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Kontaminasi tembaga di tanah merupakan ancaman serius bagi ekosistem dan kesehatan manusia karena efek
toksiknya terhadap tanaman, hewan, dan manusia. Salah satu sumber utama pencemaran ini adalah tambang
Tembagapura di Papua. Pendekatan yang efektif untuk mengurangi pencemaran tembaga adalah bioremediasi
menggunakan bakteri indigenous yang diisolasi dari lingkungan tercemar karena telah beradaptasi dengan kondisi
setempat. Penelitian ini bertujuan untuk: (1) mengisolasi bakteri resisten tembaga, (2) mengkarakterisasi morfologi
koloninya, (3) menguji resistensi terhadap tembaga, dan (4) mengidentifikasi isolat terpilih berdasarkan gen 16S
rDNA. Sampel tanah dikumpulkan dari area tambang Tembagapura dan isolasi bakteri dilakukan menggunakan
media Luria Bertani (LB) yang ditambahkan 3 mM CuSOy. Pengujian resistensi dilakukan dengan metode gores
(streak plate) untuk menentukan nilai konsentrasi hambat minimum (MIC). Lima isolat bakteri resisten tembaga
yang berhasil diperoleh: CuFr 1.1, CuFr 1.2, CuFr 1.3, CuFr 2.1, dan CuFr 2.2. Di antara kelima isolat tersebut,
CuFr 1.1 dan CuFr 1.3 menunjukkan resistensi tertinggi dengan nilai MIC mencapai 9 mM. Identifikasi molekuler
berdasarkan sekuens gen 16S rDNA menunjukkan bahwa CuFr 1.1 adalah Pseudomonas alcaligenes, sedangkan
CuFr 1.3 adalah Pseudomonas chengduensis. Temuan ini merupakan laporan awal mengenai keberadaan bakteri
indigenous resisten tembaga dari tambang Tembagapura. Isolat tersebut menunjukkan potensi besar sebagai
biosorben tembaga dan kandidat agen bioremediasi pada lokasi yang terkontaminasi. Penelitian lebih lanjut
diperlukan untuk mengeksplorasi mekanisme biosorpsi dan efektivitasnya pada skala lapangan.
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Copper contamination in soil poses a serious threat to ecosystems and human health due to its toxic effects
on plants, animals, and humans. One major source of this pollution is the Tembagapura mine in Papua.
An effective approach to mitigate copper pollution is bioremediation using indigenous bacteria isolated
from contaminated environments, as they are better adapted to local conditions. This study aimed to: (1)
isolate copper-resistant bacteria, (2) characterize their colony morphology, (3) assess their resistance to
copper, and (4) identify selected isolates based on the 165 rDNA gene. Soil samples were collected from
the Tembagapura mining site, and bacterial isolation was performed using Luria Bertani agar
supplemented with 3 mM CuSO.. Resistance testing was conducted using the streak plate method to
determine the Minimum Inhibitory Concentration (MIC). Five copper-resistant bacterial isolates were
obtained: CuFr 1.1, CuFr 1.2, CuFr 1.3, CuFr 2.1, and CuFr 2.2. Among these, CuFr 1.1 and CuFr 1.3
exhibited the highest resistance, with MIC values reaching 9 mM. Molecular identification using 165 rDNA
sequencing revealed that CuFr 1.1 is Pseudomonas alcaligenes, while CuFr 1.3 is Pseudomonas
chengduensis. These findings provide the first report of copper-resistant indigenous bacteria from the
Tembagapura mine. The isolates show promising potential for development as copper biosorbents and
future application as bioremediation agents at contaminated sites. Further research is needed to explore
their biosorption mechanisms and performance in field-scale applications.
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1. INTRODUCTION

1.1 Background

Heavy metal contamination is an environmental issue
that warrants serious attention. Aquatic and terrestrial
ecosystems are among the most susceptible to heavy metal
pollution (Ali, 2017). One of the toxic heavy metals of concern
is copper, which possesses significant redox potential
(Burkhead & Collins, 2022). Copper becomes toxic to
organisms when present in concentrations exceeding
biological thresholds. The World Health
Organization (WHO) has established a permissible average
copper concentration of 0.036 m3! in water and soil. Elevated
copper levels in plants can lead to physiological disturbances,

tolerance

thereby inhibiting growth and development (Saglam et al.,
2016). Moreover, excessive copper contamination in livestock
feed poses a risk to human health through the consumption of
animal-derived products (Zhen et al., 2022).

One of the primary sources of copper pollution in soil is
the Tembagapura mining region in Papua. Previous studies
identified high copper
surrounding this mining area (Ettler et al., 2014). Copper
contamination in soil may originate from unprocessed mining
residues (Boky ef al., 2015), copper ore tailing storage
(Musztyfaga et al., 2014), and emissions from copper-nickel
industrial complexes (Kashulina, 2017).
contribute to the accumulation of copper and other heavy
metals in soil, often surpassing safe contamination thresholds
and posing environmental and human health risks. The
Tembagapura Mining Area in Papua, therefore, represents a
potentially significant site of copper pollution.

Copper contamination can be mitigated through various
methods, one of which is bioremediation—a proven,
environmentally friendly approach. Bioremediation involves
the degradation of pollutants by organisms such as bacteria
(Puspitasari & Khaeruddin, 2016). Among the most effective
agents
microorganisms isolated from contaminated environments
that have naturally adapted to pollutant stress (Lutfi et al.,
2018). Owing to their adaptation, indigenous bacteria are
particularly effective when deployed as bioremediation
agents. The use of such bacteria to remediate copper is both
cost-effective and environmentally sustainable, as they are
reusable and pose minimal ecological disruption (Melati,
2020). Bacteria isolated from contaminated environments
have demonstrated the ability to accumulate copper, thereby
reducing its concentration in situ (Irawati et al., 2022). Several
copper-resistant indigenous bacterial strains have been found
to perform biosorption, a process through which biological
materials absorb and retain heavy metals. Biosorption is
simple, economical, and environmentally benign, making it a
viable alternative for removing pollutants from the
environment (Torres, 2020; Sireesha et al., 2022). For example,
Pantoea agglomerans, Klebsiella pneumoniae, and Shigella flexneri
have demonstrated copper biosorption efficiencies of 73.74%,
70.17%, and 67.73%, respectively (Irawati et al., 2022).

It is therefore hypothesized that indigenous bacteria
isolated from copper-contaminated soils in Papua’s mining
areas may hold significant potential as bioremediation agents
for ecological restoration. Copper-resistant bacteria possess

have concentrations in soils

These sources

for bioremediation are indigenous bacteria—

unique structural and physiological characteristics that enable
survival in high copper concentrations (Rohmayani et al.,
2021). These microorganisms manage copper toxicity via two
main mechanisms: (1) bioaccumulation—the uptake of
chemical substances from the environment by living
organisms; and (2) biosorption —the passive binding of heavy
metals onto biological surfaces. Additionally, these bacteria
regulate copper influx to maintain cellular homeostasis
(Irawati, 2019).

Numerous studies have reported copper-resistant
bacterial strains. For instance, Sphingomonas strains 012, A32,
and Ab5, Stenotrophomonas strain C21, and Arthrobacter strain
04 were isolated from agricultural soils in Chile (Altimira et
al., 2012). Similarly, strains IrC1, IrC2, and IrC4, isolated from
activated sludge at an industrial wastewater treatment plant
in Surabaya, Indonesia, were found to be copper-resistant
(Irawati et al., 2012). According to Zolgharnein et al. (2007),
bacterial copper resistance is often attributed to the presence
of the copA gene encoded on plasmids, which enables isolates
such as EC38, FC43, and CC53 to grow in media containing
400-500 mg/L of copper(Il) sulfate (CuSOs).

Given the environmental and health implications of
copper contamination in Papua’s mining areas and the
prospective utility of indigenous bacteria for bioremediation,
it is imperative to isolate and characterize copper-resistant
bacterial strains from the Tembagapura Mining Area. This
study offers a novel contribution by targeting a sampling site
that has not been previously investigated, thereby enhancing
the likelihood of discovering highly potent and beneficial
bacterial for bioremediation
applications.

candidates sustainable

1.2 Research Objectives

This study aims to isolate copper-resistant bacteria from
mining soils in Papua, characterize the colony morphology of
the bacterial isolates, assess their resistance to copper, and
identify the isolates based on 16S rDNA gene sequencing. The
identification process includes taxonomic classification of the
isolates and the construction of a phylogenetic tree to
determine their evolutionary relationships.

2. METHODOLOGY

2.1 Isolation of Copper-Resistant Bacteria

The medium used for the isolation and characterization
of bacteria was Luria Bertani agar (LB agar), an enriched
medium suitable for the growth of a wide range of bacterial
species (Tumbel et al., 2017). LB agar contains yeast extract as
a nutrient source, sodium chloride to maintain osmotic
balance, glucose as a carbon source, and agar as a coagulating
agent to support bacterial growth (Darokar, n.d.). Copper was
introduced in the form of copper sulfate (CuSOy) at a stock
concentration of 1 molar to select for copper-resistant bacteria.
The CuSO;, stock was added to the sterilized medium at the
desired concentration. The sample used in this study was soil
collected from the Tembagapura mining area in Papua. The
bacterial sample was diluted with 50 mL of sterile distilled
water (dH:O). A 100 pL aliquot of the serially diluted
suspension was inoculated onto LB agar medium containing
3 mM CuSO, and incubated at 37 °C for 72 hours. Colonies
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that grew were selected and assigned identification codes. The
resulting bacterial isolates were then purified to obtain pure
cultures. Purification was conducted by streaking the colonies
onto fresh LB agar plates supplemented with 3 mM CuSO,,
followed by incubation at 37 °C for 24 hours. The pure cultures
were subsequently preserved on slant media containing 3 mM
CuSOy (Irawati, 2019).

2.2 Morphological Characterization of Copper-Resistant
Bacterial Colonies

The morphological characteristics of the copper-
resistant bacterial colonies were assessed based on colony
shape, surface texture, margin type, optical properties, and
pigmentation. The Gram reaction (positive or negative) and
cell morphology were determined through Gram staining and
microscopic observation using a binocular microscope at
1000x magnification (Irawati et al., 2022).

2.3 Copper Resistance Testing of Bacteria

Resistance testing was conducted to determine the
minimum inhibitory concentration (MIC) of each bacterial
isolate against copper. This test identifies the lowest
concentration of CuSO, that inhibits bacterial growth. The
MIC test was carried out using LB agar media supplemented
with CuSOy at concentrations of 1 mM, 2 mM, 3 mM, 4 mM, 5
mM, 6 mM, 7 mM, and 8 mM. Bacterial isolates were streak-
inoculated onto LB agar plates containing increasing
concentrations of CuSOs. The plates were then incubated at
37°C for 48 hours. Isolates that exhibited growth were
subsequently inoculated onto media with higher copper
concentrations until the minimum concentration at which
bacterial growth was inhibited (i.e., MIC) was established
(Irawati et al., 2022).

Identification of Bacterial Isolates Based on 16S rDNA
Gene

24

Bacterial isolate identification was performed by
amplifying the 16S rDNA gene and sequencing the nucleotide
bases to assess sequence similarity using gene bank data.
Sequence alignment was conducted using Clustal X version
2.0 with the neighbor-joining method, and phylogenetic trees

were constructed using TreeView (Clustal, 2008; Page, 1996).
PThe identification process began with the extraction of
genomic DNA from bacterial cells. The 165 rDNA gene
fragments were amplified using polymerase chain reaction
(PCR). The resulting nucleotide sequences were aligned using
Clustal X for multiple sequence alignment. Phylogenetic
analysis was then carried out using the neighbor-joining
method and visualized with TreeView to facilitate the
interpretation of genetic relationships among the bacterial
isolates (Suryadi et al., 2014).

3.  RESULT AND DISCUSSION

3.1 Isolation of Copper-Resistant Bacteria

The isolation and selection process of bacteria grown on
LB agar medium containing 3 mM CuSO; resulted in the
identification of five distinct bacterial colony types. Each of
these colonies was assigned a specific code: CuFr 1.1, CuFr1.2,
CuFr 1.3, CuFr 2.1, and CuFr 2.2. The designation "CuFr"
refers to copper (Cu) isolates from the Tembagapura Freeport
mining site (Figure 1).

Figure 1. The results of bacterial isolation on medium
containing 3 mM CuSO,

3.2 Morphological Characterization of Copper-Resistant
Bacterial Colonies

The obtained bacterial isolates were subsequently
purified and characterized based on differences in colony
morphology. The characterization of isolates included aspects
such as color, shape, edge, optical properties, and Gram
staining. The results of the morphological characterization of
the bacterial isolates are presented in Table 1.

Tabel 1. Characterization Results of Copper-Resistant Bacterial Isolates

N e ol G e o o
1. CuFr1.1 Brown Round Smooth Opaque Negative Round
2. CuFr12 Brown Round Smooth Opaque Negative Round
3. CuFr13 White Round Smooth Opaque Negative Round
4. CuFr2.1 Green Irregular Serrated Opaque Negative Round
5. CuFr22 White Round Smooth Opaque Negative Round

Gram staining was performed to determine the cell
shape and the type of bacterial cell wall composition (Irawati,
2019). The results of the Gram staining revealed that all
bacterial isolates were classified as Gram-negative with
coccoid (round) cell morphology. Gram-negative bacterial
cells appeared pink after staining because they are unable to

retain the crystal violet dye used as the primary stain. This is
due to their thinner cell wall structure. Differences in bacterial
cell wall structure affect their resistance to environmental
stressors (Rini & Rohmah, 2020). Gram-negative bacteria have
a thinner peptidoglycan layer compared to Gram-positive
bacteria, which makes Gram-positive bacteria more resistant
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to osmotic pressure within the bacterial intracellular fluid and that break down pollutants into energy sources to support
environmental changes. The thickness of the peptidoglycan their growth (Irawati, 2021).
layer, as a key component of the cell wall, results in a more All isolates exhibited colony morphology with a
rigid cell wall that is more difficult to disrupt (Hafsan, 2011; uniform optical appearance described as opaque. Colony
Rini & Rohmah, 2020). color observation revealed that isolates CuFr 1.1 and CuFr 1.2
All isolates were identified as Gram-negative bacteria, shared a brown color, CuFr 1.3 and CuFr 2.2 were white, while
indicating that all the isolated bacteria possess high resistance isolate CuFr 2.1 appeared green. Isolates CuFr 1.1, CuFr 1.2,
to contaminants. Gram-negative bacteria have a different cell CuFr 1.3, and CuFr 2.2 displayed round shapes with smooth
wall composition compared to Gram-positive bacteria edges, whereas isolate CuFr 2.1 showed an irregular shape
because they possess an outer membrane, periplasmic space, with serrated edges. These morphological characterizations
lipopolysaccharides (LPS), phospholipids, and porins indicate that the bacterial community present in the copper-
(Irawati, 2021). The outer membrane is unique to Gram- contaminated soil from the Tembagapura Mining area in
negative bacteria and functions to protect bacterial cells from Papua is diverse.

harmful environments, including chemicals, enzymes, and

antibiotics. This outer membrane contains special protein 3.3 Bacterial Resistance to Copper Testing
pores called porins, which regulate the flow of molecules into
and out of the bacterial cell. The presence of porins enables
bacteria to selectively uptake essential compounds such as
nutrients while preventing harmful substances from entering
the cell (Koentjoro & Prasetyo, 2020).

Lipopolysaccharides (LPS) in Gram-negative bacteria
play a role in controlling the activity of endotoxins, which are
toxic compounds integrated into the bacterial cell wall and
serve as specific antigens according to bacterial type. LPS acts
as a molecular signature to stimulate the immune system by
triggering immune responses and inducing cytokine
production, which can involve inflammation (Munasir, 2016;
Purwanto & Astrawinata, 2018). The components of the
Gram-negative bacterial cell wall confer important properties
and functions in bacterial interactions with their environment.
Gram-negative bacteria can adapt to copper-contaminated
environments due to their ability to produce specific enzymes

The results of the resistance test showed that isolates
CuFr 1.1 and CuFr 1.3 were the most resistant strains, as they
were able to grow at copper concentrations up to 8 mM, but
not at 9 mM. Therefore, both isolates have a minimum
inhibitory concentration (MIC) value of 9 mM CuSO,;. In
comparison, isolates CuFr 1.2, CuFr 22, and CuFr 2.1
exhibited MIC values of 7 mM (Table 2). The MIC value serves
as an indicator of a bacterium's level of resistance to copper
(Suryadi et al., 2013). The isolates obtained from the copper-
contaminated soil in the Tembagapura mining site
demonstrated high resistance levels, ranging from 7 mM to 9
mM. According to Altimira et al. (2012), bacteria are
considered highly resistant to copper if they have MIC values
greater than 4 mM CuSQO,. Given their highest resistance
levels, isolates CuFr 1.1 and CuFr 1.3 were selected for further
research.

Table 2. Bacterial Resistance to Copper Testing

No. Isolat Code MIC Test
1mM 2mM 3mM 4mM 5mM 6mM 7mM 8mM 9mM
1. CuFr 1.1 J J y J J J J 3 -
2. CuFr12 v v v v v v - - -
3. CuFr1.3 J J y J J J J 3 -
4. CuFr2.1 J J y J J J - - -
5. CuFr22 v v v v v v - - -

The resistance test results of CuFr 1.1 and CuFr 1.3 Bacterial resistance to copper involves several key
isolates on media containing 1 mM to 8 mM CuSO, showed mechanisms, including the action of efflux pumps, copper-
that both bacteria were able to grow well at concentrations binding proteins, and genetic regulation. Efflux pumps are
between 1 mM and 5 mM. The absence of differences in colony transmembrane proteins that actively transport toxic
density at these concentrations indicates that copper in this compounds out of the cell (Afrina et al., 2018). A well-known
range does not exhibit toxic effects. However, bacterial growth example of this mechanism is the Resistance-Nodulation-
began to decline in terms of colony density at concentrations Division (RND) system, which utilizes the proton gradient to
of 6 mM and 7 mM, and only a few colonies were able to grow expel copper ions from the cell. Another example is the P-type
at8 mM (Figures 2 and 3). Copper is an essential trace element, ATPase, such as CopA, which uses energy derived from
but at elevated concentrations, it becomes toxic. The adenosine triphosphate (ATP) to export copper ions from the
increasing concentration of CuSO; led to a decrease in cytoplasm either to the extracellular space or into intracellular
bacterial growth activity. Copper-resistant bacteria possess vesicles. Copper-binding proteins function by sequestering
specific mechanisms that regulate the internal copper copper ions with high affinity, thereby reducing the levels of
concentration. These mechanisms enable the bacteria to allow free copper that could otherwise cause cellular damage.
the necessary amount of copper to enter the cytoplasm while Examples of such proteins include metallothioneins and
binding the excess copper to membrane-associated fractions, chaperones. Metallothioneins are rich in cysteine residues,
thereby preventing toxicity (Irawati, 2019). enabling them to bind heavy metals like copper effectively.

Chaperones, on the other hand, play a role in binding
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cytoplasmic copper and facilitating its transport and
homeostatic regulation within the cell. In addition, bacteria
possess genetic regulatory mechanisms that modulate copper
resistance in response to environmental conditions. One
example is CueR in Escherichia coli, a transcriptional
regulator that activates the expression of genes associated
with copper resistance, such as those encoding efflux pumps
and copper-binding proteins, when intracellular copper
concentrations rise (Hyre et al., 2021).

3 mM

\

2mM .
\ / e
\

y
y
-

6 mM s

Figure 2. Copper Resistance Test Results for Isolate CuFr

1.1

1mM

4 mM

6 mM 8 mM

Figure 3. Copper Resistance Test Results for Isolate CuFr
1.3

3.4 Identification of Bacterial Isolates Based on 16S rDNA

Gene

The identification results based on the 165 rDNA gene
revealed that isolate CuFr 1.1 shared 100% sequence similarity
with Pseudomonas alcaligenes, while isolate CuFr 1.3 showed
100% similarity with Pseudomonas chengduensis (Table 3).
Accordingly, the two isolates were identified as Pseudomonas
alcaligenes CuFr 1.1 and Pseudomonas chengduensis CuFr 1.3,
respectively. A study conducted by Shukla & Sahoo (1997)
demonstrated that Pseudomonas alcaligenes is capable of
growing in media containing copper concentrations up to 1
mM. Pseudomonas chengduensis, on the other hand, was only
recently discovered in 2014 (Tao et al., 2014) and research on
its potential as a copper-resistant bacterium remains very
limited.

The 16S rDNA gene-based method is used to determine
the similarity of bacterial isolates to previously known
bacterial species (Rau et al, 2018). The phylogenetic
relationship of the isolates can be analyzed through the
nitrogen base sequence using the 16S rRNA gene method.
Based on the 165 rDNA gene test, isolate CuFr 1.1 exhibited
the highest similarity, with a 100% match to Pseudomonas
alcaligenes. This is evidenced by the dominant appearance of
this species name in the similarity percentage calculation
table. Pseudomonas alcaligenes is characterized as a Gram-
negative, rod-shaped bacterium with dimensions ranging
from 0.5-1.0 x 0.5-2.6 um (Thoyib et al., 2007).

Tabel 3. Identification Results and Phylogenetic Tree of the
16S rDNA Gene for Isolate CuFr 1.1

Bacterial Name

Accession
Number

MH151251.1

Isolat Code Similarity

CuFr1.1 Pseudomonas 100%
alcaligenes strain B2

16S ribosomal RNA

gene, partial

sequence

CuFr1.3 Pseudomonas 100% CP095766.1
chengduensis strain

T1624 16S ribosomal

RNA gene, partial

sequence

The phylogenetic tree of bacterial isolates CuFr 1.1 and
CuFr 1.3 shows that both isolates are closely related to
Pseudomonas alcaligenes and Pseudomonas chengduensis (Figure
4). This relationship was determined through bacterial
identification by amplifying the 165 rDNA gene and
sequencing the nucleotides to compare the base sequences
with those in gene databases. From this identification process,
it was confirmed that isolates CuFr 1.1 and CuFr 1.3 share
morphological characteristics with the Pseudomonas genus,
such as being straight or slightly curved motile rods, catalase-
positive, and capable of growing well across a wide range of
temperatures (Kaligis et al., 2020).

The discovery of five copper-resistant bacterial isolates
from the Tembagapura mining site in Papua represents a
preliminary study that contributes to the existing collection of
copper-resistant bacteria. Further research is needed to
explore the potential of these isolates as copper biosorbents,
thereby advancing the application
biotechnology in the environmental sector. Conventional
biotechnology is defined as the process of modifying living
organisms by utilizing microbial functions to produce
products beneficial to humans through specific processing
techniques (Ramadhana et al., 2022).

of conventional
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CuFr1.1.3

CuFr1.31

Pseudomonas alcaligenes strain B2 MG594834. 1:36-1434

Pseudomonas chengduensis strain MBR NR 125523. 1:56-1455

Azotobacter chroococcum strain 1ISSDS-861 EF634034. 1:46-1444

Azotobacter bryophylii strain DM7 MW1164951. 1:36-1434
Atopomonas sediminilitoris strain A3.4 MW290975. 1:36-1435

Atopomonas hussainii strain CC-AMH-11 NR 134139. 1:41-

Entomonas moranieae strain QZS01 NR 170488. 1:70-1445

Entomonas assaccharolytica strain F2A NR 175554. 1:46-1401 |

Marinobacter vinifirmus strain SR137WN7 MN988735. 1:66-1432

Marinobacter excellens strain KJ004408. 1:73-1453

0m

Baci  Bacillus subtilis strain RS8102 HQ123475. 1-35-1418

Figure 4. Phylogenetic tree of isolates CuFr 1.1 and CuFr 1.3

4. CONCLUSION

Based on the bacterial isolation results from the mining
soil of Tembagapura, Papua, five copper-resistant bacterial
isolates were identified: CuFr 1.3, CuFr 2.1, and CuFr 2.2 with
a MIC of 7 mM, and CuFr 1.1 and CuFr 1.3 with a MIC of 9
mM. The isolates CuFr 1.1 and CuFr 1.3, which exhibited the
highest resistance, were identified as Pseudomonas alcaligenes
CuFr 1.1 and Pseudomonas chengduensis CuFr 1.3, respectively.
Physiological and colony morphology characterization
revealed that all isolates are Gram-negative, with a turbid
optical appearance and round cell shapes. All colony
morphologies were round except for isolate CuFr 2.1, which
exhibited an irregular, serrated form. Colony colors varied:
CuFr 1.1 and CuFr 1.2 were brown, CuFr 1.3 and CuFr 2.2
were white, and CuFr 2.1 was green.
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