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Abstract
The purpose of this study was to isolate and characterise toxic element-resistant bacteria from acid mine drainage water and to
apply them in the bioremediation of industrial effluent, as well as to identify optimal effluent:nutrient concentration for onsite
biostimulation strategy. Wastewater samples were collected from acid mine drainage and industry. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) was employed for elemental composition analysis. Isolated bacterial strains were
characterised using molecular methods. Bioremediation assays were employed to determine the extent of bacterial tolerance
and removal of toxic elements using a biostimulation strategy employing minimal salt medium (MSM) at varied concentrations
and positive and negative controls of only MSM and industrial effluent, respectively. Two bacterial strains demonstrated
resistance to toxic elements, Bacillus sp. MGI101 and Lysinibacillus sp. MGI102 both isolated from the AMD sites.
However, no observable growth of toxic metal-resistant bacteria was obtained from the industrial effluents. Bacterial strains
MGI101 and MGI102 demonstrated high resistance to target toxic elements during the screening and tolerance assays.
Remarkably, Bacillus sp. MGI101 demonstrated greater ability to remove toxic elements including arsenic, chromium, zinc,
copper and aluminium in undiluted solutions of the industrial effluent, with its highest removal capacity observed at > 60% for
arsenic and aluminium. BothBacillus sp.MGI101 and Lysinibacillus sp.MGI102 demonstrated varied abilities for the removal of
toxic elements from dilution concentration of effluent mixed with MSM. However, the optimal dilution ratio observed in this
experiment was 5:15 (effluent:MSM). Overall results demonstrated that isolated bacterial strains have the potential to be
employed in bioremediation programmes of acid mine drainages and multi-element contaminated water.
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Introduction

The process of extracting precious metals such as gold, cop-
per, nickel and platinum has the undesired consequence of
producing acid mine drainage (AMD). Acid mine drainage
results from the oxidation reactions of pyrite (iron disulphide)
in a two-stage process which forms sulphuric acid and ferric
oxides (Taylor et al. 2005; Tutu 2012). This is in addition to
other toxic compounds such as cyanides and arsenic which are
generally associated with metal extraction operations
(Chihomvu et al. 2015; Vieira and Volesky 2000). However,
the mining industry is by no means the only source of envi-
ronmental pollution as several other industries including the
agriculture sector (agricultural chemicals), energy sector
(combustion of coal), metal plating industry and tanneries
generate equally large concentrations of these toxic, environ-
mentally persistent elements (Fu and Wang 2011; Karnika
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Alluri et al. 2007; Matlock et al. 2002; Valdman et al. 2001).
The most commonly produced potentially toxic elements in-
clude chromium (Cr), lead (Pb), mercury (Hg), uranium (U),
selenium (Se), arsenic (As), zinc (Zn), silver (Ag), cadmium
(Cd), gold (Au) and nickel (Ni) (Wang and Chen 2006).
Although some metals such as iron (Fe), copper (Cu), nickel
and zinc are needed in small quantities by living organisms for
metabolic functioning, other toxic metals including mercury,
silver and cadmium have no biological role and are detrimen-
tal to organisms even when present in miniscule concentra-
tions (de Limae Silva et al. 2012). An increase in the concen-
trations of these potentially toxic elements and a decrease in
the pH of the water profile will in time lead to the death of
microorganisms as evident in the inevitable ‘lifelessness’ of
water bodies that are acid mine drains (Munnik et al. 2010).

The severity of the effects of toxic element contamination
in both soil and aquatic environments can be attributed to their
non-biodegradability, causing the accumulation of toxic levels
throughout the food chain to be inevitable (Malik 2004). This
accumulation is evident in the biomagnification of these ele-
ments in living organisms within the food chain (David et al.
2012). Some toxic elements such as Cd, As and Ni can bind to
the protein molecules of microorganisms and prevent DNA
repair pathways and therefore the DNA replication process
(Morales et al. 2016). The absence of DNA replication has
the implication of preventing further cell division and conse-
quently growth and DNA repair (Yoshida et al. 2005).
Similarly, the accumulation of these toxic elements in human
bodies has been associated with causing cancer and damage to
organs (Barakat 2011). Furthermore, elements such as Cd, As,
Cr and Hg have also been implicated in some types of cancer
(Tchounwou et al. 2012; Sharma et al. 2015) even if they
accumulate in low concentrations. It is undeniable that these
potentially toxic elements within the environment can have an
effect on the ecosystem, which can be observed in the modi-
fication of biomass and in significant changes within micro-
bial communities as well as in the cycling of elements (Roane
and Pepper 1999; Sobolev and Begonia 2008). However,
some microorganisms, mainly bacteria, have evolved mecha-
nisms to survive the acidic and toxic effects of acid mine
drainage in their natural ecosystem (Rosen 1999; Huang
et al. 2016) through different mechanisms such as (i) precip-
itation of metal particles through nucleation reactions
(Beveridge and Murray 1980; Beveridge and Fyfe 1985;
Mugwar and Harbottle 2016), (ii) active efflux of the metals
from cells (Nies and Silver 1995), (iii) ion exchange reactions
with peptidoglycan and teichoic acid (Monachese et al. 2012),
(iv) exclusion of metal particles by changes in permeable
membrane barriers (Bruins et al. 2000), (v) intracellular se-
questration of the metal through protein-metal complexation
(Ianeva 2009), (vi) extracellular sequestration and enzymatic
detoxification of metals and (vii) reduction in metal sensitivity
of cellular targets (Bruins et al. 2000; Ianeva 2009). However,

it is generally more accepted that microbial resistance to per-
sistent element poisoning is largely dependent on biosorption
(Syed and Chinthala 2015; Vieira and Volesky 2000). This
technique of biosorption employs the inherent characteristics
of living organisms, whereinbiomass is applied in the adsorp-
tion of elements (Gavrilescu 2004; Wang and Chen 2009). A
possible explanation for this biosorption mechanism is the
affinity of hydroxylated and carboxylic functional group mol-
ecules found on bacterial cell walls for such elements leading
to their adsorption and precipitation. The process is
recognised as being passive and does not involve metabolism
of these elements (Gadd 2008; Syed and Chinthala 2015). The
absence of energy requirements in the adsorption process and
the ease of release due to weak chemical bonds could be the
reason, and it is the most readily applied mechanism of ele-
ment removal in most living organisms.

Biostimulation is a common strategy employed in in situ
bioremediation of contaminated water bodies and involves the
supply of growth-limiting nutrients such as nitrogen and phos-
phorus to facilitate the interaction of either exogenous or au-
tochthonous microorganisms in the degradation of polluted
environments (Dixit et al. 2015; Macaulay and Rees 2014).
This strategy has previously been used mainly for treatment of
hydrocarbon-polluted sites to stimulate the growth of indige-
nous microorganisms and to facilitate the rapid breakdown of
crude oil (Macaulay and Rees 2014). Most polluted water
bodies are characterised by growth rate–limiting nutrients that
prevent metabolism of both indigenous and exogenous micro-
organisms and the consequential increase in biomass which is
a necessary pre-requisite for the biosorption and biodegrada-
tion of these pollutants.

With the understanding that pollution is an inevitable as-
pect of global industrialisation, the need to ameliorate its ef-
fects is the premise of most bioprospecting studies in extreme
environments, particularly those contaminated with acid mine
drainage. Several studies including Tchounwou et al. (2012)
have reported that bacteria are capable of detecting even low
concentration changes in toxic elements within their environ-
ment and make swift adjustments to cope with these changes.
When microorganisms are repeatedly exposed to toxic ele-
ments, they develop a tolerance and resistance to the stress
of these variations in their environment (Ahemad 2012;
Issazadeh et al. 2013). This microbial adaptation to polluted
environments can be employed as a bioindicator and tool to
determine the extent of pollution within the particular envi-
ronments (Selvin et al. 2009; Sumampouw and Risjani 2014).

Industrial processes and temporary storage measures
employed by industries do not provide adequate contact time
for potential resident microorganisms to evolve strategies for
the degradation of toxic elements and xenobiotic compounds.
The standard practice in most countries is that wastewater is
temporarily stored and diluted at industrial sites until it meets
acceptable municipal standards. It is then transported to a
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wastewater treatment facility for treatment and disposal into
large waterbodies (Carter et al. 1999; USEPA, 2004; Doorn
et al. 2006; Dhote et al. 2012). The major limitation of waste-
water treatment processes is that they are designed to reduce
biochemical oxygen demand (BOD) and therefore focus pri-
marily on degradation of organic matter (Campillo 2016;
Momba et al. 2006). As a result, such treatments do not reduce
or remove toxic element contamination with the implication
that presumably treated water often still contains significantly
high quantities of toxic elements that inadvertently enter into
the receiving water bodies. One strategy that could possibly
ameliorate this problem is to expose industrial effluents in situ
to monocultures or consortia of microorganisms that would
reduce or remove these toxic elements before conveyance to
the sewerage system and ultimately the waterbodies which are
the ultimate sinks for such effluents.

In the face of increasing pollution of already limited water
resources, there is an increasing need to elucidate the fate of
potentially toxic contaminants in the environment and to de-
velop cost-efficient methods of removing them from different
environmental media. Current physicochemical methods such
as the use of ion-exchange resins, ultrafiltration,
nanofiltration, electrodialysis and reverse osmosis (Karnika
Alluri et al. 2007;Wang and Chen 2009; Fu and Wang 2011;
Kumar et al. 2011) present cost implications that are not sus-
tainable or eco-friendly. It would be useful to find microbial
strains that are able to grow and metabolise in the presence of
potentially toxic elements. Toxic element-resistant bacteria
have the potential to be used as bioremediation tools for con-
taminated water and can be incorporated into existing waste
treatment programmes. Such alternatives will also allow for
effective and cost-efficient wastewater treatment and bioreme-
diation systems (Filali et al. 2000; Kumar et al. 2011; Sharma
2012). It is therefore of vital importance to identify microor-
ganisms that can tolerate and possibly reduce the concentra-
tions of these toxic elements from environmental milieu.
Thus, the purpose of this study was to isolate and characterise
toxic element-resistant bacteria from acid mine drainage wa-
ter, apply them in the bioremediation of industrial effluent of
similar chemical profiles and ascertain the effectiveness of the
bioremediation employing the biostimulation strategy.

Material and methods

Sample collection

Acid mine drainage water was collected from two common
drainage sites (25° 50′ 22.018″ S 27°7′ 11.103″ E and 26° 7′
30.151″ S 27°7′ 11.103″ E) of a conglomeration of active gold
mines located in Gauteng, South Africa. Sample bottles
intended for sample collection for elemental analysis were
soaked overnight in 2% nitric acid (Merck, South Africa)

and rinsed twice with double-distilled water and dried in a
clean, metal-free cabinet. Industrial effluent samples at point
source were collected from an anonymously protected indus-
trial site. All samples were stored at 4 °C prior to chemical and
microbiological analysis.

Elemental composition analysis

Elemental concentrations such as Al, As, Fe, Cu, Zn, Cr and
Ni in the AMD water and industrial effluent samples were
analysed using inductively coupled plasma optical emission
spectrometry (ICP-OES) (PerkinElmer Optima 5300 DV,
Germany). Samples were digested using Aqua regia (Sigma
Aldrich, South Africa) following the protocol provided by
USEPA (1996). All digested samples were filtered using
0.45 μm filter paper (Whatman, USA), prior to ICP-OES
analysis. The target elements were analysed by direct aspira-
tion into the ICP-OES. Data inclusion was based on regression
coefficient readings of > 0.999 benchmarked against the stan-
dard calibration curves for each of the element standards at the
respective absorbance wavelength, taking into consideration
their respective method detection limits.

Isolation and screening of bacteria

The isolation of bacteria was achieved by amending 1-
lnutrient agar with the following quantities of salts before
sterilisation: Al(NO3)3·9H2O (34 mg), CuSO4·5H2O
(0.83 mg), Fe(NO3)3·7H2O (24 mg), MgSO4 (750 mg),
KMnO4 (230 mg), Zn(NO3)2 (5.9 mg), Pb(NO3)2 (0.32 mg),
Ni(NO3)2·6H2O (9.2 mg), K2CrO4 (0.75 mg) and Cd(NO3)2·
4H2O (0.55 mg). The initial concentrations of salts were de-
termined based on initial concentrations of the target elements
in the AMD water samples, with the intent of simulating the
chemical profile of the water samples. Triplicate media plates
containing these salts were inoculated with 0.1 ml of each
AMD water sample and incubated at 30 °C for 48 h under
aerobic conditions. Colonies were purified by transfer into
fresh media plates of the same constitution until axenic cul-
tures were obtained. Nutrient agar plates that did not contain
salts of the test elements were also inoculated with 0.1 ml of
AMDwater samples and incubated under the same conditions
to serve as experimental controls. Isolates from these non-
amended plates were later transferred to fresh plates contain-
ing concentrations of salts of the test elements as indicated
previously and incubated under the same conditions.

Molecular characterisation and phylogenetic analysis

The genomic DNA of axenic cultures of bacterial isolates was
extracted using the ZR Fungal/Bacterial DNA Kit™ (Zymo
Research, Irvine, CA) following the manufacturer’s instruc-
tions. The obtained DNA was then amplified using the 16S
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rRNA universal gene primer set (27F and 1492R) under the
following cycling conditions: an initial denaturation step at
98 °C for 3 min followed by 32 cycles of denaturation at
94 °C for 30 s, annealing at 55 °C for 30 s and extension at
72 °C for 1 min followed by final extension at 72 °C for
10 min. The final PCR products were then purified and se-
quenced in the forward and reverse directions on the ABI
PRISM™ 3500xl Genetic Analyser. The obtained sequences
were subjected to BLAST analysis for the identification of
bacterial taxa and submitted to NCBI GenBank for the gener-
ation of accession numbers. The accession numbers of the
submitted sequences are KX641888 and KX641889.
Phylogenetic analysis was performed using the Molecular
Evolutionary Genetics Analysis v7 (MEGA7) software
(Tamura et al. 2013) using an alignment created with SINA
Aligner (Pruesse et al. 2012).

Tolerance tests and minimum inhibitory
concentrations

Bacterial isolates that demonstrated an ability to grow on the
initial simulated resident concentrations of target elements ob-
tained from the initial ICP-OES readings on amended nutrient
agar plates were further exposed to incremental quantities of
the initial readings by employing 10% incremental inclusions
to the nutrient agar, using the same salts of the target elements
employed previously until growth was almost non-existent on
plates.

Bioremediation assays

The isolates that demonstrated the greatest minimum inhibi-
tory concentrations (MICs) were introduced to the industrial
effluent sample to ascertain whether this observed tolerance
implied the removal of only the test element or possibly other
toxic elements from the polluted water sample. Minimal salt
medium (MSM) was used to provide all other growth-limiting
nutrient requirements for the selected isolates. MSM compo-
sition in 1000 ml of distilled water used is as follows:
Na2HPO4·7H2O (12.8 g), KH2PO4 (3.0 g), NaCl (0.5 g),
NH4Cl (1.0 g), 1 M MgSO4 (0.4 ml), 1 M CaCl2 (0.02 ml)
and glucose (4 g). The triplicates of each test solution were
prepared by mixing industrial effluents with liquid MSM at
the following ratios: 1:19, 2:18, 3:17, 4:16, 5:15, 6:14, 7:13,
8:12, 9:11, 10:10, 20:0 and 0:20. The 20:0 as well the 0:20
formulations served as the negative and positive controls,
respectively. Growth patterns were monitored during the
72-hincubation (at 30 °C) by withdrawing samples at in-
tervals of 12 h and determining the absorbance at 600 nm
using a T60 UV-VIS Spectrophotometer. Samples at the
end of the 72-hincubation period were analysed using
ICP-OES to determine the final elemental composition af-
ter microbial treatment.

Statistical analysis

Paired ttest analysis was used to determine the significant
differences between the bacterial isolates and the amount of
toxic element reduction in different treatment ratios at a 95%
confidence level. These percentages were deemed significant
when pvalues were less than 0.05. Graphs of these percent-
ages of toxic element removal were constructed for each dilu-
tion ratio of effluent:MSM formulation that was employed to
determine the extent of biostimulation required for effective
bioremediation.

Results

Elemental composition analysis

A total of eight toxic elements in different concentrations were
consistently identified in the three water samples (Table 1).
Results of the AMD water samples showed that AMD site 1
had the higher concentration of most of the target elements
monitored in this study. In addition, analysis of the industrial
effluent demonstrated very high concentrations of Cu and Zn
with quantities of 1340 ppm and 1830 ppm, respectively.
Furthermore, As was only found in negligible quantities in
AMD water samples from both sites. However, in the indus-
trial effluent sample, it was detected in very low quantity
(18 ppm).

Screening and isolation of bacteria

A total of six bacterial strains were initially isolated from the
AMD water samples based on their ability to grow on all
target elements included on nutrient agar plates. No growth
was observed on plates inoculated with the industrial effluent.
From the non-amended nutrient agar plates, 10 bacterial

Table 1 Initial concentration of toxic elements in the AMD water and
industrial effluent samples

Elements ICP-OES
Readings (ppm)
AMD site 1

ICP-OES
Readings (ppm)
AMD site 2

ICP-OES
Readings (ppm)
Industrial effluent

Al 2.43 <0.20 1.57

As <0.20 <0.20 18

Fe 3.30 <0.20 0.74

Cu 0.21 <0.20 1340

Zn 2.03 0.75 1830

Cr <0.20 <0.20 49

Ni 1.86 <0.20 304

Pb <0.20 <0.20 1.33

<0.20 – below the detection limit
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strains were isolated. Those 10 strains showed no positive
growth when transferred to plates containing the target ele-
ments. Of the six strains that had demonstrated tolerance to
the resident toxic elements of the AMDs, only two strains
demonstrated high tolerance to incremental quantities of the
same target elements. Table 2 summarises the minimum in-
hibitory concentrations survived by the two bacterial strains
that demonstrated the highest tolerance before observable ex-
tinction on plates during exposure to the target elements.

Molecular characterisation

Although six different pure bacterial isolates were obtained
from the collected acid mine water samples, only the two
isolates that demonstrated high potential for toxic element
resistance were subjected to molecular identification.
Phylogenetic comparison of PCR-amplified 16S rDNA se-
quence data of each isolate with the database of known species
using the NCBI database revealed that one of the isolates was
closely related to Bacillus cereusand while the other was
closely related to Lysinibacillus fusiformis.The pairwise nu-
cleotide sequence similarities of both isolates were 99 and
100%, respectively. In order to evaluate their phylogenetic
positions, the 16S rRNA gene sequence of each strain was
analysed and a phylogenetic tree was constructed using
Mega 7 software. The phylogenetic tree showed that isolates
belong to their respective closest similarities (Fig. 1).

Tolerance test and minimum inhibitory
concentrations

Bacillus sp. MGI101 and Lysinibacillus sp. MGI102 demon-
strated high tolerance to target element concentrations, with
often greater than 100-fold tolerance for the target elements
compared with the initial resident concentrations. Isolate
Lysinibacillus sp. MGI102 demonstrated no growth on the
plates with 240 ppm concentration of manganese (Mn) salt.

Further increments also showed no visible colony formation.
The increments of target element salts in nutrient agar plates
above the concentrations shown in Table 2 caused extinction
on plates with no observable growth after 72 h.

Bioremediation assays

For bioremediation assays, industrial effluents were mixed
with MSM to compensate for any growth rate nutrient limita-
tions. On the basis of direct correlation between biomass and
absorbance, the isolate Lysinibacillus sp. MGI102 did not
demonstrate an appreciable biomass increase when cultured
only in industrial effluent (as represented in absorbance values
in Fig. 2) in the 72-h period of monitoring growth. However,
biomass growth (in terms of absorbance values) for Bacillus
sp. MGI101 appeared to peak at 60 h. Varying growth patterns
were observed in different concentrations of industrial
effluent:MSM formulations. It is remarkable that with increas-
ing concentration of industrial effluent, growth of Bacillus sp.
MGI101 appeared to increase while that of Lysinibacillus sp.
MGI102 steadily declined.

Percentage removal of each element was determined by
computing the difference between the initial and final concen-
tration after 72 h of incubation. The focus in relation to feasi-
ble industrial application was placed on ratios with increased
concentrations of the toxic elements from the effluent sam-
ples. Therefore, the result summary provided in this section
excluded any significant findings within the lower concentra-
tions of the effluent:MSM formulations as it was deemed not
to be economically viable to introduce such large quantities of
MSM or growth-limiting nutrients into the effluent.
Nevertheless, whileBacillus sp. MGI101 demonstrated an
ability to remove most of the target elements from the varied
concentrations, it also significantly removed toxic elements
from the undiluted effluent samples that it was subjected to
(Fig. 3a–h). Results of comparisonwere evaluated on the basis
of the Student ttest.

Table 2 Minimum inhibitory
concentration of different target
elements for Bacillus sp.
MGI101and Lysinibacillus sp.
MGI102

MIC (ppm)

Elements Initial concentration (ppm) Bacillus sp. MGI101 Lysinibacillus sp. MGI102

Al 2.43 4.89 4.89

Fe 3.30 36.5 36.5

Cu 0.21 3.29 3.29

Mg 152 303 303

Mn 80.4 240 216

Zn 2.03 18.3 18.3

Cr 0.20 4.27 4.27

Cd 0.20 3.20 3.20

Ni 1.86 3.53 3.53

Pb 0.20 18.2 18.2
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The strain Bacillus sp. MGI101 was able to remove As, Cr,
Zn, Cu and Al from undiluted effluent solutions that contained
no additional growth-limiting nutrient (MSM). The highest
removal was observed for As and Al with approximately
63% and 68% removal, respectively. However, the removal
capacities of Lysinibacillus sp. MGI102 were not evident in
undiluted effluent solutions, although it was observed in dilut-
ed formulations. Furthermore, MGI102 demonstrated a steady
increase in its ability to remove toxic elements with increasing
dilution of the effluent using MSM. For example, in diluted
sample ratios, Lysinibacillus sp. MGI102 demonstrated a
steady increase in removal capacities at the higher concentra-
tions of As with the highest removal capacity demonstrated at
the ratio of 6:14 (effluent:MSM) where it removed approxi-
mately 75% of the As.

Both bacterial strains demonstrated varied but significant
removal capacities in diluted effluent:MSM ratios for the dif-
ferent elements including Cr, Zn, Cu and Al. It is also remark-
able that the removal capacity at 5:15 (effluent:MSM) was
significantly high for Cr, Zn, Cu and Ni with removal percent-
ages of > 60% demonstrated by both bacterial strains.
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Fig. 2 Growth patterns of Bacillus sp. MGI101and Lysinibacillus sp. MGI102 using varying concentration ratios of industrial effluent:MSM
formulations
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Fig. 1 Phylogenetic tree showing the relationship between Bacillus sp.
MGI101 and Lysinibacillus sp. MGI102 with the most similar sequences
based on the 16S rRNA gene

546 Ann Microbiol (2019) 69:541–551



However, both bacterial strains were unable to demonstrate
significant removal of Fe, Ni and Pb above 5:15
(effluent:MSM) ratios.

Discussion

The success of an in situ bioremediation programme is
dependent on several factors that include the choice of
microorganisms and the provision of growth-limiting nu-
trient(s) (Sarkar et al. 2016). It is also of importance to
consider in bioaugmentation strategies that microorgan-
isms must originate from an environment with a similar
chemical profile to that of the polluted water under consid-
eration. This study investigated the effect of concentration
of growth-limiting nutrients in the efficiency of two bacte-
rial strains, Lysinibacillus sp. MGI102 and Bacillus sp.
MGI101, for the bioremediation of industrial effluents with
a chemical profile similar to acid mine drainage water. The
objective was to identify the most suitable concentration
tha t cou ld be su i t ab l e fo r p r e l im ina ry in s i t u

bioremediation of effluent before municipal collection
and further treatment in the local wastewater treatment
plant. While information can be found for biostimulation
strategies with respect to the bioremediation of hydrocar-
bon contaminated water (Macaulay and Rees 2014; Sarkar
et al. 2016), the same cannot be said for toxic element
bioremediation using this strategy before this study.

Both bacterial strains, Lysinibacillus sp. MGI102 and
Bacillus sp. MGI101, were isolated from AMD sites. They
were Gram-positive, rod-shaped, endospore-forming strictly
aerobic bacteria, profiles that matched those of other bacteria
previously isolated from similar niche environments (Gupta
et al. 2012; Ka-ot et al. 2017; Liu et al. 2013; Park et al. 2012;
Wichlacz et al. 1986). These two isolates showed tremendous
resistance and biosorptive abilities toward the target elements
employed in this study as indicated by the plate growth and
ICP-OES analysis. This is similar to reports from previous
findings that employed quantitative analytical methods to de-
termine the abilities of microorganisms to remove toxic ele-
ments from contaminated samples. Chang and Chen (1998)
designed experiments employing quantitative techniques to

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

%
 r

em
o
v

al

Dilution ratio (Effluent:MSM)

Arsenic (As)
MGI101

MGI102

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

%
 r

em
o
v

al

Dilution ratio (Effluent:MSM)

Aluminium (Al)

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

%
 r

em
o
v

al

Dilution ratio (Effluent:MSM)

Chromium (Cr)

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

20:0010:10 9:11 8:12 7:13 6:14 5:15 4:16 3:17 2:18 1:19 0:20

%
 r

em
o
v

al

Dilution ratio (Effluent:MSM)

Copper (Cu)

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

%
 r

em
o
v

al

Dilution ratio (Effluent:MSM)

Lead (Pb)

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

%
 r

em
o

v
al

Dilution ratio (Effluent:MSM)

Iron (Fe)

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

20:0010:10 9:11 8:12 7:13 6:14 5:15 4:16 3:17 2:18 1:19 0:20

%
 r

em
o
v

al

Dilution ratio (Effluent:MSM)

Nickel (Ni)

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

%
 r

em
o

v
al

Dilution ratio (Effluent:MSM)

Zinc (Zn)
MGI101

MGI102

Fig. 3 Percentage removal of potentially toxic elements from industrial effluent samplesmixed withMSM (effluent:MSM ratio) byBacillus sp.MGI101
and Lysinibacillus sp. MGI102. Values were derived for triplicate samples (n = 3) and are reported as mean+SD, with pvalue > 0.05

Ann Microbiol (2019) 69:541–551 547



investigate the behaviour of selective adsorption of
Pseudomonas aeroginosa PU21 (Rip64) with solutions con-
taining Pb, Cu and Cd. In another study by Syed and
Chinthala (2015, b), three species of Bacillus isolated from
solar salterns were screened for their potential to detoxify
heavy metals Pb, Cr and Cu by biosorption using Atomic
absorption spectroscopy (AAS), ICP-OES and energy disper-
sive spectroscopy (EDS) to determine the quantities before
and after treatment with significant results.

The present study observed that concentrations of the ele-
ments and the growth rate–limiting nutrients as provided by
MSM in test solutions were pivotal in increasing the removal
capacities of the two bacterial strains, particularly for
Lysinibacillus sp. MGI102. Bacillus sp. MGI101 demonstrat-
ed great removal capacities at high concentrations of the target
elements even without growth rate–limiting nutrients, sug-
gesting that this strain has great potential to remediate polluted
water possibly without the need for biostimulation. This is
particularly important as there are critics of this strategy that
have noted the likely problem of eutrophication associated
with biostimulation (Boesch, 2002; Macaulay & Rees,
2014). In addition, the exploitation of microorganisms that
can remediate without the need for biostimulation or in envi-
ronments with low concentrations of nutrients will offer a
considerable advantage under such circumstances.

Traditionally, B. cereus is usually implicated in food poi-
soning and food intoxication, making it a human pathogen
(DelVecchio et al., 2006; Hoffmaster et al., 2006). However,
B. cereusSIU1 has previously demonstrated toxic element-
resistant ability (Singh et al., 2010), which is likely attributed
to its production of thermo-alkaline protease that changes the
pH of the environment and substrate. The findings in this

study are likely explained by the fact that several strains of
Bacillus including B. anthracis and B. cereus have demon-
strated the presence ofmultiple plasmids, particularly the pres-
ence of the transposase genes that are located in two large
plasmids, as was found in the B. cereus ZK strain which is
responsible for horizontal gene exchange between plasmids
and chromosomes (Rasko et al., 2004). It is very likely that
such plasmids are present in the Bacillus sp.MGI101 isolated
from AMD water site 2 and may account for its increased
resistance to toxic elements. It is also likely that their
prolonged exposure to the AMD water has allowed them to
develop strategies to cope with these routinely present toxic
elements (Roane & Pepper, 1999).

The strain Bacillus sp.MGI101 demonstrated a high toler-
ance for As as observed in its removal of between 60 and 90%
of these elements from different concentrations of
effluent:MSM culture medium formulations. However, it only
seemed to be capable of removing low concentrations of Fe
(< 1% from the raw industrial effluent sample) (Fig. 3). This is
similar to the finding of Kanwal et al. (2004) that reported
high removal rate for As compared with Fe. In their study,
the isolated strains (E. coli and B. cereus) were able to survive
at 10 ppm concentrations of As, although no growth was ob-
served at the same concentrations of Pb, Cu and Fe.

Information regarding L. fusiformis is sparse and, at
present,is evolving in its application for bioremediation pur-
poses (Chihomvu et al., 2015; He et al., 2011; Lin et al.,
2014).However, the strains L. fusiformis ZC1 (He et al.,
2011) and L. fusiformis ZYM1 (Zhao et al., 2016) have pre-
viously been shown to have toxic element resistance to
chromium and selenite/tellurite, respectively. This study also
confirmed that Lysinibacillus sp. MGI102 demonstrated toxic
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elementresistance to varying concentrations of the different
toxic elements including As, Cr, Zn, Cu, Ni, Pb and Al.
Furthermore, studies done by He et al. (2011) have established
the presence of the gene chrA in the particular strain of
L. fusiformiswhich encodes a Cr(VI) transporter that accounts
for the Cr(VI) resistance. This is further supported in the pres-
ent study by the ability of Lysinibacillus MGI102 to remove
significantly high quantities of Cr from different concentra-
tions of the industrial effluent. It must, however, be noted that
unlike Bacillus sp. MGI101, strain Lysinibacillus sp. MGI102
required the addition of growth rate–limiting nutrients. Thus,
for bioremediation application, it would require strategies in-
volving the biostimulation processes.

On average, it appeared that the most suitable dilution ratio
for bioremediation was the 5:15 ratio as seen in Fig. 4. It is
pertinent to note that the element removal capacity of the
bacterial strains was element-specific and the large standard
deviation obtained at the different dilution concentrations is an
indication of the varied removal capabilities of the two bacte-
rial strains for the different toxic elements. Moreover, this
study observed that the removal of toxic elements is not nec-
essarily in direct proportion with the concentration present
within the medium. For instance, both strainsBacillus sp.
MGI101 and Lysinibacillus sp. MGI102 removed 78% of
Cu in medium formulation 5:15 while managing to remove
0.6% and 22.3% of Cu, respectively, when the media formu-
lation was 2:18 (effluent:MSM). It will be presumed that a
lower concentration will favour a greater efficiency of element
removal since there are less elements to remove (Ahirwar
et al., 2013; Raghuraman et al., 2013), but this was not the
case. This, however, can be explained from the understanding
that the higher concentration of Cu implies that there are sev-
eral free elemental ions present in the solution as compared
with lower concentration, where more likely the copper ions
present may already be bound in other chemical reactions.
According to Nogueira et al. (2015), the amount of free
Cu2+ions that result from bacterial activity is a function of
the metal speciation which determines the interaction between
the microorganism and the metal.

Overall, it is remarkable to note the efficiency of removal
of As by the two isolates (Fig. 3) especially since the AMD
sites fromwhich the two bacterial strains were isolated did not
contain detectable levels of arsenic. This further validates the
need for bioprospecting and bioremediation studies as micro-
organisms are constantly evolving mechanisms to adapt to the
changing environment which is a direct consequence of
pollution.

Conclusion

In the present study, we evidenced the tolerance ofBacillus sp.
MGI101 and Lysinibacillus sp. MGI102 to various toxic

elements. The results showed that the identified bacteria are
able to survive in AMD water and have developed mecha-
nisms to tolerate these toxic elements. These toxic elements
were effectively removed by the growing cells of both tested
isolates, with Fe being the most recalcitrant to biosorption and
As, Cr, Pb and Al being the most important toxic elements
removed from the effluent due to their health-related conse-
quences. These two isolates demonstrated potential usefulness
in bioremediation processes not only for AMD water but also
for industrial effluents that have similar chemical profiles.
Both strains were effectively applied in the treatment of efflu-
ents with the strain Lysinibacillus sp. MGI102 demonstrating
a higher efficiency in removing toxic elements as compared
withBacillus sp. MGI101. However, it must be added that the
application of Lysinibacillus sp. MGI102 would require the
employment of a biostimulation strategy to provide the
growth rate–limiting nutrients. A possible bioremediation de-
sign may be to introduce Bacillus sp. MGI101 to initiate
biosorption in the raw industrial effluent, thus reducing the
quantities of rate-limiting nutrient requirements that will be
later added for Lysinibacillus sp. MGI102 to complete the
process. Such an adaptation of biostimulation will require fur-
ther investigation to facilitate efficient bioremediation
processes.

Acknowledgements The authors wish to thank the Industrial and
Environmental Biotechnology class of 2016 and 2017 of the Pearson
Institute of Higher of Education for their individual contributions to this
research in the preliminary and validation phases of the experiments.
Language editing was provided by Kevin Levy.

Funding Although there was no direct and formal funding provided by
either institution, this work was supported by the Pearson Institute of
Higher Education in the procurement of consumables and equipment
for the first phase of work. The second phase of work was done using
equipment from the Eureka Laboratories of the University of South
Africa.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Research involving human participants and/or animals N/A

Informed consent N/A

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Ahemad M (2012) Implications of bacterial resistance against heavy
metals in bioremediation: a review. IIOAB Journal 3(3):39–46

Ahirwar NK, Gupta G, Singh V (2013) Biodegradation of chromium
contaminated soil by some bacterial species biodegradation of

Ann Microbiol (2019) 69:541–551 549



chromium contaminated soil by some bacterial species. Int J Sci Res
(IJSR) 4(4):1024–1029

BarakatMA (2011) New trends in removing heavy metals from industrial
wastewater. Arab J Chem 4(4):361–377. https://doi.org/10.1016/j.
arabjc.2010.07.019

Beveridge TJ, Fyfe WS (1985) Metal fixation by bacterial cell walls. Can
J Earth Sci 22(12):1893–1898. https://doi.org/10.1139/e85-204

Beveridge TJ, Murray RGE (1980) Sites of metals deposition in the cell
wall of Bacillus subtilis. J Bacteriol 141(2):876–887

Boesch, D. F. (2002). Causes and consequences of nutrient
overenrichment of coastal waters. In International Seminar on
Nuclear War and Planetary Emergencies (pp. 165–179)

Bruins MR, Kapil S, Oehme FW (2000) Microbial resistance to metals in
the environment. Ecotoxicol Environ Saf 45(3):198–207. https://
doi.org/10.1006/eesa.1999.1860

Campillo GE (2016) Sustainable operation of a biological wastewater
treatment plant sustainable operation of a biological wastewater
treatment plant. https://doi.org/10.1088/1757-899X/161/1/012093

Carter C, Tyrrel S, Howsam P (1999) Impact and sustainability of com-
munity water supply and sanitation programmes in developing
countries. J Chartered Instit Water Environ Manag 13:292–296

Chang J-S, Chen C-C (1998) Quantitative analysis and equilibrium
models of selective adsorption in multimetal systems using a bacte-
rial biosorbent. Sep Sci Technol 33(5):611–632. https://doi.org/10.
1080/01496399808544779

Chihomvu P, Stegmann P, Pillay M (2015) Characterization and structure
prediction of partial length protein sequences of pcoA, pcoR and
chrB genes from heavy metal resistant bacteria from the Klip
River, South Africa. Int J Mol Sci 16(4):7352–7374. https://doi.
org/10.3390/ijms16047352

David IG, Matache ML, Tudorache A, Chisamera G, Rozylowicz L,
Radu GL (2012) Food chain biomagnification of heavy metals in
samples from the lower prut floodplain natural park. Environ Eng
Manag J 11(1):69–73

DelVecchio VG, Connolly JP, Alefantis TG, Walz A, Quan MA, Patra G,
Mujer CV (2006) Proteomic profiling and identification of
immunodominant spore antigens of Bacillus anthracis, Bacillus ce-
reus, and Bacillus thuringiensis. Appl Environ Microbiol 72(9):
6355–6363. https://doi.org/10.1128/AEM.00455-06

Dhote, J, Ingolen S, Chavhan, A (2012) Review of Wastewater treatment
technologies. Int J Eng Res Technol 1(5): 1–10

Dixit, R., Wasiullah Malaviya, D., Pandiyan, K., Singh, U. B., Sahu, A.,
… Paul, D. (2015). Bioremediation of heavy metals from soil and
aquatic environment: an overview of principles and criteria of fun-
damental processes. Sustainability (Switzerland), 7(2), 2189–2212.
https://doi.org/10.3390/su7022189

Doorn,M. R. ., Towprayoon, S., Maria, S., Vieira, M., Irving,W., Palmer,
C., …Wang, C. (2006). Wastewater treatment and discharge. In In
2006 IPCC Guidelines for National Greenhouse Gas Inventories
(pp. 1–6)

Filali B, Taoufik J, Zeroual Y, Dzairi F, TalbiM, BlaghenM (2000)Waste
water bacterial isolates resistant to heavy metals and antibiotics.
Curr Microbiol 41(3):151–156

Fu F, Wang Q (2011) Removal of heavy metal ions from wastewaters: a
review. J Environ Manag 92:407–418. https://doi.org/10.1016/j.
jenvman.2010.11.011

Gadd GM (2008) Biosorption: critical review of scientific rationale, en-
vironmental importance and significance for pollution treatment. J
Chem Technol Biotechnol 84(1):13–28. https://doi.org/10.1002/
jctb.1999

Gavrilescu M (2004) Removal of heavy metals from the environment by
biosorption. Eng Life Sci 4(3):219–232. https://doi.org/10.1002/
elsc.200420026

Gupta S, Goyal R, Nirwan J, Cameotra SS, Tejoprakash N (2012)
Biosequestration, transformation, and volatilization of mercury by
Lysinibacillus fusiformis isolated from industrial effluent. J

Microbiol Biotechnol 22(5):684–689. https://doi.org/10.4014/jmb.
1109.08022

He M, Li X, Liu H, Miller SJ, Wang G, Rensing C (2011)
Characterization and genomic analysis of a highly chromate resis-
tant and reducing bacterial strain Lysinibacillus fusiformis ZC1. J
Hazard Mater 185(2–3):682–688. https://doi.org/10.1016/j.jhazmat.
2010.09.072

Hoffmaster AR, Hill KK, Gee JE, Marston CK, De BK, Popovic T et al
(2006) Characterization of Bacillus cereus isolates associated with
fatal pneumonias: strains are closely related to Bacillus anthracis and
harbor b. anthracis virulence genes. J Clin Microbiol 44(9):3352–
3360. https://doi.org/10.1128/JCM.00561-06

Huang L-N, Liang M, Shu W (2016) Microbial ecology and evolution in
the acid mine drainage model system. Trends Microbiol 24. https://
doi.org/10.1016/j.tim.2016.03.004

Ianeva OD (2009) Mechanisms of bacteria resistance to heavy metals.
Mikrobiol Z 71(6):54–65

Issazadeh K, Jahanpour N, Pourghorbanali F, Raeisi G, Faekhondeh J
(2013) Heavy metals resistance by bacterial strains. Ann Biol Res
4(2):60–63

Kanwal, R., Ahmed, T., Tahir, S. S., &Rauf, N. (2004). Resistance of
Bacillus cereus and E. coli towards lead , copper , iron , manganese
and arsenic. Pak J Biol Sci, 7(1), 6–9

Ka-ot AL, Banerjee S, Haldar G, Joshi SR (2017) Acid and heavy metal
tolerant Bacillus sp. from rat-hole coal mines of Meghalaya, India.
Proc Natl Acad Sci, India Sect B: Biol Sci, (March). https://doi.org/
10.1007/s40011-017-0856-x

Karnika Alluri H, Reddy Ronda S, Saradhi Settalluri V, Singh Bondili J
(2007) Biosorption: an eco-friendly alternative for heavy metal re-
moval. Afr J Biotechnol 6(25):2924–2931. https://doi.org/10.4314/
ajb.v6i25.58244

KumarA, Bisht B, Joshi V, Dhewa T (2011) Review on bioremediation of
polluted environment: amanagement tool. Int J Environ Sci 1(6):
1079–1093

de Limae Silva AA, Ribeiro de Carvalho MAL, de Souza SAL, Teixeira
Dias PM, da Silva Filho RG, de Meirelles Saramago CS, Hofer E
(2012) Heavy metal tolerance (Cr, Ag and Hg) in bacteria isolated
from sewage. Braz J Microbiol 43(4):1620–1631. https://doi.org/10.
1590/S1517-83822012000400047

Lin C, Gan L, Chen Z, Megharaj M, Naidu R (2014) Biodegradation of
naphthalene using a functional biomaterial based on immobilized
Bacillus fusiformis (BFN). Biochem Eng J 90:1–7. https://doi.org/
10.1016/j.bej.2014.05.003

Liu H, Song Y, Chen F, Zheng S, Wang G (2013) Lysinibacillus
manganicus sp. nov., isolated from manganese mining soil. Int J
Syst Evol Microbiol 63(PART10):3568–3573. https://doi.org/10.
1099/ijs.0.050492-0

Macaulay BM, Rees D (2014) Bioremediation of oil spills: A review of
challenges for research advancement. Ann Env Sci Ann Env Sci
8(March):9–37

Malik A (2004) Metal bioremediation through growing cells. Environ Int
30(2):261–278. https://doi.org/10.1016/j.envint.2003.08.001

Matlock MM, Howerton B, Matlock MM, Howerton BS, Atwood D
(2002) Chemical precipitation of heavy metals from acid mine
drainage. Water Res 36(19):4757–4764

Momba MN, Osode A, Sibewu M (2006) The impact of inadequate
wastewater treatment on the receiving water bodies case study:
Buffalo City and Nkonkobe municipalities of the eastern Cape
Province. Water SA 32:687–692

MonacheseM, Burton JP, Reid G (2012) Bioremediation and tolerance of
humans to heavy metals through microbial processes: a potential
role for probiotics? Appl Environ Microbiol 78(18):6397–6404.
https://doi.org/10.1128/AEM.01665-12

Morales ME, Derbes RS, Ade CM, Ortego JC, Stark J, Deininger PL,
Roy-Engel AM (2016) Heavy metal exposure influences double

550 Ann Microbiol (2019) 69:541–551

https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1139/e85-204
https://doi.org/10.1006/eesa.1999.1860
https://doi.org/10.1006/eesa.1999.1860
https://doi.org/10.1088/1757-899X/161/1/012093
https://doi.org/10.1080/01496399808544779
https://doi.org/10.1080/01496399808544779
https://doi.org/10.3390/ijms16047352
https://doi.org/10.3390/ijms16047352
https://doi.org/10.1128/AEM.00455-06
https://doi.org/10.3390/su7022189
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1002/jctb.1999
https://doi.org/10.1002/jctb.1999
https://doi.org/10.1002/elsc.200420026
https://doi.org/10.1002/elsc.200420026
https://doi.org/10.4014/jmb.1109.08022
https://doi.org/10.4014/jmb.1109.08022
https://doi.org/10.1016/j.jhazmat.2010.09.072
https://doi.org/10.1016/j.jhazmat.2010.09.072
https://doi.org/10.1128/JCM.00561-06
https://doi.org/10.1016/j.tim.2016.03.004
https://doi.org/10.1016/j.tim.2016.03.004
https://doi.org/10.1007/s40011-017-0856-x
https://doi.org/10.1007/s40011-017-0856-x
https://doi.org/10.4314/ajb.v6i25.58244
https://doi.org/10.4314/ajb.v6i25.58244
https://doi.org/10.1590/S1517-83822012000400047
https://doi.org/10.1590/S1517-83822012000400047
https://doi.org/10.1016/j.bej.2014.05.003
https://doi.org/10.1016/j.bej.2014.05.003
https://doi.org/10.1099/ijs.0.050492-0
https://doi.org/10.1099/ijs.0.050492-0
https://doi.org/10.1016/j.envint.2003.08.001
https://doi.org/10.1128/AEM.01665-12


strand break DNA repair outcomes. PLoS One 11(3):1–21. https://
doi.org/10.1371/journalpone0151367

Mugwar AJ, Harbottle MJ (2016) Toxicity effects on metal sequestration
bymicrobially-induced carbonate precipitation. J HazardMater 314:
237–248

Munnik, V., Hochmann, G., Hlabane, M., &Law, S. (2010). The social
and environmental consequences of coal mining in South Africa:
acase study. A joint initiative of Environmental Monitoring Group,
Cape Town, South Africa and Both ENDs, Amsterdam,
The Netherlands

Nies DH, Silver S (1995) Ion efflux systems involved in bacterial metal
resistances. J Ind Microbiol 14(2):186–199. https://doi.org/10.1007/
BF01569902

Nogueira PFM, Nogueira MM, Melão M, Da GG, Lombardi AT (2015)
The activity of heterotrophic bacteria on the DOM - metal com-
plexes affects copper speciation and bioavailability in aquatic eco-
system. Braz J Aquat Sci Technol 19(1):47–53. https://doi.org/10.
14210/bjast.v19n1.p47-53

Park HB, Kim YJ, Lee JK, Lee KR, Kwon HC (2012) Spirobacillenes A
and B, unusual spiro-cyclopentenones from Lysinibacillus
fusiformis KMC003. Org Lett 14(19):5002–5005. https://doi.org/
10.1021/ol302115z

Pruesse E, Peplies J, Glöckner FO (2012) SINA: accurate high-
throughput multiple sequence alignment of ribosomal RNA genes.
Bioinformatics 28(14):1823–1829. https://doi.org/10.1093/
bioinformatics/bts252

Raghuraman T, Jerome Geoffrey C, Suriyanarayanan S, Thatheyus J, A.
(2013) Chromium removal by using chosen pseudomonads. Am J
Environ Prot 1(1):14–16. https://doi.org/10.12691/env-1-1-3

Rasko DA, Ravel J, Økstad OA, Helgason E, Cer RZ, Jiang L et al (2004)
The genome sequence of Bacillus cereus ATCC 10987 reveals met-
abolic adaptations and a large plasmid related to Bacillus anthracis
pXO1. Nucleic Acids Res 32(3):977–988. https://doi.org/10.1093/
nar/gkh258

Roane TM, Pepper IL (1999) Microbial responses to environmentally
toxic cadmium. Microb Ecol 38(4):358–364. https://doi.org/10.
1007/s002489901001

Rosen BP (1999) The role of efflux in bacterial resistance to soft metals
and metalloids. Essays Biochem 34:1–15

Sarkar J, Kazy SK, Gupta A, Dutta A, Mohapatra B, Roy A, Bera P,
Adinpunya M, P. S. (2016) Biostimulation of indigenous microbial
community for bioremediation of petroleum refinery sludge. Front
Microbiol 7:1–20. https://doi.org/10.3389/fmicb.2016.01407

Selvin J, Shanmugha Priya S, Seghal Kiran G, Thangavelu T, Sapna Bai
N (2009) Sponge-associated marine bacteria as indicators of heavy
metal pollution. Microbiol Res 164(3):352–363. https://doi.org/10.
1016/j.micres.2007.05.005

Sharma S (2012) Bioremediation: features, strategies and applications.
Asian J Pharm Life Sci 2(2):202–213

Sharma H, Rawal N, Mathew BB (2015) The characteristics, toxicity and
effects of cadmium. Int J Nanotechnol Nanosci 3:1–9

Singh SK, Tripathi VR, Jain RK, Vikram S, Garg SK (2010) An antibi-
otic, heavy metal resistant and halotolerant Bacillus cereus SIU1 and
its thermoalkaline protease. Microb Cell Factories 9:59–66. https://
doi.org/10.1186/1475-2859-9-59

Sobolev D, Begonia MFT (2008) Effects of heavy metal contamination
upon soil microbes: lead-induced changes in general and
denitrifying microbial communities as evidenced by molecular
markers. Int J Environ Res Public Health 5(5):450–456. https://
doi.org/10.3390/ijerph5050450

Sumampouw OJ, Risjani Y (2014) Bacteria as indicators of environmen-
tal pollution: review. Int J Ecosyst 4(6):251–258. https://doi.org/10.
5923/j.ije.20140406.03

Syed S, Chinthala P (2015) Heavy metal detoxification by different
Bacillus species isolated from solar salterns. Scientifica 2015:1–9.
https://doi.org/10.1155/2015/319760

Tamura, K., Stecher, G., Peterson, D., Filipski, A., &Kumar, S. (2013).
MEGA6 : molecular evolutionary genetics analysis Version 6 . 0.
Mol Biol Evol, 30(12), 2725–2729. https://doi.org/10.1093/molbev/
mst197

Taylor, J; Pape, S., &Murphy, N. (2005). A summary of passive and
active treatment technologies for acid and metalliferous drainage
(AMD). In Proceedings of the 5th Australian Workshop on Acid
Drainage. Freemantle: Australian Centre for Minerals Extension
and Research (ACMER)

Tchounwou PB, Yedjou CG, Patlolla AK, SuttonDJ (2012) Heavymetals
toxicity and the environment. EXS 101:133–164. https://doi.org/10.
1007/978-3-7643-8340-4_6

Tutu, H. (2012). Mining and water pollution. In Voudouris (Ed.), Water
quality monitoring and assessment(pp. 1–6). INTECHRetrieved
fromhttp://cdn.intechopen.com/pdfs/35059/InTech-Mining_and_
water_pollution.pdf

U.S. Environmental Protection Agency (2004) Guidelines for water re-
use. Camp Dresser & McKee, Inc., Washington, DC

Valdman, E., Erijman, L., Pessoa, F. L. P., &Leite, S. G. F. (2001).
Continuous biosorption of cu and Zn by immobilized waste biomass
Sargassum sp. Process Biochem, 36(8–9), 869–873. https://doi.org/
10.1016/S0032-9592(00)00288-0

Vieira RHSF, Volesky B (2000) Biosorption: a solution to pollution? Int
Microbiol 3(1):17–24. https://doi.org/10.2436/IM.V3I1.9237

Wang J, Chen C (2006) Biosorption of heavy metals by Saccharomyces
cerevisiae: a review. Biotechnol Adv 24(5):427–451. https://doi.org/
10.1016/j.biotechadv.2006.03.001

Wang J, Chen C (2009) Biosorbents for heavy metals removal and their
future. Biotechnol Adv 27(2):195–226. https://doi.org/10.1016/j.
biotechadv.2008.11.002

Wichlacz PL, Unz RF, Langworthy TA (1986) Acidiphilium angustum
sp. nov. Acidiphilium facilis sp. nov. and Acidiphilium rubrum sp.
nov. : Acidophilic Heterotrophic Bacteria isolated from acidic coal
mine drainage. Int J Syst Bacteriol 36(2):197–201

Yoshida T, Maki M, Okamoto H, Hiroishi S (2005) Coordination of DNA
replication and cell division in cyanobacteria Microcystis
aeruginosa. FEMS Microbiol Lett 251(1):149–154. https://doi.org/
10.1016/j.femsle.2005.07.041

Zhao Y, Dong Y, Zhang Y, Che L, Pan H, Zhou H (2016) Draft genome
sequence of a selenite- and tellurite-reducing marine. Genome
Announcements 4(1):4–5. https://doi.org/10.1128/genomeA.
01552-15.Copyright

Ann Microbiol (2019) 69:541–551 551

https://doi.org/10.1371/journalpone0151367
https://doi.org/10.1371/journalpone0151367
https://doi.org/10.1007/BF01569902
https://doi.org/10.1007/BF01569902
https://doi.org/10.14210/bjast.v19n1.p47-53
https://doi.org/10.14210/bjast.v19n1.p47-53
https://doi.org/10.1021/ol302115z
https://doi.org/10.1021/ol302115z
https://doi.org/10.1093/bioinformatics/bts252
https://doi.org/10.1093/bioinformatics/bts252
https://doi.org/10.12691/env-1-1-3
https://doi.org/10.1093/nar/gkh258
https://doi.org/10.1093/nar/gkh258
https://doi.org/10.1007/s002489901001
https://doi.org/10.1007/s002489901001
https://doi.org/10.3389/fmicb.2016.01407
https://doi.org/10.1016/j.micres.2007.05.005
https://doi.org/10.1016/j.micres.2007.05.005
https://doi.org/10.1186/1475-2859-9-59
https://doi.org/10.1186/1475-2859-9-59
https://doi.org/10.3390/ijerph5050450
https://doi.org/10.3390/ijerph5050450
https://doi.org/10.5923/j.ije.20140406.03
https://doi.org/10.5923/j.ije.20140406.03
https://doi.org/10.1155/2015/319760
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1007/978-3-7643-8340-4_6
https://doi.org/10.1007/978-3-7643-8340-4_6
http://cdn.intechopen.com/pdfs/35059/InTech-Mining_and_water_pollution.pdf
http://cdn.intechopen.com/pdfs/35059/InTech-Mining_and_water_pollution.pdf
https://doi.org/10.1016/S0032-9592(00)00288-0
https://doi.org/10.1016/S0032-9592(00)00288-0
https://doi.org/10.2436/IM.V3I1.9237
https://doi.org/10.1016/j.biotechadv.2006.03.001
https://doi.org/10.1016/j.biotechadv.2006.03.001
https://doi.org/10.1016/j.biotechadv.2008.11.002
https://doi.org/10.1016/j.biotechadv.2008.11.002
https://doi.org/10.1016/j.femsle.2005.07.041
https://doi.org/10.1016/j.femsle.2005.07.041
https://doi.org/10.1128/genomeA.01552-15.Copyright
https://doi.org/10.1128/genomeA.01552-15.Copyright

	Exploring the application of biostimulation strategy for bacteria in the bioremediation of industrial effluent
	Abstract
	Introduction
	Material and methods
	Sample collection
	Elemental composition analysis
	Isolation and screening of bacteria
	Molecular characterisation and phylogenetic analysis
	Tolerance tests and minimum inhibitory concentrations
	Bioremediation assays
	Statistical analysis

	Results
	Elemental composition analysis
	Screening and isolation of bacteria
	Molecular characterisation
	Tolerance test and minimum inhibitory concentrations
	Bioremediation assays

	Discussion
	Conclusion
	References


