonstrated copper removal with a value of 48.15%.
Biomass cell walls contain polysaccharide and lipid
proteins that provide functional groups for binding of
copper ions. The lower ability of isolates C10.4 and C9.4 in
copper removal than other isolates might be due to their
lower capacity of binding sites.

This study demonstrated that six highly copper resistant
bacteria have been isolated from activated sludge
wastewater treatment plants with the MICs of 9-11 mM
CuSQ.. Isolates C10.4 and C9.4 showed highly copper
resistance. Isolates C10.4 and C9.4 accumulated copper at
the level of 8.02 mg and 4.83 mg per gram dry weight of
cells, respectively, while the copper biosorption of isolates
C10.4 and C9.4 were 20.45% and 17.66%, respectively. It
is anticipated that high resistance to copper of these isolates
may be developed as bioaccumulator and biosorbent in
wastewater treatment system to solve environmental
problem imposed by copper contamination. Data obtained
in this study thus underline the facts that microbial growth
in heavy metal-contaminated sites was correlated with the
physiological and genetic background of the
microorganisms which is reflected in differences in
microbial communities thrived and outgrowth of other
heavy-metal sensitive microorganisms. The fact that Gram-
negative bacteria dominate the communities of the copper-
contaminated site, suggests that Gram-negative bacteria
may have evolved its tolerance to copper throughout their
evolutionary process. However, it is quite interesting to
explore further the differences in detailed mechanisms of
copper tolerance between Gram-negative and Gram-
positive bacteria.
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