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 Small-scale gold mining activities in Indonesia still use amalgamation 
techniques, which have the potential to cause mercury (Hg) pollution and affect 
the quality and number of microorganisms. Mercury-resistant bacteria can 
survive and adapt to mercury-exposed environments and can be developed as 
bioremediation agents. The bioremediation activity of these bacteria can be 
increased through immobilization using biochar. The results of observations of 
physicochemical qualities in three samples in the mining area, showed 
significant differences. The TOC in the rhizosphere soil sample of Calliandra 
calothyrsus L. showed the significantly highest value at 14.5%, and the pH of 
the three samples indicated acidity and exhibited no difference (p<0.05). The 
highest concentration measured in the tailing sample was 9.9 ng/g (p<0.05). 
The number of heterotrophic bacteria in the rhizosphere soil was the highest at 
7.2 × 108 CFU/g. On the other hand, the number of mercury-resistant bacteria 
in the tailing sample showed the highest value of 6.3 × 103 CFU/g. In the 
selection based on the toxicity profile of 30 mercury-resistant bacteria 
obtained, the highest results were observed in the LMP1B5 bacterial isolate 
from the river sediment, with 50% effective concentration (EC50) and 
minimum inhibitory concentration (MIC) values of 225 and 250 mg/L, 
respectively. Polyphasic identification based on phenotypic and genotypic 
characteristics using the 16S rRNA gene showed that the bacterial isolate was 
identified as Escherichia fergusonii. The growth and mercury removal activity 
of E. fergusonii LMP1B5 increased by 21% and 52%, respectively, after the 
immobilization with biochar. Thus, immobilized E. fergusonii LMP1B5 was 
effective in removing mercury pollutants.  
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Introduction 

Indonesia has gold reserves that are evenly distributed 
in almost all provinces. Gold production in Indonesia 
occupies the seventh position in the world. As much as 
20% of the national scale gold production comes from 
small-scale gold mining activities, which are spread 

across 32 provinces in Indonesia (Hutamadi, 2007). 
However, in small-scale gold mining activities, gold 
ore is extracted by an amalgamation technique using 
inorganic mercury. During the extraction process, 
large amounts of mercury move and pollute aquatic 
and terrestrial environments (Zolnikov and Ramirez-
Ortiz, 2018; Mantey et al., 2020). Furthermore, 
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mercury pollutants can react with various organic 
compounds in the environment, bind to sulfhydryl 
groups in proteins, and accumulate in the food chain. 
Both inorganic and organic mercury are highly toxic to 
organisms. Exposure to these pollutants can cause 
brain damage, damage to the nervous system, memory 
loss, corrosive bronchitis, and pneumonitis in humans 
(Narváez et al., 2017; Pinto et al., 2019; Jiang et al., 
2021). 

One of the small-scale gold mining activities is 
in Cineam, Tasikmalaya, West Java Province. Gold 
mining activities at this location have been operating 
since 1968 using amalgamation techniques, resulting 
in symptoms of environmental degradation, such as the 
cloudy gray river water and sedimentation 
phenomenon. In addition, mercury (Hg) pollutants in 
the environment have an impact on reducing the 
abundance of microbes, especially bacteria. 
Meanwhile, some bacteria can survive and adapt to the 
environment through the mechanism of mercury 
resistance. 

Mercury-resistant bacteria can convert toxic 
ionic compounds and inorganic forms of mercury into 
less harmful components in the form of vaporized Hg0 
and Hg sulfide, which can be absorbed and 
immobilized by bacterial cells. The mechanism of 
mercury resistance is caused by bacteria with a mer 
operon gene, which plays a role in detoxifying 
mercury pollutants in the environment. The mer 
operon is a functional gene consisting of metal 
regulatory genes (merR), mercury transport genes 
(merT, merP, and merC), mercury reductase (merA), 
and organomercury lyase (merB). The mercury 
reductase produced by bacteria catalyzes toxic 
inorganic mercury ions (Hg2+) into volatile and non-
toxic forms of mercury (Hg0) (Priyadarshanee et al., 
2022). Given their ability to detoxify mercury 
pollutants in the environment, mercury-resistant 
bacteria can be applied in the bioremediation of these 
pollutants. 

Several physicochemical techniques for the 
removal of metal pollutants from the environment 
have been developed, and they include adsorption, 
chemical precipitation, nanomaterial-based removal, 
reverse osmosis ion exchange removal, and membrane 
filtration (Rajasulochana and Preethy, 2016; Karna et 
al., 2017; Xu et al., 2018). However, these 
physicochemical techniques require high operational 
and energy costs and emit large amounts of sewage 
sludge and toxic secondary pollutants. By contrast, 
bioremediation techniques that remove heavy metal 
pollutants using microbial cell factories offer more 
advantages. The bioremediation technique is natural, 
environmentally friendly, and sustainable. Thus, it is 
highly recommended for the removal of toxic metal 
pollutants from the environment without producing 
secondary pollutants nor harmful effects 
(Retnaningrum and Wilopo, 2016; Kumari et al., 2020; 
Rani et al., 2021). Several metal-resistant bacteria with 

the ability to detoxify several metal pollutants, namely 
Cd, Cu, Zn, Mn, and Hg, have been investigated 
(Mahbub et al., 2016; Zhang and Wang, 2016; 
Retnaningrum and Wilopo, 2017; Andriyanto et al., 
2020; Huang et al., 2021). 

The bioremediation ability of bacteria for 
pollutants can be further enhanced by immobilization 
techniques (Chen et al., 2019; Farsi et al., 2021; Fu et 
al., 2021). In these techniques, bacterial cells are 
immobilized using material carriers via physical or 
chemical methods (Bera and Mohanty, 2020; Lo et al., 
2020). The nature of the immobilized bacteria is 
superior to that of free cell bacteria; an increase can be 
observed in the physiological abilities of cells, 
including metabolic activity, growth, and resistance to 
environmental exposure, then free cell bacteria. In 
addition, these immobilized bacteria can be 
regenerated and thus can be used sustainably (Żur et 
al., 2016; Bouabidi et al., 2018). Biochar is one of the 
abundant carrier materials in Indonesia and has the 
potential to be used in this bacterial immobilization 
technique.  

Metal-resistant bacteria are very useful for the 
bioremediation of metal-contaminated environments 
and can be obtained from polluted environments. 
Tailings, river sediments, and rhizosphere soil of 
Calliandra calothyrsus L., which is the dominant plant 
at the gold mining site in Cineam, Tasikmalaya, West 
Java Province, Indonesia, have high potential for 
mercury-resistant bacteria. To date, no research has 
investigated the potential of highly resistant mercury 
bacteria immobilized by biochar from these three 
sample sources for bioremediation of mercury 
pollutants. Therefore, this study aimed to analyze the 
physicochemical qualities, mercury content, and the 
number of heterotrophic and mercury-resistant 
bacteria in three samples of tailings, river sediment, 
and rhizosphere soil of C. calothyrsus from small-scale 
gold mining. Furthermore, bacterial isolates were 
selected based on their mercury toxicity profile, which 
was determined based on the highest minimum 
inhibitory concentration (MIC) and 50% effective 
concentration (EC50), and polyphasic identification 
was based on the phenotypic character and 16S rRNA 
gene. The bioremediation capability of mercury was 
calculated by immobilization using biochar.  

Materials and Methods 

Study sites and sampling 

Sampling was carried out in March 2019 at three 
selected sampling sites of gold mining at Dusun 
Cikurawet, Pasirmukti Village, Cineam District, 
Tasikmalaya, Indonesia. Two sites were sampled 
along the river at Dusun Cikurawet, and one site was 
sampled at the tailing well. The Cineam gold mine is 
located about 180 km southeast of Bandung City and 
30 km from Tasikmalaya City at an altitude of 400 m 
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above the mean sea level. Gold minerals in Cineam are 
associated with epithermal veins and other minerals, 
such as Cu, Pb, and Zn (Rohmah and Retnaningrum, 
2020). 

Gold mining activities in Cineam are carried out 
around the Cikurawet River, with the dominant 
vegetation in the form of C. calothyrsus. Therefore, 
samples for this study were obtained in the form of 
tailings (7°26’44.67” S/108°20’40.09” E), Cikurawet 
River sediment (7°26’44.78” S/108°20’43.46” E), and 
C. calothyrsus rhizosphere soil (7°26’44.11” 
S/108°20’43.39” E). Tailings were collected from gold 
mining activity reservoirs, and river sediments and C. 
calothyrsus rhizosphere soil were collected along the 
banks of the Cikurawet River. Cikurawet River 
sediment samples at a position below the river water 
depth of about 50 cm were collected manually using 
an acrylic tube with a diameter of 8-10 cm. The 
sediment samples were collected at a depth of about 20 
cm. The samples of C. calothyrsus rhizosphere soil 
were obtained from the area around the roots of the 
plant at a depth of 0-20 cm. Four samples were 
collected from each sampling site. Then, 200 g of each 
sample was extracted and held at 4 °C before testing. 

Physicochemical qualities and mercury 
concentration 

The total organic carbon (TOC) concentration, pH, and 
mercury in the sample were measured at each location. 
Prior to analysis, as much as 5 g samples of the tailings 
and rhizosphere soil were prepared and air dried. The 
samples were then pulverized with a mortar and sieved 
through a 0.15 mm sieve. Meanwhile, the sediment 
samples, which were previously washed with a HNO3 
solution (10%), were then rinsed with Milli-Q water to 
remove the contaminants. The samples were dried in 
an oven at a temperature of 50 °C, homogenized with 
a mortar and pestle, and sieved through a 2 mm-mesh 
sieve.  

The TOC concentration of a sample was 
analyzed using the loss of weight on ignition method 
based on the reference of Heiri et al. (2001). To 
remove the total inorganic carbon concentration of the 
sample, we previously soaked 10 g of the sample in 6 
M HCl and rinsed it with distilled water. The sample 
was then dried in an oven. Subsequently, the dry 
sample was placed in a muffle furnace and heated at 
550 °C for 5-6 h until all samples turned into ash. The 
sample was cooled in a desiccator, and its final weight 
was weighed. The TOC content of the sample was 
calculated using the following formula: 

TOC (%) =
W0 − Wt

W0
× 100 % 

where:  

TOC =  total organic carbon (%) 
W0  =  initial sample weight (g) 
Wt  =  final sample weight (g) 

The sample was digested with a mixture of 10 mL HF, 
15 mL HClO4, and 5 mL HNO3. The acid mixture was 
added slowly to the sample and left overnight before 
being heated. The sample was heated for 2 h on a hot 
plate at a temperature of approximately 200 °C, 
allowed to cool, and filtered to remove contaminants. 
The solution was diluted to a final volume of 100 mL. 
The mercury concentration of the sample was then 
detected with a Mercury Instruments Lab Analyzer LA 
254. In addition, the sample pH was analyzed using a 
pH meter. 

Number of heterotrophic and mercury-resistant 
bacteria 

An analysis of the number of heterotrophic and 
mercury-resistant bacteria was determined using 
Luria–Bertani (LB) agar medium and LB agar with the 
addition of 10 mg/L HgCl2, respectively. The 
composition of the LB agar medium consisted of the 
following (g/L): tryptone, 10; yeast extract, 5; NaCl, 
10; nystatin, 0.050. Each 5 g sample was diluted in 
series with sterile water saline (0.85% w/v) to attain a 
sample concentration in the range of 10−2 to 10−8. The 
diluted sample was then inoculated by pour plating in 
the LB agar medium with the addition of 10 mg/L 
HgCl2.  
 After incubation for 48 h at 30 °C, bacterial 
colonies growing in each medium were counted and 
expressed in CFU/g sample. Furthermore, each 
bacterial colony with different morphological 
characteristics grown in LB agar medium with the 
addition of 10 mg/L HgCl2 was inoculated into a new 
medium until purified culture bacteria were obtained.  

Toxicity profile of mercury-resistant bacteria  

The collected bacterial isolates were each evaluated 
for toxicity against varying mercury concentrations to 
determine the MIC and EC50. Bacterial cultures aged 
24 h were inoculated into a 96-well microplate (Iwaki 
AGC Techno Co., LTD., Japan) containing an LB 
broth medium. The turbidity of the bacterial culture 
was adjusted to enable the measurement of the final 
optical density (OD) at 0.6 on a 595 nm 
spectrophotometer. Next, the bacterial culture in the 
microplate was exposed to 3 mL LB broth medium 
containing various concentrations of mercury (0, 25, 
25, 75, 100, 150, 200, and 250 mg/L). The bacterial 
culture was then incubated at 30 °C for 72 h. Bacterial 
growth was observed on the basis of the OD value of 
the culture using an enzyme-linked immunosorbent 
assay reader (BioTek) (λ = 595 nm).  
 Based on these growth results, the MIC and EC50 
values of each mercury-resistant bacterial isolate were 
determined. The most mercury-resistant bacterial 
isolates were screened and determined based on the 
highest EC50 and MIC values. The selected bacterial 
isolates were then immobilized by biochar and 
analyzed for their growth and removal ability for 
mercury pollutants.  
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Identification of mercury-resistant bacteria 

The polyphasic identification of selected mercury-
resistant bacteria with the highest mercury removal 
ability was carried out based on phenotypic 
characteristics, including morphology, biochemical 
activity tests, and molecular characteristics based on 
the 16S rRNA gene. Bacterial morphology 
observations included colony morphological (shape, 
color, surface texture, elevation, and margins) and cell 
morphological (cell shape, gram staining and 
endospores) characteristics. The biochemical activity 
of the selected mercury-resistant bacteria consisted of 
motility tests, fermentation of maltose, cellobiose, 
lactose, and D-mannose. In addition, the biochemical 
properties of bacterial isolates were observed based on 
their ability to produce indole, lysine decarboxylase, 
ornithine decarboxylase, alkaline phosphatase, b-D-
glucosidase, and b-xylosidase. 

The molecular characterization of mercury-
resistant bacteria from amalgamation waste was 
analyzed based on the 16S rRNA gene. The selected 
bacterial isolates were purified using the streak-plate 
method. The colonies that grew separately were 
inoculated in 50 mL nutrient broth (Himedia) and then 
incubated at 37°C for 48 h. Bacterial cultures were 
extracted to obtain pure DNA isolates using the Quick 
DNA Fungal Bacterial Minirep Kit (Zymo Research). 
The isolated pure DNA was amplified by polymerase 
chain reaction (PCR) using MyTaq Red Mix (Bioline). 
The 16S rRNA gene amplification was carried out 
using universal primers 27F (5′‐
AGAGTTTGATCMTGGCTCAG‐3′) and 1492R (5′‐
TACGGYTACCTTGTTACGACTT‐3′) (Hossain et 
al. 2020).  

The final volume of the PCR reaction used in the 
amplification process was 25 µL, which included 1 µL 
template DNA, 12.5 µL 2x MyTaq Red Mix, 1 µL 0.5 
µM primer 27F and 1429R, and 9.5 µL double-
distilled water. The PCR conditions consisted of pre-
denaturation at 95 °C for 30 min, followed by 30 
cycles of denaturation at 95 °C for 30 s, annealing at 
57 °C for 1 min, and extension at 72 °C for 1 min, and 
a final extension at 72 °C for 10 min. The PCR 
products were further confirmed by 0.8% (w/v) 
agarose gel electrophoresis and stained with cyber 
safe. The PCR amplification products were then 
purified with ZymocleanTM Gel DNA Recovery Kit 
(Zymo Research) and bi-directional sequencing. The 
sequencing results were edited using GeneStudio 
software.  

A second bacterial isolate was analyzed using 
Basic Local Alignment Search Tools (BLAST) from 
the database available on the website 
www.ncbi.nlm.nih.gov. The bacterial isolate 
sequences were aligned using CLUSTAL W. The 
phylogenetic tree was reconstructed using the 
maximum likelihood method with the Molecular 
Evolutionary Genetics Analysis X software. 

Removal of mercury by the highest mercury-
resistant bacteria immobilized in biochar 

Before the analysis of mercury removal ability by 
selected immobilized bacteria, biochar was determined 
and prepared beforehand. In this study, the coconut 
shell charcoal biochar was selected as a carrier 
material for immobilized bacteria in heavy metal 
bioremediation based on the results of prior 
experiments because of its high yield and outstanding 
performance (Liu et al., 2018; Rahim et al., 2020). The 
coconut shell charcoal biochar was pyrolyzed at        
700 °C for 4 h after being chemically activated with 
ZnCl2 and Na2CO3. The biochar product with a 
diameter range of 0.8-1 mm was selected after being 
passed through a sieve (Retnaningrum et al., 2021).  

Pellets of 25 mg mercury-resistant bacterial 
culture were prepared and suspended in a 4% mixture 
of xanthan gum and olive oil (1:1) to obtain a mercury-
resistant bacterial culture biopolymer. The next culture 
biopolymer was distributed and gently rolled evenly 
for 10 min onto the surface of the activated biochar 
with a ratio of 1:25. The prepared immobilized 
bacterial culture was inoculated into 100 mL liquid LB 
medium containing HgCl2 250 mg/L in a 500 mL 
Erlenmeyer flask. The cultures were then incubated at 
30 °C with shaking at 200 rpm for 72 h. The control as 
a comparison was prepared and treated exactly the 
same as the treatment sample, using selected mercury-
resistant bacterial isolates without biochar 
immobilization. The growth and bioremediation 
ability for mercury of the immobilized bacteria was 
observed by a batch process during observation 
intervals of 0, 24, 48, and 72 h of the growth of 
immobilized bacteria was calculated by pour plate. 
Meanwhile, testing of mercury bioremediation activity 
by immobilized bacteria was carried out by preparing 
3 mL bacterial culture at predetermined intervals. Each 
culture sample was collected and separated between 
the cell pellet and medium using centrifugation at 1300 
rpm for 2 min at 4 °C. The sample pellets were then 
dried at 50 °C. Furthermore, the dry sample pellets and 
the sample medium were digested using 1 mL 70% 
nitric acid by heating at 60 °C for 16 h. The digested 
sample was then analyzed for mercury concentration 
using the Mercury Instruments Lab Analyzer LA 254.  

Data analysis 

The mean value and standard deviations of the 
triplicate determination are presented in this research. 
One-way analysis of variance was followed by 
Duncan’s new multiple range test. The significant 
difference test was performed using SPSS 25.0 to 
detect significant differences in the physicochemical 
parameters, mercury content, the number of bacteria, 
and mercury removal efficiency. Correlations between 
the number of bacteria (heterotrophic and mercury-
resistant bacteria), physicochemical qualities (TOC 
and pH), and mercury concentration data were also 
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analyzed using Pearson’s correlation coefficients. 
Significant difference was defined as p<0.05. 

Results and Discussion 

Physicochemical qualities and mercury 
concentration 

Samples of tailings, river sediment, and rhizosphere 
soil of C. calothyrsus were collected from small-scale 
gold mining products in Cikurawet Subvillage, 
Pasirmukti Village, Cineam District, Tasikmalaya, 
Indonesia. Table 1 displays the results of the tests used 
to determine the TOC concentration, pH, and mercury 
values in the samples. The TOC in the rhizosphere soil 
sample of C. calothyrsus showed the highest 
significant value at 14.5%, followed by those of river 

sediment and tailing samples at 10.35% and 0.17%, 
respectively (p<0.05). The higher TOC in the 
rhizosphere soil samples of C. calothyrsus and river 
sediments was most likely due to the number and 
diversity of organisms in the form of plants or 
microbes around the river, where the sample was 
collected considerably more than the tailing sample. 
The banks of the river are overgrown with plants 
dominated by C. calothyrsus. Some researchers 
reported that the primary source of soil organic matter 
and river sediments can come from the decomposition 
of plant organic tissues in the form of leaves, twigs and 
branches, stems, fruits, and roots and the microbes 
associated with these plants. In addition, the excretion 
of plant and microbial metabolites is a source of 
organic material that will increase the TOC value of 
the samples (Carneiro et al., 2021) 

 

Table 1. TOC, pH, and Hg concentrations in the tailing, river sediment, and rhizosphere soil C. calothyrsus samples 
from a small-scale artisanal gold mining in Cikurawet Subvillage. 

Sampling site Sampling site characteristics 
 TOC (%) pH Hg (ng/g) 
River sediment  10.35 ± 0.01b 5.1 ± 0.4a 16.33 ± 0.02b 
Tailing  0.17 ± 0.0009c 4.9 ± 0.5a 79.90 ± 0.01a 
Rhizosphere soil of C. calothyrsus 14.50 ± 0.03a 5.3 ± 0.4a 0.27 ± 0.03c 

Note: numbers followed by different letters in the same column show significant differences (p<0.05). 
 
From the results of pH measurements, all samples had 
an acidic pH of 5, and the concentration of Hg showed 
significant differences between samples (Rohmah and 
Retnaningrum, 2020). The sample pH describes the 
solubility of hydrogen ions and sample acidity (Wang 
et al., 2015). The lower the pH of the sample, the 
higher the solubility of Hg in the sample, which affects 
the pollution of the environment (Bowman et al., 
2020). In addition, acidic pH conditions will affect the 
growth and activity of organisms in the environment. 
The highest Hg concentration was measured in the 
tailing sample, followed by river sediment and 
rhizosphere soil samples at 9.9, 16.33, and 0.27 ng/g, 
respectively (p<0.05). The detection of Hg pollutant in 
river sediment samples and rhizosphere soil proved 
that the tailings released from gold mining activities 
can contaminate the area around the location. 
Concentration Hg of the tailing was lower by 1/3 
compared with that observed by Mantey et al. (2020), 
who investigated the tailing concentration in gold 
mining activities in the western region of Ghana, West 
Africa. The difference of Hg concentration from the 
tailing in the different gold mining activities is strongly 
influenced by the scale of operation, intensity of use, 
and the amount of mercury used (Mantey et al., 2017). 

Number of heterotrophic and mercury-resistant 
bacteria 

The number of heterotrophic and mercury-resistant 
bacteria from the sample showed a variation in values 
with a range between 3.4 × 102 and 7.2 × 108 CFU/g, 

as shown in Table 2. The number of heterotrophic 
bacteria in the rhizosphere soil showed the highest 
yield of 7.2 × 108 CFU/g, followed by river sediment 
and tailing samples of 2.4 × 108 and 1.3 × 103 CFU/g 
(p<0.05). On the other hand, the calculated number of 
mercury-resistant bacteria showed the highest value of 
6.3 × 103 CFU/g in the tailing sample, followed by 
those in the river sediment and rhizosphere soil 
samples, with values of 8.2 × 102 and 3.4 × 102 CFU/g, 
respectively.  

Based on Pearson’s correlation coefficient 
analysis, the number of heterotrophic bacteria showed 
a positive correlation with the TOC concentration     
(R² = 0.8274), and the number of mercury-resistant 
bacteria exhibited a positive correlation with the 
concentration of Hg (R² = 0.9858) (p<0.05). This 
finding proves that a high concentration of TOC in the 
rhizosphere soil will provide the organic C compounds 
needed by heterotrophic bacteria. Furthermore, the 
available organic C compounds will be hydrolyzed by 
heterotrophic bacteria and produce energy for cell 
metabolism, resulting in the increased number of 
heterotrophic bacteria, allowing them to reach the 
highest value. On the other hand, the high 
concentration of Hg in the tailings caused bacteria to 
adapt to exposure to these pollutants through 
resistance mechanisms. The ability of bacteria to adapt 
to mercury in tailings was indicated by the highest 
number of mercury-resistant bacteria in the agar plate 
medium containing 10 mg/L HgCl2 compared with the 
river sediment and rhizosphere soil samples. Mercury-
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resistant bacteria from river sediment and rhizosphere 
soil samples showed a higher diversity with 12 
bacterial isolates, whereas the tailings sample revealed 

six bacterial isolates (Table 3). The high diversity of 
mercury-resistant bacteria in the samples from the two 
sites may be related to the high TOC. 

 
Table 2.  Number of heterotrophic and mercury-resistant bacteria in the tailing, river sediment, and rhizosphere 

soil C. calothyrsus samples from a small-scale artisanal gold mining in Cikurawet Subvillage. 

Sample site Number of bacteria (CFU/g) 
 Heterotrophic bacteria Mercury-resistant bacteria 
River sediment  2.4 × 108b 8.2 × 102b 
Tailing  1.3 × 103c 6.3 × 103a 
Rhizosphere soil of C. calothyrsus  7.2 × 108a 3.4 × 102c 

Note: numbers followed by different letters in the same column show significant differences (p < 0.05) 
 
Toxicity profile of mercury-resistant bacteria  

Although all mercury-resistant bacteria strains can 
grow on media containing 10 mg/L HgCl2, the toxicity 
profile of strains due to exposure to variations in HgCl2 
concentrations (25, 25, 75, 100, 150, 200, and 250 
mg/L) showed different results (Table 3). The highest 
toxicity profile was observed in LMP1B5 bacterial 
isolates with EC50 and MIC values of 225 and 250 
mg/L, respectively. Meanwhile, the lowest toxicity 
profile was observed in isolate RHZC7 with EC50 and 
MIC values of 38 and 50 mg/L, respectively. The 

toxicity profile of a bacterial strain indicates its 
strength of resistance to mercury exposure. These 
bacterial strains gradually adapt to the presence of Hg 
and continually grow and reproduce under long-term 
metal stress. Bacteria may develop various resistance 
mechanisms to mercury exposure. Therefore, bacterial 
strains play an important role in the bioremediation of 
these pollutants. The mechanisms of mercury 
resistance in bacterial strains include be efflux pumps, 
chelation by biopolymers, precipitation, 
biomethylation, and mer operon (Sharma and 
Malaviya, 2016).  

 
Table 3. EC 50 and MIC of mercury-resistant bacteria in tailing, river sediment, and rhizosphere soil of                     

C. calothyrsus samples from small-scale artisanal gold mining in Cikurawet Subvillage.  

No River sediment Tailing Rhizosphere soil of C. calothyrsus 
 Strain EC 50 

(mg/L) 
MIC 

(mg/L) 
Strain EC 50 

(mg/L) 
MIC 

(mg/L) 
Strain EC 50 

(mg/L) 
MIC 

(mg/L) 
1 LMP1A1 70 100 LMP2A1 138 150 RHZB1 40 100 
2 LMP1A2 68.8 100 LMP2A2 62 100 RHZB2 40 74 
3 LMP1A3 112 150 LMP2B1 89 100 RHZB3 40 74 
4 LMP1B2 70 150 LMP2C1 125 150 RHZB4 58 150 
5 LMP1B3 123 150 LMP2C3 65 72 RHZB5 62 73 
6 LMP1B4 160 200 LMP2C5 60 72 RHZB6 165 200 
7 LMP1B5 225 250    RHZC1 92 250 
8 LMP1C1 175 200    RHZC3 60 72.5 
9 LMP1C2 145 150    RHZC4 130 250 
10 LMP1C4 152 100    RHZC5 58 70 
11 LMP1C5 140 150    RHZC6 40 72.5 
12 LMP1C6 135 150    RHZC7 38 50 

 

The MIC results of the LMP1B5 bacterial isolate 
against HgCl2 showed higher results compared with 
that in the study by Mahbub et al. (2017), who 
measured the MIC of Sphingopyxis sp. SE2 (33.57 
mg/L). Abu-Dieyeh et al. (2019) also reported five 
bacterial strains with lower MIC values for HgCl2 
compared with the results of this study. The four 
bacterial strains consisted of Bacillus marisflavi 
HHA6, Bacillus pumilus ZA3-S, Bacillus infantis 
HA4, and Bacillus pumilus HA3, which showed an 
MIC value of 100 mg/L on HgCl2, whereas one strain 
of the bacterium Acinetobacter schindleri HA9 
showed an MIC of 200 mg/L. Joshi et al. (2021) also 

reported several genera of bacteria, including Bacillus 
sp. NIOT-EQR_J86, Pseudoalteromonas sp. NIOT-
EQR_J178, and Pseudomonas stutzeri NIOT-
EQR_J179, which each showed an MIC value of 100 
mg/L for HgCl2.  

Identification of mercury-resistant bacteria 

Table 4 shows the observation results of the 
phenotypic characteristics of LMP1B5 bacterial 
isolates, which included colony, cell morphology, and 
biochemical activities. The colony morphology of 
LMP1B5 bacterial isolates had a circular colony shape, 
beige color, smooth surface structure, convex 
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elevation, and entire margin. As for morphology, the 
LMP1B5 bacterial cells were rod-shaped, Gram-
negative, and non-spore. Biochemical character 
analysis revealed that the LMP strain was positive 
motility. In addition, it can ferment maltose, 
cellobiose, lactose, and D-mannose. The strain was 
positive for indole production, lysine decarboxylase, 
and ornithine decarboxylase. However, it was negative 
for alkaline phosphatase, ß-D-glucosidase, and ß-
xylosidase. Based on Bergey’s Manual of 
Determinative Bacteriology, the bacterial isolate 
LMP1B5 has phenotypic characteristics referring to 
the Escherichia genus (Brenner et al., 2015).  

Table 4. Phenotypic character of LMP1B5 isolated 
from river sediment samples of a small-scale 
artisanal gold mining in Cikurawet 
Subvillage. 

No Key tests Results 
1 Morphological properties  
 Colony shape Circular 
 Colony color Beige 
 Surface structure Smooth 
 Colony elevation Convex 
 Colony margin Entire 
 Cell shape Rod 
 Gram staining  Negative 
 Endospore − 

2 Biochemical properties  
 Motility + 
 Fermentation of maltose + 
 Fermentation of cellobiose + 
 Fermentation of lactose + 
 Fermentation of D-mannose + 
 Indol production  + 
 Lysine decarboxylase  + 
 Ornithine decarboxylase + 
 Alkaline phosphatase − 
 ß-D-glucosidase  − 
 ß-xylosidase − 

 

The results of the genotypic analysis using the 16S 
rRNA gene on the bacterial isolate showed a 
visualization of the PCR amplification product with a 
size of 1,500 bp (Figure 1). Table 5 presents the results 
of the 16S rRNA gene sequencing of LMP1B5 
isolates, which have been edited using GeneStudio 
software and matched with the consensus 16S rRNA 
gene sequence contained in the GeneBank database 
through the BLASTn program at National Center for 
Biotechnology Information. The results of BLASTn 
showed that the LMP1B5 isolate had the highest 
identity value of 99.16% with Escherichia fergusonii 
ATCC 35460 (Rohmah and Retnaningrum, 2020). 
Referring to the research of Schlaberg et al. (2012), 
these bacterial isolates were categorized in the same 
species because the percentage of 16S rRNA gene 
sequence similarity was 99%. 

 

Figure 1. Result of 16S rRNA gene amplification 
using 27F and 1429R primers (M: 1 Kb DNA ladder 

marker (Geneaid), 1: LMP1B5 isolate). 

In addition, based on the results of phylogenetic tree 
reconstruction (Figure 2), the LMP1B5 bacterial 
isolate was closely related to Escherichia fergusonii 
ATCC 25469 (NR_027549.1). It also formed a 
combined cluster with Escherichia fergusonii ATCC 
25469 (NR_027549.1), Escherichia fergusonii NBRC 
102419 (NR_114079.1), Escherichia fergusonii 
ATCC 35469 (NR_074902.1), and Shigella flexneri 
ATCC 29903 (NR_026331.1) with a bootstrap value 
of 89%. Referring to the work of Hillis and Bull 
(1993), the results of phylogenetic tree reconstruction 
with bootstrap values ≥70% can be trusted. In this 
phylogenetic tree reconstruction, Staphylococcus 
aureus ATCC 12600 was used as an outgroup to 
generate the polarization of apomorphic and 
plesiomorphic characters. The two analysis results 
proved that the BLAST findings support the 
reconstruction of the phylogenetic tree, and thus, the 
LMP1B5 bacterial isolate was identified as 
Escherichia fergusonii (Rohmah and Retnaningrum, 
2021).  

Removal of mercury by the highest mercury-
resistant bacteria immobilized in biochar 

Escherichia fergusonii LMP1B5, which showed the 
highest mercury toxicity profile, was then tested for 
growth and its bioremediation ability toward 250 mg/L 
mercury using free and immobilized cells. Biochar was 
used as an inorganic carrier for bacterial cell 
attachment to immobilize E. fergusonii LMP1B5. In 
this study, biochar was produced by pyrolysis 
(pyrochar) from coconut shell charcoal biomass under 
limited oxygen conditions. Figure 3 shows differences 
in growth and bioremediation ability of E. fergusonii 
LMP1B5 on free and immobilized cells. During the 
observation time of 72 h, free and immobilized cells 
showed an increased growth followed by an increase 
in mercury removal with the increase in incubation 
time.   
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250 bp 

500 bp 
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Table 5. BLAST results of LMP1B5 bacterial isolates from the river sediment of a small-scale gold mining area 
in Cikurawet Subvillage. 

Homolog species Query 
cover 

Identity Accession 
number 

Source of isolate Reference 

Escherichia 
fergusonii ATCC 
35469 

99% 99.16% NR_027549.1 Clinical samples Paradis et al. (2005) 

Shigella flexneri 
ATCC 29903 

99% 98.89% NR_026331.1 Culture Collection Wang et al. (1997) 

Shigella sonnei 
CECT 4887 

99% 98.82% NR_104826.1 Culture Collection Yarza et al. (2013) 

Escherichia 
fergusonii ATCC 
35469 

99% 98.68% NR_074902.1 American Type 
Culture Collection 

Genoscope (2008) 
(Unpublished) 

Escherichia 
fergusonii NBRC 
102419 

99% 98.61% NR_114079.1 Culture Collection 
NITE Biological 
Resource Center 

Nakagawa et al. 
(2011) 

(Unpublished) 
Shigella dysenteriae 
ATCC 13313 

99% 98.61% NR_026332.1 Culture Collection Wang et al. (1997) 

Escherichia coli 
NBRC 102203 

99% 98.54% NR_114042.1 Culture Collection 
NITE Biological 
Resource Center 

Nakagawa et al. 
(2011) 

(Unpublished) 
Shigella boydii P288 99% 98.54% NR_104901.1 Culture Collection Yarza et al. (2013) 
Escherichia 
marmotae HT073016 

99% 98.47% NR_136472.1 Fresh fecal samples 
of Marmota 
himalayana 

Liu et al. (2015) 

Escherichia albertii 
Albert 19982 

99% 98.20% NR_025569.1 Diarrheal stools Huys et al. (2003) 

Escherichia coli U 
5/41 

98% 98.18% NR_024570.1 Culture Collection Cillia et al. (1996) 

 

 

Figure 2. Phylogenetic tree of LMP1B5 isolate obtained using the maximum likelihood method              
(bootstrap = 1000). 

 
Free cell E. fergusonii LMP1B5 showed increased 
growth after 72 h of incubation. Thus, the number of 
cells increased to 1.7 × 109 CFU/mL. The increase in 
free cell growth of E. fergusonii LMP1B5 during the 
incubation was followed by an increase in mercury 

removal by 63%. The results of mercury removal by E. 
fergusonii LMP1B5 were considerably more effective 
because the levels of mercury added to the medium 
were substantially higher (250 mg/L), and the 
incubation period was shorter compared with previous 
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studies. Dash et al. (2017) reported that Bacillus 
thuringiensis, Pseudomonas aeruginosa, 
Exiguobacterium sp., Vibrio sp., and Escherichia coli 

grown in a medium containing 10 ppm HgCl2 showed 
the ability to remove mercury after 48 h of incubation 
(99%, 98%, 80%, 78%, and 50%, respectively).  

  
A  

 
B  

 

Figure 3. Growth and bioremediation ability of free (A) and immobilized cells (B) of E. fergusonii LMP1B5.  
 
Sphingopyxis sp. SE2 on a medium containing 3.2 
mg/L HgCl2 removed 44% mercury after 6 days of 
incubation (Mahbub et al., 2017). Bacillus sp. HA6 
and Acinetobacter sp. HA9 showed mercury removal 
in medium containing 7.9 mg/L HgCl2 after 6 days of 
incubation, with values of 96.7% and 98.9%, 
respectively (Abu-Dieyeh et al., 2019). Although 
Bacillus sp. NIOT-EQR_J86, Pseudoalteromonas sp. 
NIOT-EQR_J178, and Pseudomonas stutzeri NIOT-
EQR_J179, which were reported by Joshi et al. (2021), 
can remove 85%, 75%, and 80% mercury, 
respectively, within a short incubation period of 48 h, 
the concentration of HgCl2 in the medium was notably 
lower at 100 mg/L HgCl2. Marinomonas sp. RS3 can 
also remove mercury under the same incubation time 
for the results of this study (72 h). However, 50% of 
mercury removal from the strain occurred in a medium 
containing 50 mg/L HgCl2 (Al-Ansari, 2022). The 

variation in the bioremediation strength of each 
bacterial strain against mercury pollutants was 
strongly related to the magnitude of the merA gene 
expression, as reported by Dash et al. (2017) on five 
bacterial strains observed after 48 h incubation. The 
highest merA gene expression was observed in 
Bacillus thuringiensis bacterial strains, followed by 
the expression values of the merA gene in 
Pseudomonas aeruginosa, Exiguobacterium sp., 
Vibrio sp., and Escherichia coli.  

Compared with free cells, cell immobilization 
treatment using biochar can induce an increase in cell 
growth, which in turn led to a significant increase in 
mercury removal (p<0.05). Growth and mercury 
removal of E. fergusonii LMP1B5 increased by 21% 
and 52%, respectively, due to cell immobilization with 
biochar. Similar studies have shown that 
immobilization of bacteria using a variety of biochar, 
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including rice husk, sludge, and Eucalyptus leaf 
biochar, also led to increased removal of some metals. 
Chen et al. (2019) reported the results of a study on the 
immobilization of Enterobacter sp. using rice husk 
biochar, which removed 24.1% more Pb(II) than the 
control after 3 days of incubation. Meanwhile, the 
immobilization of Enterobacter sp. with sludge 
biochar removed more than 60.9% Pb(II) withing the 
same incubation period. Other researchers observed a 
decrease in Mn(II) removal by Streptomyces violarus, 
which can remove mercury pollutants by 74.8%, 
immobilized by biochar from Eucalyptus leaves after 
5 days of incubation (Youngwilai et al., 2020).  

In this study, the success of immobilization of E. 
fergusonii LMP1B5 using a biochar for 
bioremediation was strongly influenced by the nature 
of the material. Several researchers reported that 
biochar is a porous carbonaceous material that has a 
large specific surface area, abundant oxygen-
containing functional groups (OFGs), and low 
cytotoxicity. These superior properties facilitate the 
attachment and proliferation of bacterial cells during 
the immobilization process. In addition, biochar is 
economically very promising (Xiong et al., 2017; 
Youngwilai et al., 2020). Given the nature of biochar, 
the immobilization of bacteria uses the adsorption 
principle, which is based on physical interactions. The 
surface functional groups of microorganisms 
(carboxyl, amine, hydroxyl, phosphate, and 
sulfhydryl) and OFGs on the surface of material 
carriers (hydroxyl, carboxyl, and carbonyl) interact 
with each other through several bonds, including van 
der Waals forces, ionic interactions, and hydrogen 
bonding (Jesionowski et al., 2014). This interaction 
results in a weak bond affinity between the 
microorganism and the carrier material, which causes 
no change in the natural structure of the immobilized 
microbe. Therefore, this method is very suitable for 
applications to live bacterial cells in bioremediation 
(Jesionowski et al., 2014; Lu et al., 2020). 

Conclusion 

The amalgamation technique, which is still used in 
small-scale gold mining activities in Cineam, 
Tasikmalaya, West Java Province, Indonesia, has been 
proven to cause low TOC and pH concentrations and 
high mercury contaminants in the area. The decrease 
in environmental quality has an impact on the 
decreased number of heterotrophic bacteria and an 
increased number of mercury-resistant bacteria. The 
number of heterotrophic bacteria was positively 
correlated with the concentration of TOC. Meanwhile, 
the number of mercury-resistant bacteria showed a 
positive correlation with the concentration of Hg. 
Escherichia fergusonii LMP1B5, which was isolated 
from the river sediment, was selected as the isolate 
with the highest mercury toxicity profile. Based on 
growth observations in a medium containing 250 mg/L 

mercury and its ability to remove mercury, the strain 
offers great prospects for application in the 
bioremediation of environments contaminated with 
high mercury concentrations. The activity of E. 
fergusonii LMP1B5 was increased by immobilization 
technique using biochar. Growth and ability to remove 
mercury increased by 21% and 52%, respectively. 
Understanding of the knowledge of bacterial cell 
immobilization techniques using biochar is useful in 
increasing our capacity to develop technologies for the 
remediation of mercury-contaminated waste. 
Therefore, our findings may provide scientific 
guidance for the assessments and bioremediation of 
small-scale gold mining. 

Acknowledgments 

The authors would like to thank all technicians of the 
Microbiology Laboratory and Faculty of Biology, Gadjah 
Mada University, for their assistance in the use of laboratory 
equipment.  

References  

Abu-Dieyeh, M.H., Alduroobi, H.M. and Al-Ghouti, M.A. 
2019. Potential of mercury-tolerant bacteria for bio-
uptake of mercury leached from discarded fluorescent 
lamps. Journal of Environmental Management 237:217-
227, doi:10.1016/j.jenvman.2019.02.066. 

Al-Ansari, M.M. 2022. Biodetoxification mercury by using 
a marine bacterium Marinomonas sp.RS3 and its merA 
gene expression under mercury stress. Environmental 
Research 205:112452, doi:10.1016/ 
j.envres.2021.112452. 

Andriyanto, A., Wilopo, W. and Retnaningrum, E. 2020. The 
performance of a fixed-bed anaerobic bioreactor using 
sulfate-reducing bacterial consortium from Sikidang 
crater sediments. Indonesian Journal of Chemistry 
20:190-199,  doi:10.22146/ijc.45164. 

Bera, S. and Mohanty, K. 2020. Areca nut (Areca catechu) 
husks and Luffa (Luffa cylindrica) sponge as microbial 
immobilization matrices for efficient phenol 
degradation. Journal of Water Process Engineering 
33:100999,  doi:10.1016/j.scitotenv.2022.155563. 

Bouabidi, Z.B., El-Naas, M.H. and Zhang, Z. 2019. 
Immobilization of microbial cells for the biotreatment of 
wastewater: A review. Environmental Chemistry Letters 
17:241-257, doi:10.1007/s10311-018-0795-7. 

Bowman, K.L., Lamborg, C.H. and Agather, A.M. 2020. A 
global perspective on mercury cycling in the ocean. 
Science of the Total Environment 710:136166, 
doi:10.1016/j.scitotenv.2019.136166. 

Brenner, D.J. Krieg, N.R. and Staley, J.R. 2005. Bergey's 
Manual Systematic Bacteriology, Springer, New York, 
US. 

Carneiro, L.M., Zucchi, M. do Rosário Zucchi, M., de Jesus, 
T.B., Júnior, da Silva, J.B. and Hadlich, G.M. 2021. 
δ13C, δ15N and TOC/TN as indicators of the origin of 
organic matter in sediment samples from the estuary of a 
tropical river. Marine Pollution Bulletin 172:11285, 
doi:10.1016/j.marpolbul.2021.112857. 

Chen, H., Zhang, J., Tang, L., Su, M., Tian, D., Zhang, L., 
Li, Z. and Hu, S. 2019. Enhanced Pb immobilization via 



D.N. Rohmah and E. Retnaningrum / Journal of Degraded and Mining Lands Management 10(2):4061-4072 (2023) 

  

Open Access                                                                                                                                                        4071 
 

the combination of biochar and phosphate solubilizing 
bacteria. Environment International 127:395-401,  
doi:10.1016/j.envint.2019.03.068. 

Cilia, V., Lafay, B. and Christen, R. 1996. Sequence 
heterogeneities among 16S ribosomal RNA sequences, 
and their effect in phylogenetic analyses at the species 
level. Molecular Biology and Evolution 13:451-461,  
doi:10.1093/oxfordjournals.molbev.a025606. 

Dash, H.R., Sahu, M., Mallick, B. and Das, S. 2017. 
Functional efficiency of MerA protein among diverse 
mercury resistant bacteria for efficient use in 
bioremediation of inorganic mercury. Biochimie 
142:207-215, doi:10.1016/j.biochi.2017.09.016. 

Farsi, R.M., Alharbi, N.M., Basingab, F.S., Nass, N.M., 
Qattan, S.Y., Hassoubah, S.A., Alrahimi, J.S. and 
Alaidaroos, B.A. 2021. Biodegradation of picric acid 
(2,4,6-trinitrophenol, TNP) by free and immobilized 
marine Enterococcus thailandicus isolated from the red 
sea, Saudi Arabia. Egyptian Journal of Aquatic Research 
47:307-312, doi:10.1016/j.ejar.2021.05.002. 

Fu, X., Qiao, Y., Xue, J., Cheng, D., Chen, C., Bai, Y. and 
Jiang, Q. 2021. Analyses of community structure and 
role of immobilized bacteria system in the 
bioremediation process of diesel pollution seawater. 
Science of the Total Environment 799:149439, 
doi:10.1016/j.scitotenv.2021.149439. 

Heiri, O., Lotter, A.F. and Lemcke, G. 2001. Loss on ignition 
as a method for estimating organic and carbonate content 
in sediments: Reproducibility and comparability of 
results. Journal of Paleolimnology 25:101-110,  
doi:10.1023/A:1008119611481. 

Hillis, D.M. and Bull, J.J. 1993. An empirical test of 
bootstrapping as a method for assessing confidence in 
phylogenetic analysis. Systematic Biology 42:182-192, 
doi:10.1093/sysbio/42.2.182. 

Hossain, M.I., Mizan, M.F.R., Ashrafudoulla, M., Nahar, S., 
Joo, H.J., Jahid, I.K., Park, S.H., Kim, K.S. and Ha, S.D. 
2020. Inhibitory effects of probiotic potential lactic acid 
bacteria isolated from kimchi against Listeria 
monocytogenes biofilm on lettuce, stainless-steel 
surfaces, and MBEC™ biofilm device. LWT 118, 
January 2020, 108864, doi:10.1016/j.lwt.2019.108864. 

Huang, J., Liu, C., Price, G.W., Li, Y. and Wang, Y. 2021. 
Identification of a novel heavy metal resistant Ralstonia 
strain and its growth response to cadmium exposure. 
Journal of Hazardous Materials 416:125942, 
doi:10.1016/j.jhazmat.2021.125942. 

Hutamadi, Widi, B.N. and Suprapto, S.J. 2007. Review of 
the small-scale gold mining practices at Cineam, 
Tasikmalaya Regency, West Java, Indonesia. Buletin 
Sumber Daya Geologi 2(1):1-9, 
doi:10.47599/bsdg.v2i1.196. 

Huys, G., Cnockaert, M., Janda, J.M. and Swings, J. 2003. 
Escherichia albertii sp. nov., a diarrhoeagenic species 
isolated from stool specimens of Bangladeshi Children. 
International Journal of Systematic and Evolutionary 
Microbiology 53:807-810, doi:10.1099/ijs.0.02475-0. 

Jesionowski, T., Zdarta, J. and Krajewska, B. 2014. Enzyme 
immobilization by adsorption: a.review. Adsorption 
20:801-821. doi:10.1007/s10450-014-9623-y. 

Jiang, L., Zhang, R., Zhang, L., Zheng, R. and Zhong, M. 
2021. Improving the regulatory health risk assessment of 
mercury-contaminated sites. Journal of Hazardous 
Materials 402:123493, doi:10.1016/ 
j.jhazmat.2020.123493. 

Joshi, G., Meena, B., Verma, P., Nayak, J., Vinithkumar, 
N.V. and Dharani, G. 2021 Deep-sea mercury resistant 
bacteria from the Central Indian Ocean: A potential 
candidate for mercury bioremediation. Marine Pollution 
Bulletin 169:112549, 
doi:10.1016/j.marpolbul.2021.112549. 

Karna, R.R., Luxton, T., Bronstein, K.E., Redmon, J.H. and 
Scheckel, K.G. 2017. State of the science review: 
Potential for beneficial use of waste by-products for in 
situ remediation of metal-contaminated soil and 
sediment. Critical Reviews in Environmental Science 
and Technology 47:65-129, 
doi:10.1080/10643389.2016.1275417. 

Kumari, S., Amit, Jamwal, R., Mishra, N. and Singh, D.K. 
2020. Recent developments in environmental mercury 
bioremediation and its toxicity: A review. 
Environmental Nanotechnology, Monitoring and 
Management 13:100283, 
doi:10.1016/j.enmm.2020.100283. 

Liu, H., Xu, F., Xie, Y., Wang, C., Zhang, A., Li, L. and Xu, 
H. 2018. Effect of modified coconut shell biochar on 
availability of heavy metals and biochemical 
characteristics of soil in multiple heavy metals 
contaminated soil. Science of the Total Environment 
645:702-709, doi:10.1016/j.scitotenv.2018.07.115. 

Liu, S., Jin, D., Lan, R., Wang, Y., Meng, Q., Dai, H., Lu, 
S., Hu, S. and Xu, J. 2015. Escherichia marmotae sp. 
nov., isolated from faeces of Marmota himalayana. 
International Journal. International Journal of 
Systematic and Evolutionary Microbiology 65:2130-
2134, doi:10.1099/ijs.0.000228. 

Lo, K.H., Lu, C.-W., Lin, W.-H., Chien, C.-C., Chen, S.-C. 
and Kao, C.-M. 2020. Enhanced reductive 
dechlorination of trichloroethene with immobilized 
Clostridium butyricum in silica gel. Chemosphere 
238:124596, doi:10.1016/j.chemosphere.2019.124596. 

Lu, J., Peng, W., Lv, Y., Jiang, Y., Xu, B., Zhang, W., Zhou, 
J., Dong, W., Xin, F. and Jiang, M. 2020. Application of 
cell immobilization technology in microbial 
cocultivation systems for biochemicals production. 
Industrial and Engineering Chemistry Research 
59:17026-17034, doi:10.1021/acs.iecr.0c01867. 

Mahbub, K.R., Krishnan, K., Naidu, R. and Megharaj, M. 
2016. Mercury resistance and volatilization by 
Pseudoxanthomonas sp. SE1 isolated from soil. 
Environmental Technology and Innovation 6:94-104, 
doi:10.1016/j.eti.2016.08.001. 

Mahbub, K.R., Krishnan, K., Naidu, R. and Megharaj, M. 
2017. Mercury remediation potential of a mercury 
resistant strain Sphingopyxis sp. SE2 isolated from 
contaminated soil. Journal of Environmental Sciences 
51:128-137, doi:10.1016/j.jes.2016.06.032. 

Mantey, J., Nyarko, K.B., Owusu-Nimo, F., Awua, K.A., 
Bempah, C.K., Amankwah, R.K., Akatu, W.E. and 
Appiah-Effah, E. 2020. Mercury contamination of soil 
and water media from different illegal artisanal small-
scale gold mining operations (galamsey). Heliyon 
6:e04312, doi:10.1016/j.heliyon.2020.e04312. 

Mantey, J., Owusu-Nimo, F., Nyarko, K.B. and Aubynn, A. 
2017. Operational dynamics of “Galamsey” within 
eleven selected districts of western region of Ghana. 
Journal of Mining and Environment 8:11-34, 
doi:10.22044/jme.2016.627. 

Narváez, D.M., Groot, H., Diaz, S.M., Palma, R.M., Muñoz, 
N., Cros, M.P. and Hernández-Vargas, H.-V. 2017. 
Oxidative stress and repetitive element methylation 



D.N. Rohmah and E. Retnaningrum / Journal of Degraded and Mining Lands Management 10(2):4061-4072 (2023) 

  

Open Access                                                                                                                                                        4072 
 

changes in artisanal gold miners occupationally exposed 
to mercury. Heliyon 3:e00400, 
doi:10.1016/j.heliyon.2017.e00400. 

Paradis, S., Boissinot, M., Paquette, N., Bélanger, S.D., 
Martel, E.A., Boudreau, D.K., Picard, F.J., Ouellette, M., 
Roy, P.H. and Bergeron, M.G. 2005. Phylogeny of the 
Enterobacteriaceae based on genes encoding elongation 
factor Tu and F-ATPase β-subunit. International Journal 
of Systematic and Evolutionary Microbiology 55:2013-
2025, doi:10.1099/ijs.0.63539-0. 

Pinto, L. de. C.M., Dórea, J.G., Bernardi, J.V.E. and Gomes, 
L.F. 2019. Mapping the evolution of mercury (Hg) 
research in the Amazon (1991⁻2017): A scientometric 
analysis (1991–2017). International Journal of 
Environmental Research and Public Health 16:1111, 
doi:10.3390/ijerph16071111. 

Priyadarshanee, M., Chatterjee, S., Rath, S., Dash, H.R. and 
Das, S. 2022. Cellular and genetic mechanism of 
bacterial mercury resistance and their role in 
biogeochemistry and bioremediation. Journal of 
Hazardous Materials 423:126985, 
doi:10.1016/j.jhazmat.2021.126985. 

Rahim, A.R.A., Mohsin, H.M., Thanabalan, M., Rabat, N.E., 
Saman, N., Mat, H. and Johari, K. 2020. Effective 
carbonaceous desiccated coconut waste adsorbent for 
application of heavy metal uptakes by adsorption: 
Equilibrium, kinetic and thermodynamics analysis. 
Biomass and Bioenergy 142:105805, 
doi:10.1016/j.biombioe.2020.105805. 

Rajasulochana, P. and Preethy, V. 2016. Comparison on 
efficiency of various techniques in treatment of waste 
and sewage water–A comprehensive review. Resource-
Efficient Technologies 2:175-184, 
doi:10.1016/j.reffit.2016.09.004. 

Rani, L., Srivastav, A.L. and Kaushal, J. 2021. 
Bioremediation: An effective approach of mercury 
removal from the aqueous solutions. Chemosphere 
280:130654, doi:10.1016/j.chemosphere.2021.130654. 

Retnaningrum, E. and Wilopo, W. 2016. Performance and 
bacterial composition of anodic biofilms in microbial 
fuel cell using dairy wastewater. AIP Conference: 
Towards The Sustainable Use of Biodiversity In a 
Changing Environment: From Basic to Applied 
Research: Proceeding of the 4th International 
Conference on Biological Science 1744 (1):020018, 
doi:10.1063/1.4953492. 

Retnaningrum, E. and Wilopo, W. 2017. Removal of 
sulphate and manganese on synthetic wastewater in 
sulphate reducing bioreactor using Indonesian natural 
zeolite. Indonesian Journal of Chemistry 17:203-210, 
doi:10.22146/ijc.22710. 

Retnaningrum, E., Wilopo, W. and Warmada, I.W. 2021. 
Enhancement of manganese extraction in a biochar-
enriched bioleaching column with a mixed culture of 
indigenous bacteria. Biodiversitas Journal of Biological 
Diversity 22:2949, doi:10.13057/biodiv/d220560. 

Rohmah, D.N. and Retnaningrum, E. 2021. Activity and 
characterization of mercury-reducing bacteria from 
traditional gold mining in Cineam, Tasikmalaya. Final 
Research Project of Graduate Student. Universitas 
Gadjah Mada, Yogyakarta, Indonesia (in Indonesian). 

Schlaberg, R., Simmon, K.E. and Fisher, M.A. 2012. A 
systematic approach for discovering novel, clinically 
relevant bacteria. Emerging Infectious Diseases 18:422-
430, doi:10.3201/eid1803.111481. 

Sharma, S. and Malaviya, P. 2016. Bioremediation of 
tannery wastewater by chromium resistant novel fungal 
consortium. Ecological Engineering 91:419-425, 
doi:10.1016/j.ecoleng.2016.03.005. 

Wang, R.F., Cao, W.W. and Cerniglia, C.E. 1997. 
Phylogenetic analysis and identification of Shigella spp. 
By Molecular Probes. Molecular and Cellular Probes 
11:427-432, doi:10.1006/mcpr.1997.0136. 

Wang, Z., Wang, Y., Zhao, P., Chen, L., Yan, C., Yan, Y. 
and Chi, Q. 2015. Metal release from contaminated 
coastal sediments under changing pH conditions: 
Implications for metal mobilization in acidified oceans. 
Marine Pollution Bulletin 101:707-715, 
doi:10.1016/j.marpolbul.2015.10.026. 

Xiong, B., Zhang, Y., Hou, Y., Arp, H.P.H., Reid, B.J. and 
Cai, C. 2017. Enhanced biodegradation of PAHs in 
historically contaminated soil by M. gilvum inoculated 
biochar. Chemosphere 182:316-324, 
doi:10.1016/j.chemosphere.2017.05.020. 

Xu, J., Cao, Z., Zhang, Y., Yuan, Z., Lou, Z., Xu, X. and 
Wang, X. 2018. A review of functionalized carbon 
nanotubes and graphene for heavy metal adsorption from 
water: Preparation, application, and mechanism. 
Chemosphere 195:351-364, 
doi:10.1016/j.chemosphere.2017.12.061. 

Yarza, P., Spröer, C., Swiderski, J., Mrotzek, N., Spring, S., 
Tindall, B.J., Gronow, S., Pukall, R., Klenk, H.P., Lang, 
E., Verbarg, S., Crouch, A., Lilburn, T., Beck, B., 
Unosson, C., Cardew, S., Moore, E.R., Gomila, M., 
Nakagawa, Y., Janssens, D., De Vos, P., Peiren, J., 
Suttels, T., Clermont, D., Bizet, C., Sakamoto, M., Iida, 
T., Kudo, T., Kosako, Y., Oshida, Y., Ohkuma, M., R 
Arahal, D., Spieck, E., Pommerening Roeser, A., Figge, 
M., Park, D., Buchanan, P., Cifuentes, A., Munoz, R., 
Euzéby, J.P., Schleifer, K.H., Ludwig, W., Amann, R., 
Glöckner, F.O. and Rosselló-Móra, R. 2013. Sequencing 
Orphan Species Initiative (SOS): Filling THE GAPS in 
the 16S rRNA Gene sequence database for all species 
with validly published names. Systematic and Applied 
Microbiology 36:69-73, 
doi:10.1016/j.syapm.2012.12.006. 

Youngwilai, A., Kidkhunthod, P., Jearanaikoon, N., 
Chaiprapa, J., Supanchaiyamat, N., Hunt, A.J., 
Ngernyen, Y., Ratpukdi, T., Khan, E. and Siripattanakul-
Ratpukdi, S. 2020. Simultaneous manganese adsorption 
and biotransformation by Streptomyces violarus strain 
SBP1 cell-immobilized biochar. Science of the Total 
Environment 713:136708, 
doi:10.1016/j.scitotenv.2020.136708. 

Zhang, M. and Wang, H. 2016. Preparation of immobilized 
sulfate reducing bacteria (SRB) granules for effective 
bioremediation of acid mine drainage and bacterial 
community analysis. Minerals Engineering 92:63-71, 
doi:10.1016/j.mineng.2016.02.008. 

Zolnikov, T.R. and Ramirez-Ortiz, D. 2018. A systematic 
review on the management and treatment of mercury in 
artisanal gold mining. Science of the Total Environment 
633:816-824. 

Żur, J., Wojcieszyńska, D. and Guzik, U. 2016. Metabolic 
responses of bacterial cells to immobilization. Molecules 
21:1-15, doi:10.3390/molecules21070958. 


