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Acinetobacter sp. IrC2 is a copper-resistant bacterium isolated from an industrial
waste treatment center in Rungkut, Surabaya. Copper-resistant bacteria are known to
accumulate copper inside the cells as a mechanism to adapt to a copper-contaminated
environment. Periplasmic and membrane proteins CopA and CopB have been known to
incorporate copper as a mechanism of copper resistance. In the present study, protein
profile changes in Acinetobacter sp. IrC2 following exposure to copper stress were
analyzed to elucidate the copper resistance mechanism. Bacteria were grown in a Luria
Bertani agar medium with and without CuSO4 supplementation. Intracellular copper
ion accumulation was quantified using atomic absorption spectrophotometry. Changes
in protein profile were assessed using sodium dodecyl sulfate polyacrylamide gel
electrophoresis. The results showed that 6 mM CuSO4 was toxic for Acinetobacter sp.
IrC2, and as a response to this copper-stress condition, the lag phase was prolonged to
18 h. It was also found that the bacteria accumulated copper to a level of 508.01 mg/g
of cells’ dry weight, marked by a change in colony color to green. The protein profile
under copper stress was altered as evidenced by the appearance of five specific protein
bands with molecular weights of 68.0, 60.5, 38.5, 24.0, and 20.5 kDa, suggesting
the presence of CopA, multicopper oxidase (MCO), CopB, universal stress protein
(Usp), and superoxide dismutase (SOD) and/or DNA-binding protein from starved cells,
respectively. We proposed that the mechanism of bacterial resistance to copper involves
CopA and CopB membrane proteins in binding Cu ions in the periplasm and excreting
excess Cu ions as well as involving enzymes that play a role in the detoxification process,
namely, SOD, MCO, and Usp to avoid cell damage under copper stress.
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INTRODUCTION

Heavy metal toxicity is the effect of heavy metals provoking
bactericidal or bacteriostatic growth perturbation on bacteria.
Such growth disturbance may occur depending on whether the
bacteria have the capacity to absorb heavy metals (Arguello
et al., 2013). Heavy metal exposure may result in the damage
of cell membranes and a change in the specificity of enzymes
by interfering with cellular function and by damaging the
structures of DNA (Afzal et al., 2017). Copper is known as
an important micronutrient used as a cofactor for enzymes
such as cytochrome C oxidase. However, copper is also toxic
as it causes lipid peroxidation, replacement of metal ions in
proteins, formation of spurious disulfide bonds, and oxidation
and degradation of iron–sulfur groups in proteins (Bondarczuk
and Piotrowska-Seget, 2013). It has been suggested that cells
develop a defense mechanism against copper toxicity while
maintaining adequate intracellular concentrations of copper as a
micronutrient (Rowland and Niederweis, 2013).

Cu (I) and Cu (II) can catalyze the production of reactive
oxygen species (ROS) through the Fenton and Haber–Weiss
reaction, which acts as a carrier to dissolve electrons that affect
cytoplasmic molecules, DNA, lipids, and other proteins (Zhao
et al., 2016). It is known that the Cu tolerance threshold varies
among different bacteria. The detrimental effects of copper
under extended copper stress may be alleviated by keeping the
concentration of copper under the toxicity threshold inside the
cells through active excretion of copper out of the cells or,
alternatively, by accumulating copper inside the cells (Völlmecke
et al., 2012; Bondarczuk and Piotrowska-Seget, 2013).

The proteins expressed by copper-induced genes play a role
in bacterial copper homeostasis. This mechanism takes place in
the bacterial cell during extended copper stress. The extended lag
phase observed in a bacterial culture grown in media containing
copper is possibly an adaptative response and/or resistance
mechanism of bacteria to copper stress.

Therefore, changes in protein profile are expected during
the lag phase (Rolfe et al., 2011). Proteins that play a
role in the bacterial copper resistance mechanism enable
bacteria to protect cell components from damage and allow
normal cellular activities. The bacterial cell wall contains
carbohydrates and phosphates that bind heavy metals (Yazid
et al., 2012). During the adaptation process, the speed and
direction of metabolic reactions will change in response to
environmental stress. Metabolism is controlled by increasing
and reducing protein synthesis as reflected in the protein
profile (Tropp, 2012). It is known that copper increases the
damage to DNA and proteins (Morris, 2014), which may result
in nucleic acid structural changes and ultimately affect the
protein synthesis processes, leading to metabolism disturbances
(Fashola et al., 2016).

Proteins in the cell may be classified as structural and
functional proteins. Structural proteins provide mechanical
support, such as proteins in the cell wall, whereas functional
proteins are biologically active proteins, such as enzymes (Nair
and Finkel, 2004). A protein profile is a depiction of a protein
synthesized under a given condition. Protein profile, protein

sequence, and protein identity are important parameters in
bacterial classification, identification, and physiology (Irawati
et al., 2017a). The present study aims at understanding the
effect of copper on the growth of Acinetobacter sp. IrC2, as
well as obtaining the view of the bacterial mechanism of copper
resistance through copper accumulation capability and protein
profile changes following copper stress.

MATERIALS AND METHODS

Medium for Bacterial Growth
Acinetobacter sp. IrC2 (accession number: JX009134) is a copper-
resistant bacterium with a minimum inhibitory concentration
of 10 mM CuSO4. Acinetobacter sp. IrC2 was cultivated in
Luria Broth (LB; Pronadisa) containing 10 g/L tryptone, 5 g/L
yeast extract, 10 g/L NaCl, and 0.1 g/L glucose for growth
measurement. The medium was sterilized in an autoclave at
120◦C for 15 min. A 1 M stock solution of CuSO4 (Merck) was
prepared and filter-sterilized using a 0.2 µm syringe filter (Merck
Millipore). Bacterial culture (0.5 ml, OD600 = 0.6) was inoculated
into a 50 ml sterile LB medium. Bacterial cultures prepared with
6 mM copper and without copper supplementation were used as
control, followed by shaking at 37◦C and 100 rpm. Every 3 h, cell
turbidity was measured using a spectrophotometer (LaboMed) at
a wavelength of 600 nm until the bacteria reached the stationary
growth phase. One milliliter of sample from each culture was
withdrawn for OD600 measurement for each timepoint. Growth
measurement was done in triplicates. The mean value of OD600
of cultures grown in media supplemented with CuSO4 was
compared to that of the control group using Student’s t-test.

Copper Accumulation in Media With
Various Copper Concentration
Bacteria were grown in LB media containing 4, 5, 6, 7, 8, 9,
and 10 mM CuSO4 and without CuSO4 as a control. Bacterial
culture (0.5 ml) was inoculated into 25 ml of LB media, shaken
at 37◦C to stationary phase. Samples of cells were withdrawn
periodically every 3 h for growth measurement, whereas the
remaining cells were harvested by centrifugation at 5,000× g for
20 min. Cells were oven-dried at 70◦C for cell dry weight and total
copper measurement. Cell dry weight was determined by using
an analytical balance. Prior to copper content analysis, 50 ml of
H2O was added to dried cells and shaken to homogenize the cell
suspension. The sample solution was disrupted with HNO3 at
300◦C until the solution became clear, followed by the addition
of H2O to reach a 50 ml volume.

Intracellular copper content was determined by using atomic
absorption spectrophotometry (AAS; Shimadzu AA 6800), at a
wavelength of 324.9 nm. The AAS was prepared by installing
a Cu hollow cathode lamp and burning acetylene gas (C2H2).
The standard curve was made by measuring the Cu absorbance
values of 0.2, 0.4, 0.6, 0.8, and 1.0 mg/L to obtain the
equation of the regression line. Copper accumulation assay was
performed in triplicates. The mean values of the assay were
compared using Kruskal–Wallis one-way analysis of variance
(Irawati et al., 2012b).
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Protein Profile Analysis
Ten milliliters of bacterial cultures were harvested at the log
and stationary phases by centrifugation at 5,000 × g for
20 min, followed by washing and resuspending the cells in
1 ml of phosphate buffer pH 7. The cell suspension was then
frozen at −70◦C before being thawed at room temperature and
sonicated for 5 min at 4◦C. The cell fragments were separated
by centrifugation at 16,278 × g for 10 min at 4◦C to obtain an
intracellular supernatant/protein. The intracellular proteins were
separated by using the sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) method with a constant electric
current of 25 mA until bromophenol blue of the protein ladder
approached the end of the resolving gel. The concentration of
acrylamide in the stacking gel was 4%, and the resolving gel was
12% with a gel thickness of 1.5 mm (Patricia and Irawati, 2017).

The stacking gel consisted of 4% bis-acrylamide, 1 M
Tris–HCl pH 6.8, 10% SDS, tetrametilendiamine, and 1.5%
ammonium persulfate. Similarly, the resolving gel was made
from the same ingredients except that the 1 M Tris–HCl was
prepared at pH 8.6. The intracellular protein was visualized
by Coomassie blue staining, soaked for 30 min, and washed
with a destaining solution. The molecular weight of the protein
profile was determined based on the standard curve of molecular
weight from the protein ladder (Thermo Fisher Scientific, cat.
number 26610) composed of beta-galactosidase (116 kDa),
bovine serum albumin (66.2 kDa), ovalbumin (45.0 kDa), lactate
dehydrogenase (35.0 kDa), REase Bsp98I (25.0 kDfa), beta-
lactoglobulin (18.4 kDa), and lysozyme (14.4 kDa) with storage
buffer containing bromophenol blue.

RESULTS AND DISCUSSION

Impact of Copper on the Growth of
Acinetobacter sp. IrC2 at Different
Concentrations
It was observed that the addition of 6 mM copper sulfate in
the growth medium prolonged the lag phase to 18 h, while no
lag phase was observed in the control treatment (Figure 1).
A high concentration of copper has been reported to affect the
metabolism and growth of bacteria as well as other bacterial
activities, thereby resulting in a prolonged lag phase and even
death (Benhalima et al., 2020). This extended lag phase indicates
copper stress and the adaptation to this environmental stress by
the surviving bacteria (Rolfe et al., 2011). Bertrand (2019) has
termed this phenomenon “tolerance by lag” as prolonged lag
phases are adaptive responses to stress and injury that contribute
to the ability of bacteria to confer copper resistance.

Mathews et al. (2013) suggested that copper-bacterial contact
resulted in the damage of the cell envelope, which consequently
makes the cells more susceptible to damage by copper ions.
When bacterial cells are exposed to copper, they experience
a decrease in the number of viable cells and hence require
more time for physiological recuperation before exiting the
lag phase and undergoing exponential growth (Dupont and
Augustin, 2009). Extended lag phases allow the bacteria to induce

DNA repair mechanisms to repair and replace damaged cellular
components due to exposure to copper and oxidative stress as
well as initiate a novel transcriptional program that transforms
their transcriptome and proteome to produce genes and proteins
needed for metabolic processes, biomass accumulation, and
cell division (Larsen et al., 2006). Watanabe et al. (2015) also
suggested that bacteria maintain their growth, development, and
survival by altering their enzymatic profiles during the prolonged
lag phase in response to various nutrients and contaminants,
including copper.

Copper Toxicity in Acinetobacter sp. IrC2
Figure 2 shows that the increase of copper concentration (4–
6 mM) resulted in the increase of copper accumulation in
cells. However, copper concentration higher than 6 mM resulted
in reduced copper accumulation. The highest level of copper
concentration (508.01 mg/g cells) was achieved at 6 mM. These
results suggest that Acinetobacter sp. IrC2 managed copper stress
by accumulating copper in the cells. When the cells were exposed
to copper concentrations higher than 6 mM, intracellular copper
accumulation was found reduced. Such reduction suggested
that copper toxicity increased with the increase of copper
concentration of more than 6 mM, which resulted in the
restriction of bacterial tolerance to copper.

Increased copper toxicity affects the physiological properties
of bacteria by causing oxidative damage and the reduction of
essential nutrients absorption; hence, the bacteria are unable to
metabolize and synthesize the necessary adsorptive agents to
accumulate copper (Mateos-Naranjo et al., 2013). Furthermore,
copper toxicity may block functional groups on the cell surface,
the substitution of essential metal ions through biomolecular
modifications, denaturation, and inactivation of enzymes, along
with the disruption of cellular and organellar membrane integrity
(Gadd, 1993). Another possibility is that copper-binding sites
on the bacterial cell membrane lack both the availability and
capacity to accumulate copper at higher concentrations, most
likely due to exhaustion from an extended overexposure to
copper (Irawati et al., 2017b).

Timkova et al. (2018) defined bioaccumulation as the
absorption of toxic pollutants that enter actively into the cell
across the cell membrane and accumulate intracellularly. The
level of toxic pollutants’ accumulation depends on the intrinsic
structural and biochemical properties, genetic and physiological
adaptations, modification of the metal environment, and
availability and toxicity of metals. Intracellular copper uptake
may be achieved through a variety of biochemical mechanisms
(Rehman et al., 2008), which involve the synthesis of adsorptive
agents, especially proteins during their lag phase. These agents
bind copper ions onto the cell surface before they are actively
transported across the cell membrane and into the cytoplasm or
periplasm where they are accumulated and stored (Timkova et al.,
2018). It is also important to note that metal accumulation is
influenced by the surface characteristics, such as surface charges
of the microorganism. Gram-negative bacteria are equipped with
negatively charged functional groups (such as carboxyl, hydroxyl,
phosphoryl, and amide groups) on their surface; hence, they
are capable of attracting and binding positively charged cationic
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FIGURE 1 | Growth curve of Acinetobacter sp. IrC2. Growth curve of Acinetobacter sp. IrC2 culture grown in LB media added with two different CuSO4

concentrations, i.e., 0 mM and 6 mM. One ml of sample from each culture was taken for OD measurement for each timepoint. Optical Density (OD) measured at a
wavelength of 600 nm is 0.6 Triplicate measurements were done for each time point. Error bars represent standard deviations. * Represents P value < 0.05.

metals via counter-ion interactions (Jiang et al., 2004; Spain et al.,
2021). Successfully bound copper ions will also be intracellularly
accumulated and stored, as often evidenced by a morphological
change in colony color.

A previous study reported that in adapting to high copper
stress, Acinetobacter sp. IrC2 absorbed copper as part of its
tolerance mechanism. The color of bacterial colonies grown on
agar media supplemented with 5 mM CuSO4 turned to green as
a result of copper absorption (Irawati et al., 2012b). Similarly, the
colony of yeast isolates obtained from the Surabaya wastewater
treatment also changed to green when accumulating copper
(Irawati et al., 2012a).

Protein Profile Analysis of Acinetobacter
sp. IrC2
The protein profile of Acinetobacter sp. IrC2 (Figure 3) showed
the increased synthesis of at least five protein bands after
copper induction, i.e., protein band A (68.0 kDa), protein band
B (60.5 kDa), protein band C (38.5 kDa), protein band D
(24.0 kDa), and protein band E (20.5 kDa), which might include
CopA, multicopper oxidase (MCO), CopB, universal stress
protein (Usp), and superoxide dismutase (SOD) and/or DNA-
binding protein from starved cells, respectively (Table 1). Protein
profiles of Acinetobacter sp. IrC2 showed differences in protein
profiles between bacteria grown under copper stress and without
stress, observed at the log and stationary phases (Figure 3).
Several proteins detected at the log phase were absent when
the cells entered the stationary phase. However, new proteins
were detected at the stationary phase. The changes of protein
profiles at the log and stationary phases when the cells were
not under copper stress may be attributed to nutrition depletion
at the stationary phase. Differences in protein profile under
copper stress and no stress at the stationary phase suggested that
the protein synthesized at the stationary phase plays a role in
the copper resistance mechanism. A similar phenomenon was
also observed in an HgP1 isolate, that is, a mercury-resistant

bacterium isolated from a gold mine in Pongkor (Patricia and
Irawati, 2017). The protein profile of HgP1 showed that the
proteins synthesized under normal conditions were less than
those synthesized under mercury stress. Moreover, the synthesis
of protein, presumed to play a role in the mercury resistance
mechanism, was found to increase under mercury stress. Bacterial
cells alter the transcription pattern of a specific set of genes by
reducing normal protein synthesis and synthesizing a specific set
of proteins in response to mercury toxicity. This specific set of
proteins include a heat-shock protein or stress protein.

It was observed that proteins synthesized by Acinetobacter sp.
IrC2 can be grouped into three different levels of synthesis and
functions, i.e., (1) constitutively synthesized proteins under both
normal conditions and copper stress, (2) less or nonsynthesized
proteins under copper stress, and (3) proteins that are synthesized
at a higher level under copper stress. Cvjetko et al. (2014) stated
that heavy metals can induce changes in gene expression.

FIGURE 2 | The copper accumulation ability of Acinetobacter sp. IrC2. Values
of each treatment group are the mean of triplicates measurement. Error bars
represent standard deviations. Different letters indicate significant differences
between groups (P value <0.05).
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FIGURE 3 | Protein profile of Acinetobacter sp. IrC2 during log phase and
stationary phase in media with 5 mM CuSO4 and without CuSO4. (M) Protein
Ladder; (1) log phase in LB media without addition of CuSO4; (2) log phase in
LB media with addition of CuSO4; (3) stationary phase in LB media without
addition of CuSO4; (4) stationary phase in LB media with addition of CuSO4.
Red arrow indicates proteins that are synthesized more after copper
sulfate induction.

TABLE 1 | Proteins synthesized at higher level after copper sulfate induction in
Acinetobacter sp. IrC2.

Protein
band

Molecule weight
(kDa)

Prediction of
containing
protein

References

A 68.0 Copper resistance
protein A (CopA)

Harkins et al. (2013)

B 60.5 Multicopper
oxidase (MCO)

Singh et al. (2013)

C 38.5 Copper resistance
protein B (CopB)

Cha and Cooksey
(1991)

D 24.0 Universal stress
protein (Usp)

Chi et al. (2019)

E 20.5 Superoxide
dismutase (SOD)

Harkins et al. (2013)

Proteins prediction based on molecular weight and increase in protein synthesis
after copper sulfate induction.

The constitutively synthesized proteins under normal and
copper-stress conditions indicate their importance for the
basic growth metabolism of the cell. By contrast, the less
or nonsynthesized proteins under copper stress suggest the
alteration of gene expression patterns as a consequence of copper
stress, similar to that in heat-shock proteins synthesized under
heat-shock stimuli. Heat-shock proteins are now understood to
perform critical functions to the cell under stress and no stress
conditions (Miller and Fort, 2018). In addition, copper-stress
stimuli may also induce damage to enzymatic functions and

disruption of ion regulation implicated in the disruption of DNA
and protein synthesized (Gauthier et al., 2014).

The upregulated proteins under copper stress indicated
their role in response to copper toxicity. Staehlin et al.
(2016) suggested that heavy metal exposure induces changes in
protein synthesis, particularly for proteins involved in the stress
resistance mechanism.

Ayudhya et al. (2009) reported that heavy metal toxicity
causes bacteria to carry out four mechanisms: (i) increase the
synthesis of several enzymes involved in catabolic regulation to
maintain cellular energy production; (ii) initiate the use of low-
energy transport systems to import amino acids and other carbon
sources; (iii) facilitate the synthesis of metal-binding amino acids;
and (iv) enhance the metal transport system for intracellular
metal regulation as a form of adaptation.

These results were similar to those reported by Gillan et al.
(2017), who suggested that bacteria can synthesize 19 specific
protein groups depending on the concentration and exposure
of Cu (II). These specific proteins are expressed in response
to high concentrations of Cu (II) involved in periplasmic and
cytoplasmic detoxification.

The protein profile determined by the present study showed
that a specific protein with a molecular weight of 68.0 kDa was
only synthesized under copper induction, thus indicating that
this protein may have a role in bacterial resistance to copper.
Based on its molecular weight, it is suggested that protein band
A (Table 1) contained copper resistance protein A (CopA). This
assumption is also supported by the fact that the size of the CopA
protein in Acinetobacter is 64.5–72.5 kDa (Harkins et al., 2013).
Williams et al. (2016) suggested that copper impairs the integrity
of the outer membrane, generates radicals, inhibits respiration,
and degrades DNA. Alquethamy et al. (2019) reported that the
P-type CopA ATPase is a major contributor to Acinetobacter
baumannii and Legionella pneumophila to export copper from
the cytoplasm as a self-defense mechanism against copper toxicity
and protection against oxidative stress.

It is presumed that Acinetobacter sp. IrC2 synthesized
the CopA protein during the lag phase for 18 h in a
copper-supplemented medium to protect cells from toxicity
by accumulating copper, as evidenced by the color change of
colonies to green (Figure 3). Irawati et al. (2012b) reported that
Acinetobacter sp. IrC2 is a copper-resistant bacteria isolated from
the waste treatment center in Surabaya that accumulates copper
to adapt to its toxic environment. The absorbed copper ions
(Cu2+) bound to the CopA protein resulted in the color change
of the colony to blue (Irawati et al., 2012a). Copper stress induces
copA gene expression in bacteria that results in the alteration of
protein expression.

Similar studies (Irawati et al., 2016) also reported that
Pseudomonas syringae and Acinetobacter sp. IrC1 harbor
copA gene responsible for bacterial resistance to copper by
bioaccumulating copper in cells and color change of bacterial
colonies to blue. Pseudomonas syringae has copper resistance
genes, cop gene operons that are regulated and induced only
by high levels of copper (Behlau et al., 2011). These genes help
express copper-binding proteins including CopA and CopB that
take part in accumulating copper inside the periplasm to prevent
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toxic levels of copper in the cytoplasm. Shahla et al. (2014) stated
that the CopA protein in P. syringae plays a role in binding
excess copper ions in either the periplasm or the cytoplasm
and translocating them to the periplasm. CopA and CopB
are periplasmic binding protein and outer membrane protein,
respectively, required to support copper resistance mechanisms.
Copper resistance is mediated by sequestration of copper in the
periplasm by the copper-binding proteins CopA and CopC and
in the outer membrane by CopB.

The protein profile determined by the present study also shows
that a specific protein band with a molecular weight of 60.5 kDa
had increased synthesis after copper induction in bacteria. Based
on its molecular weight, this protein band possibly contained the
MCO family. MCO is an enzyme that contains four copper units
and undergoes increased synthesis when bacteria are grown in a
medium containing copper (Singh et al., 2013). The molecular
weight range of MCO in the genus Acinetobacter is 49.4–
67.3 kDa. Wen et al. (2014) reported that MCO is required for
copper resistance in some bacterial species. MCO is a part of
the bacterial membrane and plays a role in the resistance and
detoxification mechanism of copper by oxidizing toxic Cu2+ ions
in the periplasm (Rowland and Niederweis, 2013). It is therefore
suggested that protein band B (Table 1) contained an MCO.

Free copper is dangerous owing to its high chemical reactivity
(Arguello et al., 2013). Therefore, bacteria must control the
transport of Cu2+ ions through the compartments to ensure
copper homeostasis in cells and prevent toxicity. Copper binding
with cysteine in the membrane produces a blue color as a
characteristic of MCO activity (Rowland and Niederweis, 2013).
These facts thus supported the observation that Acinetobacter sp.
IrC2 extended the lag phase for 18 h by synthesizing MCO as
a resistance mechanism. Such response was manifested in the
appearance of blue colonies when bacteria were grown on a 6 mM
CuSO4 medium.

The 1D SDS-PAGE also revealed a protein band with a
molecular weight of 38.5 kDa synthesized during the stationary
phase in cells grown in media supplemented with copper sulfate.
Such protein, however, was not detected during the log phase.
This specific protein band’s molecular weight (38.5 kDa) is close
to the molecular weight of CopB (39 kDa), as suggested by Cha
and Cooksey, 1991. Therefore, it is suggested that protein band C
(Table 1) carried a CopB protein. CopB is a peripheral membrane
protein located on the outer membrane, which can be released
into the periplasm when the cell changes to the spheroplast.
CopB is a Cu2+ATPase with a role in mediating the efflux of
cytoplasmic Cu+/2+ (Padilla-Benavides et al., 2013; Raimunda
et al., 2013; Gillan et al., 2017; Thummeepak et al., 2020), as CopB
is a protein located on the outer membrane required to support
copper resistance mechanisms.

At log and stationary phases, a protein band with a molecular
weight of 24.0 kDa was detected when Acinetobacter sp. IrC2 was
grown in LB media supplemented with CuSO4. It is proposed
that this protein band contained protein D that belongs to
the Usp family. The Usp family in the genus Acinetobacter is
known to have a molecular weight of 12.7–31.2 kDa (Snitkin
et al., 2013). Usp is synthesized when bacteria are under various
kinds of stress, such as nutrient deficiencies, heavy metals, and
oxidative stress. Copper can catalyze the production of ROS,

which can cause oxidative stress. Usp has a role in oxidative stress
resistance; therefore, it is proposed that Usp has an indirect role
in copper-stress resistance. Usp acts to prevent denaturation of
macromolecules and repair and protect its nucleic acids from
external stress (Chi et al., 2019).

During the stationary phase, a protein band with a molecular
weight of 20.5 kDa was detected in Acinetobacter sp. IrC2 cells
were cultivated under both copper stress and no copper stress
conditions. It is proposed that, based on its molecular weight, this
protein band (designated as protein band E, Table 1) contained
an SOD protein and/or protein that belongs to the DNA-binding
protein family from starved cells (Dps). Jung et al. (2010)
suggested that SOD in the genus Acinetobacter has a molecular
weight between 19.4 and 21.0 kDa.

It has been suggested that copper can catalyze the production
of ROS, such as superoxide, which in turn can cause
oxidative stress (Harkins et al., 2013). SOD is a metalloenzyme
that converts highly toxic superoxide into oxygen and less
toxic hydrogen peroxide. Therefore, proper evaluation of the
bioremediation efficiency of a given bacterial strain should be
determined based on its physiological response to heavy metals.
SOD is also known to catalyze the dismutation of superoxide into
oxygen and hydrogen peroxide. Hydrogen peroxide is a strong
oxidant and has to be degraded by catalase into H2O and O2.
SOD protects DNA from oxidative stress and is produced by a
broad range of bacteria, especially in the lag phase where bacteria
cells are under nutrient deficiency stress.

Mechanism of Copper Resistance in
Acinetobacter sp. IrC2 Based on Protein
Profile
The results of this study suggested that Acinetobacter sp. IrC2
synthesizes five proteins during copper induction, namely, CopA,
CopB, MCO, Usp, and SOD. We proposed that these proteins
are involved in the acquisition of resistance mechanisms to
copper in bacteria.

Copper is one of the important elements required by bacteria
for metabolic processes; however, it is highly toxic when it is
above the bacterial tolerance threshold, so bacteria must be able
to control Cu homeostasis in cells (Zhao et al., 2016). Ji and
Silver (1995) suggested that the cop operon encodes periplasmic
proteins (CopA and CopC), outer membrane proteins (CopB),
and inner membrane proteins (CopD), induced by the presence
of copper. Copper is bound by the CopB protein and transported
into the periplasm. In the periplasm, copper is bound by the
protein CopA. CopC and CopD proteins are also facilitated in the
influx of copper from the periplasmic space into the cytoplasm for
transfer to enzymes that require it as a cofactor.

Cu homeostasis is controlled by the CopB protein, which
mediates transportation of Cu into the cells and binds Cu to
specific sites to act as an enzyme cofactor (Kaplan and Maryon,
2016). CopB also plays a role in regulating the release of excess
Cu+/2+ ions. Cu2+ ions will be bound by the CopA protein in
the periplasm to block the entry of excess copper ions into the
cytoplasm (Shahla et al., 2014). MCO is a part of the bacterial
membrane that plays a role in the resistance mechanism and
detoxification of copper by oxidizing toxic Cu+ ions to Cu2+
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in the periplasm (Alquethamy et al., 2019). Free copper has
a high chemical reactivity, which necessitates the bacteria to
control Cu+ ions by transporting them out of cells through the
CopB protein to ensure copper homeostasis in cells and prevent
toxicity. MCO synthesis as a resistance mechanism resulted in the
blue color change of colonies on Acinetobacter sp. IrC2.

Inside the cell, Cu ions will undergo an oxidation–reduction
reaction that may result in the excess of Cu+ and Cu2+ ions in
the cell. Cu ions may act as strong inhibitors of cellular enzymes
and react freely with various protein side chains containing sulfur,
nitrogen, and oxygen (Kaplan and Maryon, 2016). Cu+ and Cu2+

catalyze the production of ROS, which results in the damage of
molecules, DNA, lipids, and proteins (Zhao et al., 2016).

The production of ROS such as superoxide, hydroxy radicals,
and hydrogen peroxide in cells causes oxidative stress (Kong
et al., 2020). SOD is a metalloenzyme synthesized in the lag phase
that acts as the main antioxidant and is responsible for protecting
the DNA from ROS. SOD plays a role in converting highly
toxic superoxide into less toxic oxygen and hydrogen peroxide.
Hydrogen peroxide is a strong oxidant and must be degraded by
catalase into H2O and O2 (Harkins et al., 2013; Kong et al., 2020).

The Usp family has a role in oxidative stress resistance
under copper-stress state. It acts to prevent macromolecular
denaturation, as well as to repair and protect nucleic acids
from external stresses (Chi et al., 2019). It also plays a role in
regulating the capacity of cells to withstand oxidative agents and
helps the cells to resist the presence of H2O2 during growth
(Nachin et al., 2005).

CONCLUSION

This study showed that the addition of 5 mM CuSO4 into growth
media resulted in copper stress to Acinetobacter sp. IrC2, which
imposed a physiological response by extending the lag phase
for 18 h. It was also found that the cells developed a resistance
mechanism to copper by accumulating copper in the cells. Five
protein bands with molecular weights of 68.0, 60.5, 38.5, 24.0, and
20.5 kDa were detected under copper stress. It is proposed that
those protein bands contained important proteins involved in the
bacterial resistance mechanism during copper stress. Therefore,
it is suggested that bacterial resistance to copper is mediated
by CopA and CopB membrane proteins in binding Cu ions in
the periplasm and excreting excess Cu ions. In addition, other
enzymes that play a role in the detoxification process, namely,
SOD, MCO, and Usp, may also act in concert to avoid cell damage
under copper stress.

It is of concern that identifying the proteins will add more
depth of understanding regarding the physiological shift when
the bacterium was subjected to heavy metal stress. However,
such identification process requires a different approach of

research, which means a new work following this study. The
current work was aimed at demonstrating that heavy metal
stress altered the physiological response of the bacteria, as
evidenced by the synthesis of several new proteins, as well as
proposing the underlying mechanism of the stress response.
It is anticipated that proteome and transcriptome analysis will
provide more details in the elucidation of heavy metal resistance,
particularly Cu, in bacteria so as to give a better understanding
on global metabolism.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

WI was the group leader, who designed the study, carried
out laboratory works, analyzed the data with ED and LK, and
prepared the article draft. LK conducted part of the laboratory
works, analyzed the data, and edited the final manuscript. RP
contributed to the writing of the article draft. TY was responsible
for finalizing the article for publication. All authors contributed
to the article and approved the submitted version.

FUNDING

This research was funded by the Directorate of Research
and Community Service, Directorate General of Research and
Innovation, Ministry of Education, Research and Technology
(Research Grant No. 1218/LL3/PG/2021, April 1, 2021).

ACKNOWLEDGMENTS

The authors would like to thank Valentine Lindarto, a student
at Sekolah Dian Harapan Lippo Village, along with the
students of the Biology Department, Faculty of Science and
Technology, Universitas Pelita Harapan for their assistance in
accomplishing this project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.713812/full#supplementary-material

REFERENCES
Afzal, A. M., Rasool, M. H., Waseem, M., and Aslam, B. (2017). Assessment of

heavy metal tolerance and biosorptive potential of Klebsiella variicola isolated
from industrial effluents. AMB Express 7, 184. doi: 10.1186/s13568-017-0482-2

Alquethamy, S. F., Khorvash, M., Pederick, V. G., Whittall, J. J., Paton, J. C.,
Paulsen, I. T., et al. (2019). The role of the copa copper efflux system in
Acinetobacter baumannii virulence. Int. J. Mol. Sci. 20, 575.

Arguello, J. M., Raimunda, D., and Padilla-Benavides, T. (2013). Mechanisms of
copper homeostasis in bacteria. Cell. Infect. Microbiol. 3:73.

Frontiers in Microbiology | www.frontiersin.org 7 November 2021 | Volume 12 | Article 713812

https://www.frontiersin.org/articles/10.3389/fmicb.2021.713812/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.713812/full#supplementary-material
https://doi.org/10.1186/s13568-017-0482-2
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-713812 November 2, 2021 Time: 10:58 # 8

Irawati et al. Protein Profile in Resistant Bacteria

Ayudhya, P. I. N., Ayudhya, C. I. N., Treeratanapaiboon, L., Kasikun, K., Thipkeaw,
K., and Prachayasittikul, V. (2009). Proteomic profiling of Escherichia coli in
response to heavy metals stress. Eur. J. Sci. Res. 25, 679–688.

Behlau, F., Canteros, B. I., Minsavage, G. V., Jones, J. B., and Graham, J. H. (2011).
Molecular characterization of copper resistance genes from Xanthomonas
citri subsp citri and Xanthomonas alfafae subsp citrumelonis. Appl. Environ.
Microbiol. 77:12. doi: 10.1128/AEM.03043-10

Benhalima, L., Amri, S., Bensouilah, M., and Ouzrout, R. (2020). Heavy metal
resistance and metallothionein induction in bacteria isolated from seybouse
river algeria. Appl. Ecol. Environ. Sci. 18:1. doi: 10.15666/aeer/1801_17211737

Bertrand, R. L. (2019). Lag phase is a dynamic, organized, adaptive, and evolvable
period that prepares bacteria for cell division. J. Bacteriol. 201, e00697–18.
doi: 10.1128/JB.00697-18

Bondarczuk, K., and Piotrowska-Seget, Z. (2013). Molecular basis of active copper
resistance mechanisms in gram-negative bacteria. Cell. Biol. Toxicol. 29:6. doi:
10.1007/s10565-013-9262-1

Cha, J. S., and Cooksey, D. A. (1991). Copper resistance in Pseudomonas syringae
mediated by periplasmic and outer membrane proteins. Proc. Natl. Acad. Sci.
U.S.A. 88, 8915–8919. doi: 10.1073/pnas.88.20.8915

Chi, Y. H., Koo, S. S., Oh, H. T., Lee, E. S., Park, J. H., Phan, K. A. T., et al. (2019).
The physiological functions of universal stress proteins and their molecular
mechanism to protect plants from environmental stresses. Front. Plant Sci.
10:750. doi: 10.3389/fpls.2019.00750

Cvjetko, P., Zovko, M., and Balen, B. (2014). Proteomics of heavy metal toxicity
in plants. Arh. Hig. Rada Toksikol. 65, 1–18. doi: 10.2478/10004-1254-65-2014-
2443

Dupont, C., and Augustin, J. C. (2009). Influence of stress on single-cell lag time
and growth probability for Listeria monocytogenes in half Fraser broth. Appl.
Environ. Microbiol. 75, 3069–3076. doi: 10.1128/AEM.02864-08

Fashola, M. O., Ngole-Jeme, V. M., and Babalola, O. O. (2016). Heavy metal
pollution from gold mines: environmental effects and bacterial strategies for
resistance. Int. J. Environ. Res. 13:12. doi: 10.3390/ijerph13111047

Gadd, G. M. (1993). Interactions of fungip with toxic metals. New Phytol. 124,
25–60. doi: 10.1111/j.1469-8137.1993.tb03796.x

Gauthier, I., McGugin, R. W., Richler, J. J., Herzmann, G., Speegle, M., and Van
Gulick, A. E. (2014). Experience moderates overlap between object and face
recognition, suggesting a common ability. J. Vis. 14:8. doi: 10.1167/14.8.7

Gillan, D. C., Camp, C. V., Mergeay, M., Provoost, A., Thomas, N., Vermard, L.,
et al. (2017). Paleomicrobiology to investigate copper resistance in bacteria:
isolation and description of Cupriavidus necator B9 in the soil of a medieval
foundry. Environ. Microbiol. 19:2. doi: 10.1111/1462-2920.13645

Harkins, D. M., Brinkac, L. M., Durkin, A. S., Beck, E., Fedorova, N. B., Kim, M.,
et al. (2013). Genomic Sequencing of a Diversity of US Military Acinetobacter
Baumannii-Calcoaceticus Complex Isolates. Rockville, MD: The J. Craig Venter
Institute.

Irawati, W., Parhusip, A. J., Christian, S., and Yuwono, T. (2017a). The potential
capability of bacteria and yeast strains isolated from rungkut industrial sewage
in Indonesia as a bioaccumulators and biosorbents of copper. Biodiversitas 18:3.
doi: 10.13057/biodiv/d180315

Irawati, W., Parhusip, A. J. N., Sopiah, N., and Tnunay, J. A. (2017b). The role of
heavy metals-resistant bacteria Acinetobacter sp. in copper phytoremediation
using Eichhornia crasippes [(Mart.) Solms]. KnE Life Sci. 3, 208–220. doi: 10.
18502/kls.v3i5.995

Irawati, W., Yuwono, T., Soedarsono, J., and Hartiko, H. (2012b). Molecular
and physiological characterization of copper-resistant bacteria isolated from
activated sludge in an industrial wastewater treatment plant in Rungkut-
Surabaya, Indonesia. Microbiol. Indones. 6:3. doi: 10.5454/mi.6.3.3

Irawati, W., Rusli, A., Salim, A. S., Handayani, G. C. P. T., and Susanti, A. I. (2012a).
“Isolation of CopA gene encoding resistance Acinetobacter sp. IrC1 to copper,”
in Proceedings of the 5th Indonesia Biotechnology Conference, Mataram.

Irawati, W., Yuwono, T., and Rusli, A. (2016). Detection of plasmids and curing
analysis in copper-resistant bacteria Acinetobacter sp. IrC1, Acinetobacter sp.
IrC2, and Cupriavidus sp. IrC4. Biodivers. J. 17:1. doi: 10.13057/biodiv/d170140

Ji, G., and Silver, S. (1995). Bacterial resistance mechanisms for heavy metals of
environmental concern. J. Indust. Microb. 14:2. doi: 10.1007/BF01569887

Jiang, W., Saxena, A., Song, B., Ward, B. B., Beveridge, T. J., and Myneni, S. C.
(2004). Elucidation of functional groups on gram-positive and gram-negative

bacterial surfaces using infrared spectroscopy. Langmuir 20:26. doi: 10.1021/
la049043

Jung, J., Baek, J. H., and Park, W. (2010). Complete genome sequence of the diesel-
degrading Acinetobacter sp. strain DR1. J. Bacteriol. 192:18. doi: 10.1128/JB.
00722-10

Kaplan, J. H., and Maryon, E. B. (2016). How mammalian cells acquire copper: an
essential but potentially toxic metal. Biophys. J. 110, 7–13. doi: 10.1016/j.bpj.
2015.11.025

Kong, L., Xiong, Z., Song, X., Xia, Y., Zhang, H., Yang, Y., et al. (2020). Enhanced
antioxidant activity in Streptococcus thermophilus by high-level expression of
superoxide dismutase. Front. Microbiol. 11:579804. doi: 10.3389/fmicb.2020.
579804

Larsen, N., Boye, M., Siegumfeldt, H., and Jakobsen, M. (2006).
Differential expression of proteins and genes in the lag phase of
Lactococcus lactis subsp. lactis grown in synthetic medium and
reconstituted skim milk. Appl. Environ. Microbiol. 72, 1173–1179.
doi: 10.1128/AEM.72.2.1173-1179.2006

Mateos-Naranjo, E., Andrades-Moreno, L., Cambrollé, J., and Perez-Martin, A.
(2013). Assessing the effect of copper on growth, copper accumulation and
physiological responses of grazing species Atriplex halimus: ecotoxicological
implications. Ecotoxicol. Environ. Saf. 90, 136–142. doi: 10.1016/j.ecoenv.2012.
12.020

Mathews, S., Hans, M., Mücklich, F., and Solioz, M. (2013). Contact killing of
bacteria on copper is suppressed if bacterial-metal contact is prevented and is
induced on iron by copper ions. Appl. Environ. Microbiol. 79:8. doi: 10.1128/
AEM.03608-12

Miller, D. J., and Fort, P. E. (2018). Heat shock proteins regulatory role in
neurodevelopment. Front. Neurosci. 12:821. doi: 10.3389/fnins.2018.00821

Morris, D. L. (2014). DNA-bound metal ions: recent developments. Biomol.
Concepts 5, 397–407. doi: 10.1515/bmc-2014-0021

Nachin, L., Nannmark, U., and Nystro, T. (2005). Differential roles of the universal
stress proteins of Escherichia coli in oxidative stress resistance, adhesion, and
motility. J. Bacteriol. 187:18. doi: 10.1128/JB.187.18.6265

Nair, S., and Finkel, S. E. (2004). Dps protects cells against
multiple stresses during stationary phase. J. Bacteriol. 186:13.
doi: 10.1128/JB.186.13.4192-4198.2004

Padilla-Benavides, T., McCann, C. J., and Argüello, J. M. (2013). The mechanism
of Cu+ transport ATPases: interaction with CU + chaperones and the role of
transient metal-binding sites. J. Biol. Chem. 288, 69–78. doi: 10.1074/jbc.M112.
420810

Patricia, and Irawati, W. (2017). Profil protein isolat bakteri resisten merkuri dari
pertambangan emas rakyat di desa Pongkor, Bogor-Jawa Barat, Indonesia. Biota
2:1. doi: 10.24002/biota.v2i1.1506

Raimunda, D., Padilla-Benavides, T., Vogt, S., Boutigny, S., Tomkinson, K. N.,
Finney, L. A., et al. (2013). Periplasmic response upon disruption of
transmembrane Cu transport in Pseudomonas aeruginosa. Metallomics 5, 144–
151. doi: 10.1039/c2mt20191g

Rehman, A., Shakoori, F. R., and Shakoori, A. R. (2008). Uptake of heavy metals
by Stylonychia mytilus and its possible use in decontamination of industrial
wastewater. World J. Microbiol. Biotechnol. 24, 47–53. doi: 10.1007/s11274-007-
9436-1

Rolfe, M. D., Rice, C. J., Lucchini, S., Pin, C., Thompson, A., Cameron, A. D.,
et al. (2011). Lag phase is a distinct growth phase that prepares bacteria for
exponential growth and involves transient metal accumulation. J. Bacteriol. 194,
686–701. doi: 10.1128/JB.06112-11

Rowland, J. L., and Niederweis, M. (2013). A multicopper oxidase is required
for copper resistance in Mycobacterium tuberculosis. J. Bacteriol. 195:16. doi:
10.1128/JB.00546-13

Shahla, S. N., Mohammad, R. K., Giti, E., Mehdi, Y. M., Shahryar, S., and Maryam,
F. (2014). Molecular analysis of copper resistance determinant (CopA) in
copper oxide nanoparticles resistant Pseudomonas fluorescens CuO-2 isolated
from soil. Int. J. Biosci. 5:11. doi: 10.12692/ijb/5.11.97-104

Singh, N. K., Khatri, I., Subramanian, S., and Mayilraj, S. (2013). Genome Assembly
of Acinetobacter Generi MTCC 9824. Chandigarh: Institute of Microbial
Technology.

Snitkin, E. S., Zelazny, A. M., Gupta, J., Palmore, T. N., Murray, P. R., and
Segre, J. A. (2013). Genomic insights into the fate of colistin resistance and

Frontiers in Microbiology | www.frontiersin.org 8 November 2021 | Volume 12 | Article 713812

https://doi.org/10.1128/AEM.03043-10
https://doi.org/10.15666/aeer/1801_17211737
https://doi.org/10.1128/JB.00697-18
https://doi.org/10.1007/s10565-013-9262-1
https://doi.org/10.1007/s10565-013-9262-1
https://doi.org/10.1073/pnas.88.20.8915
https://doi.org/10.3389/fpls.2019.00750
https://doi.org/10.2478/10004-1254-65-2014-2443
https://doi.org/10.2478/10004-1254-65-2014-2443
https://doi.org/10.1128/AEM.02864-08
https://doi.org/10.3390/ijerph13111047
https://doi.org/10.1111/j.1469-8137.1993.tb03796.x
https://doi.org/10.1167/14.8.7
https://doi.org/10.1111/1462-2920.13645
https://doi.org/10.13057/biodiv/d180315
https://doi.org/10.18502/kls.v3i5.995
https://doi.org/10.18502/kls.v3i5.995
https://doi.org/10.5454/mi.6.3.3
https://doi.org/10.13057/biodiv/d170140
https://doi.org/10.1007/BF01569887
https://doi.org/10.1021/la049043
https://doi.org/10.1021/la049043
https://doi.org/10.1128/JB.00722-10
https://doi.org/10.1128/JB.00722-10
https://doi.org/10.1016/j.bpj.2015.11.025
https://doi.org/10.1016/j.bpj.2015.11.025
https://doi.org/10.3389/fmicb.2020.579804
https://doi.org/10.3389/fmicb.2020.579804
https://doi.org/10.1128/AEM.72.2.1173-1179.2006
https://doi.org/10.1016/j.ecoenv.2012.12.020
https://doi.org/10.1016/j.ecoenv.2012.12.020
https://doi.org/10.1128/AEM.03608-12
https://doi.org/10.1128/AEM.03608-12
https://doi.org/10.3389/fnins.2018.00821
https://doi.org/10.1515/bmc-2014-0021
https://doi.org/10.1128/JB.187.18.6265
https://doi.org/10.1128/JB.186.13.4192-4198.2004
https://doi.org/10.1074/jbc.M112.420810
https://doi.org/10.1074/jbc.M112.420810
https://doi.org/10.24002/biota.v2i1.1506
https://doi.org/10.1039/c2mt20191g
https://doi.org/10.1007/s11274-007-9436-1
https://doi.org/10.1007/s11274-007-9436-1
https://doi.org/10.1128/JB.06112-11
https://doi.org/10.1128/JB.00546-13
https://doi.org/10.1128/JB.00546-13
https://doi.org/10.12692/ijb/5.11.97-104
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-713812 November 2, 2021 Time: 10:58 # 9

Irawati et al. Protein Profile in Resistant Bacteria

Acinetobacter baumannii during patient treatment. Genome Res. 23:7. doi: 10.
1101/gr.154328.112

Spain, O., Plöhn, M., and Funk, C. (2021). The cell wall of green microalgae and
its role in heavy metal removal. Physiol. Plant 173, 526–535. doi: 10.1111/ppl.
13405

Staehlin, B. M., Gibbons, J. G., Rokas, A., O’Halloran, T. V., and Slot, J. C. (2016).
Evolution of a heavy metal homeostasis/resistance island reflects increasing
copper stress in enterobacteria. Genome Biol. Evol. 8:3. doi: 10.1093/gbe/
evw031

Thummeepak, R., Pooalai, R., Harrison, C., Gannon, L., Thanwisai, A., Chantratita,
N., et al. (2020). Essential gene clusters involved in copper tolerance identified
in Acinetobacter baumannii clinical and environmental isolates. Pathogens 9:60.
doi: 10.3390/pathogens9010060

Timkova, I., Sedlakova-Kadukova, J., and Pristas, P. (2018). Biosorption
and bioaccumulation abilities of actinomycetes/streptomycetes
isolated from metal contaminated sites. Separations 5:54.
doi: 10.3390/separations5040054

Tropp, B. E. (2012). Molecular Biology: Genes to Proteins, 4th Edn. Washington,
DC: Jones & Bartlett Publishers.

Völlmecke, C., Drees, S. L., Reimann, J., Albers, S. V., and Lübben, M. (2012).
The ATPases CopA and CopB both contribute to copper resistance of the
thermoacidophilic archaeon Sulfolobus solfataricus. Microbiology 158:6. doi:
10.1099/mic.0.055905-0

Watanabe, S., Ohbayashi, R., Kanesaki, Y., Saito, N., Chibazakura, T., Soga, T.,
et al. (2015). Intensive DNA replication and metabolism during the lag phase
of cyanobacteria. PLoS One 10:e0136800. doi: 10.1371/journal.pone.0136800

Wen, Q., Liu, X., Wang, H., and Lin, J. (2014). A versatile and efficient
markerless gene disruption system for Acidithiobacillus thiooxidans: application
for characterizing a copper tolerance related multicopper oxidase gene. Environ.
Microbiol. 16:11. doi: 10.1111/1462-2920.12494

Williams, C. L., Neu, H. M., Gilbreath, J. J., Michel, S. L. J., Zurawski, D. V., and
Merrell, D. S. (2016). Copper resistance of the emerging pathogen Acinetobacter
baumannii. Appl. Environ. Microbiol. 82:20. doi: 10.1128/AEM.01813-16

Yazid, M., Bastianudin, A., and Sutresna, G. (2012). “Analisis profil protein
sitoplasma isolat bakteri dari limbah uranium cair fasa organik,” in Prosiding
Pertemuan dan Presentasi Ilmiah - Penelitian Dasar Ilmu Pengetahuan dan
Teknologi Nuklir 2012 Pusat Teknologi Akselerator dan Proses Bahan, BATAN,
215–221.

Zhao, J., Bao, X., Li, C., Shen, Y., and Hou, J. (2016). Improving monoterpene
geraniol production through geranyl diphosphate synthesis regulation in
Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 100:10. doi: 10.1007/
s00253-016-7375-1

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Irawati, Djojo, Kusumawati, Yuwono and Pinontoan. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 9 November 2021 | Volume 12 | Article 713812

https://doi.org/10.1101/gr.154328.112
https://doi.org/10.1101/gr.154328.112
https://doi.org/10.1111/ppl.13405
https://doi.org/10.1111/ppl.13405
https://doi.org/10.1093/gbe/evw031
https://doi.org/10.1093/gbe/evw031
https://doi.org/10.3390/pathogens9010060
https://doi.org/10.3390/separations5040054
https://doi.org/10.1099/mic.0.055905-0
https://doi.org/10.1099/mic.0.055905-0
https://doi.org/10.1371/journal.pone.0136800
https://doi.org/10.1111/1462-2920.12494
https://doi.org/10.1128/AEM.01813-16
https://doi.org/10.1007/s00253-016-7375-1
https://doi.org/10.1007/s00253-016-7375-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Optimizing Bioremediation: Elucidating Copper Accumulation Mechanisms of Acinetobacter sp. IrC2 Isolated From an Industrial Waste Treatment Center
	Introduction
	Materials and Methods
	Medium for Bacterial Growth
	Copper Accumulation in Media With Various Copper Concentration
	Protein Profile Analysis

	Results and Discussion
	Impact of Copper on the Growth of Acinetobacter sp. IrC2 at Different Concentrations
	Copper Toxicity in Acinetobacter sp. IrC2
	Protein Profile Analysis of Acinetobacter sp. IrC2
	Mechanism of Copper Resistance in Acinetobacter sp. IrC2 Based on Protein Profile

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


