
Vol.:(0123456789)1 3

Applied Water Science (2019) 9:117 
https://doi.org/10.1007/s13201-019-0998-5

ORIGINAL ARTICLE

Bioremediation treatment process through mercury‑resistant bacteria 
isolated from Mithi river

Bhupendra Pushkar1  · Pooja Sevak1 · Akansha Singh2

Received: 8 November 2017 / Accepted: 19 May 2019 / Published online: 28 May 2019 
© The Author(s) 2019

Abstract
Unorganized development all over the world has resulted in the deterioration of the environment. The Mithi river located in 
Mumbai area is also one of the victims of this unorganized development. It has become a dumping site for industrial effluents, 
which contains various toxic materials including heavy metals such as mercury, chromium, arsenic. Physicochemical analy-
sis of the Mithi river water samples has confirmed the deterioration of river water. Various parameters of Mithi river water 
such as electrical conductivity (EC), total dissolved salts (TDS), salinity, chemical oxygen demand (COD) and biological 
oxygen demand (BOD) were found to be higher than the normal values prescribed for the river water. In the present study, 
mercury-resistant bacteria were isolated from Mithi river and identified by biochemical and molecular analysis. The molecular 
identification of the mercury-resistant bacteria was done by 16S rDNA identification, which were identified as Bacillus sp. 
strain CSB_B078, Klebsiella pneumoniae strain FY2, Klebsiella pneumoniae isolate 23, Enterobacter sp. strain Amic_7, 
Enterobacter sp. strain 08, Acinetobacter seohaensis strain S34, Acinetobacter sp. 815B5_12ER2A. Mercury-resistant bac-
teria were isolated from both low- and high-salinity sites of Mithi river. The minimum inhibitory concentration of bacterial 
isolates against mercury was determined. Bacterial isolates could tolerate and grow in the presence of 700 ppm mercury 
and could also tolerate a high salinity of 35 ppt of NaCl. Resistance of bacterial isolates to high concentration of mercury 
and high-salinity stress suggests that the bacterial isolates could be an efficient candidate for bioremediation of mercury.
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Introduction

Water is an essential component of the earth living system 
which forms a major portion of all living beings. Clean 
potable water is a prime requirement for humans and other 
living organisms for their better health and life (Vasudevan 
and Oturan 2014). In recent period, developing countries are 
being subjected to high risk of increasing water pollution 
due to rapid and unorganized industrialization, increased 
human population and domestic and agricultural activities. 
Water pollution is one of the major causes leading to various 
life-threatening diseases in humans. Heavy metals are among 
the highly toxic pollutants which is contaminating the water 

bodies and affecting the living organisms. Globally, heavy 
metal pollution is becoming the most serious environment 
problem (Santos et al. 2017; Waseem et al. 2014).

River is an important natural resource and played a cru-
cial role in human civilization. Many reports have confirmed 
the severe contamination of major as well as minor rivers 
with heavy metals and other toxic chemicals in India (Sid-
diqui and Pandey 2019; Patel et al. 2018; Singh and Giri 
2018). Mercury contamination in river water poses seri-
ous health issues to human beings and to other water liv-
ing bodies such as plants and fishes (Officioso et al. 2016; 
Dash and Das 2015). Bioaccumulation and magnification 
of mercury in food trophic chain (Rua-Ibarz et al. 2016) 
lead to serious health risks to human beings, which includes 
acute necrotizing bronchitis and pneumonitis that may lead 
to failure of respiratory system and even death. Long-term 
exposure to mercury affects human brain functions and is 
also responsible for disorders in central nervous system 
(Holmes et al. 2009). Other human health problems associ-
ated with mercury pollution include proteinuria or nephritic 
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disorder (Rafique et al. 2015). Various effects of mercury 
toxicity depend upon its chemical form and the route fol-
lowed for mercury exposure (Rice et al. 2014). Mercury in 
its methylated form can impair reproduction and interrupt 
the expression of hormones like oestradiol and testosterone 
(Tartu et al. 2013).

Sources of mercury pollution in river water may include 
both natural and anthropogenic activities (Chaudhary et al. 
2019; Carocci et al. 2014). Its use in various industries such 
as paper industry, textile factories, paints, cosmetics, pre-
servatives, thermometers, manometers, energy-efficient fluo-
rescent light bulbs, and to a limited extent, mercury batter-
ies, fertilizer industry, mining facilities and tanneries, causes 
its release as a waste that pollute river water and ultimately 
the environment (Srinivas et al. 2017; Baul et al. 2013; Yue 
et al. 2014). Mithi river flowing in Mumbai area has become 
a receiving point for various pollutants including toxic heavy 
metals (Singare et al. 2012a, b; Pushkar et al. 2015). Various 
studies have reported the presence of mercury at different 
sites of Mithi River (Nagarsekar and Kakde 2014; Singare 
et al. 2012a, b). Annual average concentration of mercury 
in Mithi river was reported to be 32.06 ppm (Singare et al. 
2015), which is much higher than the permissible limit 
(0.001 ppm) set by Central Pollution Control Board (CPCB) 
of India and World Health Organization (WHO).

Bacteria are adaptive to extreme environmental stress 
condition (Liu et al. 2016). The presence of high concen-
trations of mercury in Mithi river may induce tolerance in 
bacteria towards mercury. Various studies have reported that 
bacteria develop resistance towards heavy metals (Pepi et al. 
2013; Dash and Das 2016). Further, bacteria are highly ubiq-
uitous in nature and can bioremediate heavy metals using 
their integral mechanisms (Mahbub et al. 2016). Bacteria 
can also work in combination with other microorganisms 
for effective removal of mercury (Santos-Gandelman et al. 
2014). Hence, it was speculated in the current investiga-
tion that Mithi river may contain mercury-resistant bacteria 
which could be isolated and further used to bioremediate 
mercury pollution from various water resources.

In the current study, physicochemical characteristic of 
Mithi river water was determined to understand the current 
status of Mithi river pollution. Mercury-resistant bacteria 
were isolated and characterized to determine their identity. 
Bacterial isolates were further studied to determine their 
tolerance to varying concentration of mercury. Salinity toler-
ance of the bacterial isolates was determined to understand 
the mercury remediation capability of bacterial isolates in 
the presence of varying salt concentration. Salinity tolerance 
study of bacterial isolates will help in understanding their 
efficacy to remediate mercury in the presence of varying salt 
concentration present in Mithi river. Thus, the objective of 
current study was to determine an efficient candidate which 
can be used for bioremediation of mercury from river water.

Material and methods

Sample collection

Mithi River originates from the over flow of Vihar Lake; it 
flows for a distance of 18 km before meeting Arabian Sea 
at Mahim Creek. Salinity of Mithi river is low all along its 
stretch except at estuary where the salinity is higher due to 
the mixing of sea water. The water samples were collected 
from high-salinity stretch of Western Express Highway 
(19°03′02.5″N 72°50′29.5″E) and Kalanagar (19°03′07.6″N 
72°50′53.4″E) and low-salinity stretch of Bandra-Kurla 
Complex (19°03′29.7″N 72°52′11.0″E) and Krantinagar 
(19°05′06.7″N 72°52′42.9″E). Water samples were collected 
in sterile 100-ml screw cap glass bottle covered with silver 
foil and were stored at 4 °C till further analysis. Sampling 
site are given in the Fig. 1.

Physicochemical analysis of water samples

Water samples collected from four sites of Mithi river were 
analysed for various parameters such as pH, electrical con-
ductivity (EC), salinity, total dissolved solid (TDS), chemi-
cal oxygen demand (COD) and biological oxygen demand 
(BOD). Physical parameters such as pH, EC, salinity and 
TDS were analysed using Multiparameter (Labman Mul-
tiparameter, water quality meter). Other parameters such as 
COD and BOD were analysed by following the standard 
protocols of American Public Health Association (APHA 
1989).

Sample processing

Water samples were processed prior to the isolation of mer-
cury-resistant bacteria. Water samples were filtered using 
Whatman filter paper no. 1 to separate suspended solid parti-
cles and further serially diluted till  10−4 dilution using sterile 
0.85% saline. Diluted water samples were used for the isola-
tion of mercury-resistant bacteria.

Isolation of mercury‑resistant bacteria

Isolation of mercury-resistant bacteria from Mithi river 
water sample was performed under sterile condition in lami-
nar air-flow hood. Mercury-resistant bacteria were isolated 
on nutrient agar medium containing 50, 100 and 150 ppm 
(parts per million) of mercury, respectively. Mithi river water 
samples diluted to  10−2,  10−3 and  10−4 dilution using ster-
ile 0.85% saline were spread-plated on nutrient agar plates 
containing 50, 100 and 150 ppm of mercury, respectively. 
High concentration of mercury in Mithi river (Singare et al. 
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2012a, b; Pushkar et al. 2015) suggested the possibility that 
the river may harbour a high number of mercury-resistant 
bacteria. Hence, the river water was diluted in the above-
mentioned dilution before spread-plating it on nutrient agar 
plates containing mercury so as to get the isolated colonies 
of mercury-resistant bacteria (Zeroual et al 2001; Pushkar 
et al. 2015). Nutrient agar plates were incubated at 37 °C for 
24 h. After the incubation period, morphologically different 
colonies were selected from nutrient agar plates for further 
study. Isolated bacterial colonies selected from nutrient agar 
plates were further inoculated in nutrient broth and incu-
bated at 37 °C on shaker incubator with 150 rpm (revolu-
tions per minute) for 24 h. After the incubation period of 
24 h, a loop full of bacterial culture from nutrient broth was 
further subjected to isolation on nutrient agar plate and incu-
bated at 37 °C for 24 h. The above procedure was repeated 
2–3 times to get the purified isolated bacterial colonies 
comprising of single type of bacteria. Purity of bacterial 
colonies was confirmed by Gram staining technique. Puri-
fied bacterial isolates were stored in glycerol at − 20 °C till 
further study.

Biochemical characterization

Mercury-resistant bacteria isolated in the current study 
were analysed for their biochemical characteristics. Bacte-
rial isolates were analysed for their ability to ferment glu-
cose, lactose, maltose, xylose and sucrose. Bacterial isolates 
were also tested for indole, methyl red, Voges–Proskauer, 
Simmons citrate tests (IMViC test). Other biochemical 
tests included in study were triple sugar iron (TSI), motil-
ity, gelatinase and catalase. Bacterial isolates were also 
plated on selective and differential media such as manni-
tol salt agar, eosin methylene blue agar, MacConkey agar 
and Cetrimide agar to study their growth pattern on these 
media. Biochemical characterization of bacterial isolates 
helped in determining the genus of mercury-resistant bacte-
rial isolates.

16S rDNA identification

Identification of mercury-resistant bacteria isolated in the 
current study was also done by using molecular technique 
of 16S rDNA sequencing. 16S rDNA is a conserved gene 
present in all bacteria, and it can be sequenced to know the 
identity of unknown bacteria. Universal primers were used 
to amplify 16S rDNA sequence using PCR (polymerase 
chain reaction). 500-bp region of 16S rDNA was amplified 
using forward primer 347F-5′GGA GGC AGC AGT AAG 
GAA T-3′ and reverse primer 803R-5′CTA CCG GGG TAT 
CTA ATC C-3′ (Wu et al. 2014). The 50 µl reaction mix-
ture containing 25 µl of ready-to-use Hi‐Chrom PCR Mas-
ter Mix (Himedia) and 1 µl of 20 pmol/µl of each forward 

and reverse primer and 15 ng of template DNA was used 
for PCR. The final volume of PCR mixture was made to 
50 µl using sterile DNAase free water. PCR was performed 
as follows: initial denaturation at 94 °C for 5 min, denatura-
tion at 94 °C for 30 s, primer annealing at 50 °C for 35 s, 
extension at 72 °C for 45 s and a final extension at 72 °C for 
10 min. PCR was performed using Veriti Thermal Cycler, 
and the amplified gene product was subjected to agarose gel 
electrophoresis to confirm the amplification of 16S rDNA 
and its molecular size. Further, the sequencing of amplified 
PCR product was done in SciGenom Labs, Cochin, and the 
identity of bacteria was determined by performing BLAST 
of the sequence obtained.

Minimum inhibitory concentration (MIC)

Minimum inhibitory concentration (MIC) is defined as the 
lowest concentration of the heavy metal at which no visible 
growth of microorganism is observed after incubation period 
of 24 h (Andrews 2002; Yoshida et al. 2006). In the current 
investigation, MIC of mercury-resistant bacterial isolates 
was determined by using nutrient broth medium containing 
mercury in a range of 50 ppm to 1000 ppm. Log phase cul-
ture of mercury-resistant bacterial isolates was inoculated in 
the above nutrient broth medium and incubated at 37 °C on a 
shaker incubator with 150 rpm for 24 h. After the incubation 
period of 24 h, nutrient broth tubes were observed for the 
presence and absence of bacterial growth.

Salinity tolerance

Salinity of the surrounding environment plays an important 
role in physiological activity of bacterial and its survival 
(Jadhav et al. 2010; Díaz et al. 2002). Mercury-resistant 
bacteria isolated in the current study were analysed for their 
ability to tolerate salinity by using nutrient broth medium 
containing varying concentration of salt (sodium chloride) 
in a range of 5 to 35 ppt (parts per thousand). Log phase 
culture of the mercury-resistant bacterial isolates was inoc-
ulated in the above-mentioned nutrient broth medium and 
incubated at 37 °C on a shaker incubator with 150 rpm for 
24 h. After the incubation period of 24 h, nutrient broth with 
varying salt concentrations was observed for the presence 
and absence of bacterial growth.

Results and discussion

Physicochemical analysis of water samples

The physicochemical characterization of various param-
eters of Mithi river water is presented in Table 1. Values 
of pH of water from four sites of Mithi river were found 
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within the acceptable limits. The pH of Mithi river water 
was slightly alkaline at all the sites, indicating that there 
is no acid or alkali contamination in river water. Electrical 
conductivity (EC) of Mithi river water was higher than the 
permissible limit at all four sites. Water from WE highway 
site showed highest EC in comparison with the water of 
other sites. High EC in water samples from all four sites of 
Mithi river may be due to the presence of large amount of 
dissolved ions (Dey et al. 2016). Pollution of river water 
by discharge of sewage and industrial waste increases the 
EC of river water. High level of dissolved ion imparts min-
eral taste to the water and also affects plants and organ-
isms (Mohabansi et al. 2011). Total dissolved solids in 
Mithi river water were also higher than the standard value 
at all sites of river except at Krantinagar. High TDS in 
river water is mainly due to the presence of carbonates, 
bicarbonates, chlorides, phosphates and nitrates of cal-
cium, magnesium, potassium and manganese, organic 
matter salts and other solid particles. Pollution of Mithi 
river by industrial discharge could be the reason for high 
TDS as the above constituents are significantly present in 
Industrial effluent (Mohabansi et al. 2011). The presence 
of high amount of TDS in river water also makes it unfit 
for consumption (Patil and Patil 2010).

Salinity of Mithi river water in upper stretch of river, i.e. 
Krantinagar, was 0.47 ppt which is within the acceptable 
limits. Salinity of river water at the other three sites of river 
was significantly higher than the acceptable limits. High 
amount of dissolved minerals increases the salinity of river 
water, which could also be one of the reasons for increased 
salinity of Mithi river water at these sites. High salinity of 
river water makes it unfit for irrigation as well as for con-
sumption (Ajao et al. 2017). The COD and BOD analysis 
of Mithi river water gave important information about the 
status of organic pollutants in water system. COD and BOD 
values for Mithi river water were above the standard values 
at all four sites of river. Highest COD was at Krantinagar 
and lowest at Western Express Highway. Highest BOD was 
observed at Krantinagar and lowest at Kalanagar. High BOD 
and COD values of river water indicate the high level of 
organic pollutants in river water, which leads to depletion of 
dissolved oxygen (DO). Decreased level of oxygen in river 

water affects the aquatic life as DO is the prime requirement 
for organisms living in water (Ajao et al. 2017).

Physicochemical characterization of Mithi river water at 
four sites of river indicates that level of organic pollution is 
high in the upper stretch of river. Probable source of organic 
pollution at these sites could be the domestic waste discharge 
from highly populated human settlements at these sites along 
the Mithi river. Higher EC, TDS and salinity were observed 
in the lower stretch of the river water. Mithi river pollution 
by inorganic waste discharge by industries situated along 
river side could be the reasons for high EC, TDS and salinity 
of river water as observed in the current study.

Isolation of mercury‑resistant bacteria

Mercury-resistant bacteria were isolated from four sites 
(Western Express Highway, Kalanagar, Bandra-Kurla 
Complex and Krantinagar) of Mithi river. Table 2 shows 
the number of colony-forming units (CFU) of bacterial iso-
lates observed on nutrient agar medium containing 50, 100 
and 150 ppm of the mercury. Growth of bacterial isolates 

Table 1  Physicochemical 
analysis of the water samples 
collected along four sites of the 
Mithi river

Parameters WE highway Kalanagar BKC Krantinagar Std. value

pH 7.506 7.634 7.901 7.929 6.5-8.5
EC 23 ms/cm 18 ms/cm 6.96 ms/cm 1.002 ms/cm 0.750 mS/cm
TDS 3850 mg/l 3798 3470 mg/l 493 mg/l < 500 mg/l
Salinity 14.14 ppt 13 ppt 3.72 ppt 0.47 ppt 0.5 ppt
COD 333.33 mg/l 342.28 mg/l 363.63 mg/l 422.24 mg/l < 250 mg/ml
BOD 120 mg/l 97 mg/l 60 mg/l 270 mg/l < 30.0 mg/l

Table 2  CFU of the mercury-resistant bacteria isolated from different 
sites of Mithi river

− indicates no growth

Site of the sampling Concentration of 
mercury (ppm)

CFU at differ-
ent dilutions 
(CFU/100 μl)

10−2 10−3 10−4

Western Express Highway 50 197 127 49
100 86 29 5
150 47 17 −

Kalanagar 50 213 146 67
100 126 59 21
150 34 5 −

Bandra-Kurla Complex 50 78 24 8
100 46 6 −
150 – − −

Krantinagar 50 178 92 24
100 106 37 8
150 53 17 −
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from river water samples could be observed in the presence 
of 150 ppm of mercury. Growth of high number of CFU of 
bacteria in the presence of high concentration of mercury 
indicates that the bacteria either possess intrinsic resistance 
or have developed the resistance due to the exposure to high 
concentration of mercury present in river water (Singare 
et al. 2012a, b; Barkay and Olson 1986). A less number of 
CFU of mercury-resistant bacteria were observed in  10−4 
diluted river water when compared to  10−2 diluted river 
water from all the sites of Mithi river. This may be due to 
reduction in the pool of mercury-resistant bacteria when the 
river water is diluted. Also it was observed that high num-
ber of bacteria could grow in nutrient medium containing 
low concentration of mercury when compared to bacterial 
growth in nutrient medium containing high concentration 
of mercury. Less bacterial growth in nutrient medium con-
taining high concentration of mercury suggests that Mithi 
river water harbours a low number of bacteria that are resist-
ant to high concentration of mercury. Also there is pres-
ence of high number of bacteria in Mithi river water which 
are resistant to low concentration of mercury. Thus, Mithi 
river harbours mercury-resistant bacteria having differential 
capacity to tolerate mercury.

Further, it was also observed that there were a less num-
ber of mercury-resistant bacteria as depicted by CFU count 
of river water collected from Bandra-Kurla Complex site of 
the river. Earlier investigations have reported that there is 
low level of mercury in Mithi river water of Bandra-Kurla 
Complex (BKC) site when compared to the water from other 
sites of river (Singare et al. 2012). Due to the presence of 
low levels of mercury at BKC site, less number of bacteria 
could have develop the resistance towards mercury. Mer-
cury-resistant bacterial CFU count as observed in current 
study also indicates over all high load of mercury-resistant 
microbes in Mithi river water.

Seven mercury-resistant bacterial isolates from four dif-
ferent sites of Mithi river were selected for further study. 
Bacterial isolates were selected on the basis of morphologi-
cal differences as observed in colony characters of bacteria 
and their ability to grow at a high concentration of mercury.

Biochemical characterization

Various biochemical tests were performed to determine the 
identity of mercury-resistant bacteria isolated in the cur-
rent study. Table 3 shows the ability of mercury-resistant 
bacterial isolate to ferment various types of sugar. Isolated 
bacteria were analysed for biochemical characters in order 
to determine their approximate genus. Bacterial isolate, 
WHg3b could utilize and grow in the presence of glucose, 
sucrose and maltose without any gas production. Other bac-
terial isolates such as HgKN1 and HgKN2 could ferment all 
types of sugars with gas production, except glucose. Both of 

these bacterial isolates could utilize all four types of sugars 
with gas production except glucose. HgKN3 could only fer-
ment and grow in the presence of sucrose. HgKN4 could fer-
ment lactose maltose and sucrose along with the production 
of gas. HgS4a and HgS4b were not able to ferment glucose, 
lactose, maltose, sucrose and xylose. All bacterial isolates 
which could ferment sugar along with gas production may 
belong to the Enterobacteriaceae family.

Other biochemical tests performed include IMViC 
(indole, methyl red, Voges–Proskauer and citrate) test, motil-
ity, catalase, TSI and gelatinase. Growth pattern of the bac-
terial isolates was observed by growing them on selective 
and differential medium such as MacConkey agar medium, 
eosin methylene blue agar medium (EMB), Cetrimide agar 
medium and mannitol salt agar medium. Observation of the 
above-mentioned tests is depicted in Table 4. WHg3b could 
utilize some sugar in TSI and produce gas. HgKN1 and 
HgKN2 show similar biochemical characteristics. They were 
methyl red positive which confirm that these isolates could 
produce stable acids. These bacterial isolates could also uti-
lize citrate as carbon source and were motile in nature. They 
could produce catalase enzyme under oxidative stress and 
were also strong acid producer with gas by fermenting all 
three sugars in TSI. Considering all the biochemical tests 
and their growth on EMB and MacConkey agar medium, it 
could be said that HgKN1 and HgKN2 isolates may belong 
to Enterobacteriaceae family. Bacterial isolates HgKN3 and 
HgKN4 also showed results for biochemical tests similar 
to the bacterial isolates HgKN1 and HgKN2 but could not 
produce stable acid as they were methyl red negative. HgS4a 
and HgS4b were able to utilize citrate as carbon source and 
produce catalase enzyme which shows that they can survive 
under oxidative stress by neutralizing the free radicals but 
were unable to utilize glucose, sucrose and lactose of TSI. 
Also the two isolates could not produce any gas. On the basis 
of biochemical characters, it can be said that probably these 
two isolates belong to Acinetobacter genus.  

Table 3  Sugar fermentation by mercury-resistant isolates

+ growth, − no growth, g gas

Isolate Glucose Lactose Maltose Sucrose Xylose

WHg3b + − + + −
HgKN1 − +g +g +g +g
HgKN2 − +g +g +g +g
HgKN3 − − − +g −
HgKN4 − +g +g +g −
HgS4a − − − − −
HgS4b − − − − −
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16S rDNA identification

Mercury-resistant bacteria isolated in current study were 
also identified by 16S rDNA identification technique. PCR-
amplified 16S rDNA sample of the bacterial isolates was 
observed on agarose gel electrophoresis. It showed the pres-
ence of a single band of 500 bp size on agarose gel (Fig. 2). 
Further, the PCR-amplified 16S rDNA samples of bacte-
rial isolates were sequenced and the sequence was analysed 
by BLASTn to identify the bacteria. 16S rDNA sequences 
of the isolated bacteria were submitted to NCBI (National 
Centre for Biotechnology Information) GenBank. Table 5 
shows bacterial identity and NCBI accession number of 16S 
rDNA sequence of bacterial isolates. 16S rDNA identifica-
tion technique showed that mercury-resistant bacteria iso-
lated in current study belonged to genus Bacillus, Klebsiella, 
Enterobacter and Acinetobacter. Earlier reports suggest 
that Enterobacter sp. (Sinha and Khare 2012) and Bacil-
lus sp. (Pushkar et al. 2019; Green-Ruiz 2006; Sinha et al. 
2012; vanDijl and Hecker 2013) of bacteria could effec-
tively bioremediate mercury. It was also observed that the 
bacteria isolated in the current study could tolerate higher 
concentration of mercury in comparison to earlier reported 
mercury-resistant bacteria (Dash et al. 2014) which suggests 
that the mercury-resistant bacteria isolated in the current 
study could serve to effectively remediate mercury pollution 
from river water.

Phylogenetic analysis of the isolated bacteria was done by 
using CLUSTALW program by using neighbour-joining tree 
analysis of 500 bp 16S rDNA gene of the bacterial isolates. 
Phylogenetic tree was prepared to find the evolutionary dis-
tance or relationship among all mercury-resistant bacterial 
isolates as shown in Fig. 3, which shows the relatedness of 

bacterial isolates on the basis of nucleotide sequences. It 
also shows seven external nodes, which indicate the point of 
divergence, and the presence of two clusters, which indicates 
the evolutionary closeness. Evolutionarily related bacteria 
may possess a similar mechanism of mercury tolerance and 
its remediation.

Minimum Inhibitory concentration

Bacteria isolated from Mithi river were grown in nutrient 
broth containing varying concentrations of mercury to deter-
mine the minimum inhibitory concentration (MIC). It was 
observed that bacterial isolates were able to grow in nutrient 
broth containing higher concentrations of mercury. Table 6 
gives the minimum inhibitory concentration of seven mer-
cury-resistant bacteria. Out of seven bacterial isolates, MIC 
for six bacterial isolates was 700 ppm of mercury, while for 
one bacterial isolate MIC was 500 ppm of mercury. The 
high MIC of the isolated bacteria indicates that bacterial 
isolates could tolerate high concentration of mercury. Acine-
tobacter sp. and Klebsiella sp. were reported in study by Jan 
et al. (2016) was capable of tolerating 148 ppm of mercury, 
while the Acinetobacter sp. and Klebsiella sp. isolated in 
current study could tolerate 700 ppm of mercury. All bacte-
rial isolates have shown similar MIC except for the bacteria 
isolated from Kalanagar (WHg3b). WHg3b showed MIC of 
500 ppm which is lower than rest of the bacterial isolates. 
The similar level of MIC of the isolated bacteria may be due 
to the taxonomical closeness of the isolates (Møller et al. 
2011). Also it was observed in current study that WHg3b 
was Gram positive in nature and other bacterial isolates were 
Gram negative in nature, which suggests that Gram-negative 
isolates may have higher tolerance to mercury as compared 

Table 4  Biochemical characteristics of the isolated mercury-resistant bacteria

+ growth, − no growth, A acid, G gas and K alkaline

Test WHg3b HgKN1 HgKN2 HgKN3 HgKN4 HgS4a HgS4b

Indole – − − − − − −
Methyl red − + + − − − −
Voges–Proskauer − − − − − − −
Citrate + + + + + + +
Motility − + + + + − −
Catalase − + + + + + +
Gelatinase − − − − − − −
Triple sugar iron 

medium
K/A G A/A G A/A G A/A G A/A G K/K K/K

MacConkey agar Pink colonies White colonies White colonies White colonies White colonies White colonies −
Eosin methylene blue 

agar
Purple colonies Purple colonies Purple colonies Purple colonies Purple colonies Black centred colonies −

Cetrimide agar − − − − − − −
Mannitol salt agar − − − − − − −
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to Gram-positive isolates. Earlier investigations by Figue-
iredo et al. (2016) also corroborate with the above inference.

Bacteria isolated from the Mithi river were resistant 
to high concentration of mercury, which they may have 

acquired through horizontal transfer of mercury-resistant 
gene between the bacteria under mercury stress (Møller 
et al. 2010). As reported by Dash and Das 2014, bacte-
ria may develop resistance to mercury through horizontal 

Fig. 1  Mithi river water sampling sites for isolation of mercury-resistant bacteria (Singare, 2015)

Fig. 2  Agarose gel electropho-
resis of 16S DNA amplified 
gene
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transfer of mer operon which consists of different genes 
such as merA, merB, merT and merP (Osborn et al. 1997) 
which encodes for enzymes that helps in mercury reduction 
and volatilization. merB gene of mer operon encodes for 
organomercurial lyase, which helps in conversion of highly 
toxic organomercurial compounds such as methylmercury 
and phenyl mercuric acetate into almost nontoxic volatile 
elemental mercury after its reduction by reductase enzyme 
(Dash and Das 2012). Besides the reduction as reported by 
François et al. (2012), the bacteria may have the capabil-
ity to bioadsorb the mercury on bacterial surface through 
exopolysaccharide. Further proteomic and metabolomics 

study of mercury-resistant bacteria isolated in the current 
study will help in understanding the mechanism employed 
by these bacteria for exhibiting resistance to high concentra-
tion of mercury.

Salinity tolerance

Salinity of the surrounding environment is one of the impor-
tant factors that affects growth and survival of bacteria. It 
affects bacterial cell membrane, which is important for 
maintaining osmotic pressure and preventing bacterial cell 
damage. Earlier investigations suggest that salinity affects 

Table 5  Identification of the 
mercury-resistant isolated 
bacteria

Sr. no. Isolate Identity of the isolate NCBI accession number

1 WHg3b Bacillus sp. strain CSB_B078 KX832954.1
2 HgKN1 Klebsiellapneumoniae strain FY2 KX832957.1
3 HgKN2 Klebsiellapneumoniae isolate 23 KX832948.1
4 HgKN3 Enterobacter sp. strain Amic_7 KX832949.1
5 HgKN4 Enterobacter sp. strain 08 KX832950.1
6 HgS4a Acinetobacterseohaensis strain S34 KX832951.1
7 HgS4b Acinetobacter sp. 815B5_12ER2A KX832952.1

Fig. 3  Phylogenetic tree of the isolated mercury-resistant bacteria

Table 6  Minimum inhibitory 
concentration of the bacterial 
isolates

Sr. no. WHg3b HgKN1 HgKN2 HgKN3 HgKN4 HgS4a HgS4b

Hg conc. (ppm) 500 700 700 700 700 700 700

Table 7  Salinity tolerance of 
the mercury-resistant isolates

+ denotes growth, ++ denotes dense growth

Isolate 5 (ppt) 10 (ppt) 15 (ppt) 20 (ppt) 25 (ppt) 30 (ppt) 35 (ppt)

WHg3b ++ ++ ++ ++ ++ ++ +
HgKN-1 ++ ++ ++ ++ ++ ++ ++
HgKN-2 ++ ++ ++ ++ ++ ++ ++
HgKN-3 ++ ++ ++ ++ ++ ++ +
HgKN-4 ++ ++ ++ ++ ++ ++ ++
HgS4a ++ ++ ++ ++ ++ ++ +
HgS4b ++ ++ ++ ++ ++ ++ +
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metal tolerance and remediation capacity of bacteria (Dash 
et al. 2014). Mercury-resistant bacteria isolated in present 
study exhibit tolerance to a wide range of salinity, though the 
bacterial growth was comparatively less at higher salinity 
when compared to its growth at lower salinity (Table 7). All 
seven bacterial isolates could grow in medium containing 
up to 35 ppt of salt.

Conclusion

Physicochemical analysis confirms the critical condition of 
Mithi river and recommends to take immediate measures 
to improve its water quality. Mithi river harbours mercury-
resistant bacteria belonging to genus Bacillus, Enterobacter, 
Klebsiella and Acinetobacter, which can be used for biore-
mediation of mercury from river water. The isolated bacteria 
were capable of withstanding high concentration of mercury. 
Salinity tolerance of the isolated bacteria over a wide range 
confers them additional advantage for their application in 
bioremediation. Bacillus and Enterobacter sp. were earlier 
reported to be highly efficient in mercury remediation which 
supports their application for effective remediation of mer-
cury from river water. Further investigation is suggested for 
their in situ application for the purpose of mercury remedia-
tion from the polluted environment.
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