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ABSTRACT

Currently, the seriousness of heavy metal (HM) pollution has spanned globally,
causing serious health hazards in all living organisms, whether of anthropogenic
release or natural origin. Through the advent of industrialization, modern machinery
has released loads of HMs such as arsenic (As), cadmium (Cd), lead (Pb), mercury
(Hg), and chromium (Cr) into the various environmental matrices through different
industrial effluents. Prolonged exposure to contaminated water, soil, and even air
imparts detrimental effects on a wide array of flora and fauna, including humans and
even microorganisms. These toxic HMs further reduce soil fertility, alter the physical
and chemical properties of the environmental matrices, and affect the microbial
balance and biodiversity. There is ample data on the extent of HM pollution in
India. However, HM contamination in Nagaland's different environmental matrices,
particularly for surface water, has been documented in a limited number of research
studies that are now being published. Being persistent, non-biodegradable, and capable
of transport and bioaccumulation, they have been prevalent in almost every
environmental matrix and are found to be globally affecting living populations, leading
to huge annual losses. Hence, remediation or control of HM pollution becomes a
prerequisite for the safeguarding of the environment and achieving progressive growth
and sustainable development. At present, several physicochemical-based remediation
technologies are available to deal with the HM pollution. However, most of these
technologies are associated with various limitations. With the advances in the
understanding of bacterial systems, especially those of the HM-resistant or tolerant
species, which eradicate HM pollutants in an eco-friendly manner, they have become
a more promising alternative option. Additionally, bacterial-based remediation offers
several advantages over conventional remediation technologies, specifically their
sustainable and greener features, categorizing them as a dynamic component of current
remediation technologies to combat HM pollution and safeguard the environment and
public health. Most of the bacterial-based remediation techniques, however, are still in
the early stages of development. In India, research on possible bacterial species with
HM remediation potential is still underway, and there is a dearth of data in this field

with regard to Nagaland state.



Therefore, the present study focused on exploring As HM-resistant bacteria
from acid mine tailings of Changki, Nagaland, India, with the intention of studying
their bioremediation potential. Based on MTC and MIC values for As HM, three
potential bacterial species were selected. Two were identified as Lysinibacillus sp.
strain AS3 and Lysinibacillus sp. strain AS4 through 16S rRNA sequencing, while the
third was identified as Staphylococcus equorum strain AS11 through whole genome
sequencing. As** and As®* HM ions could be tolerated by strain AS3 up to
concentrations of 781.25 ppm and 62,500 ppm, respectively, while strain AS4 could
withstand concentrations of 1562.50 ppm and 15,625 ppm. Additionally, 781.25 ppm
and 125,000 ppm of As*" and As> HM ion concentrations were found to be tolerated
by the AS11 strain. Further, the strains were also found to be tolerant to other HMs,
Pb?* and Cd*" HM ions. Strain AS3 was able to tolerate Pb>" and Cd** HM ions up to
a concentration of 6250 ppm and 1562.50 ppm, respectively. Likewise, strain AS4
tolerates Pb>" and Cd?>" HM ions up to 1562.50 ppm and 6250 ppm, respectively.
Further, strain AS11 could tolerate up to 6250 ppm of Pb>" HM ions and 48.82 ppm of
Cd?*" HM ions. The growth kinetic studies of the bacterial strains indicate the diverse
growth patterns in the presence and absence of selected HM ions. In both AS3 and
AS4, an elongated lag phase was observed in the presence of As** HM ions. However,
AS4 showed a similar growth pattern of As>* to that of the control, unlike AS3, where
As’" treatment showed late exponential growth. Further, in both AS3 and AS4, an early
exponential phase was observed in the presence of Pb?* and Cd** HM ions. In the case
of the ASI11 strain, a prolonged lag phase was observed in the presence of As>" and
Cd?" HM ions. While in the presence of As** and Pb**, the growth was not marked
with a prolonged lag phase, unlike the other two strains. Further, an antibiotic
susceptibility study indicated that the strain AS3 exhibited resistance to eight major
antibiotics while remaining susceptible to the remaining six, whereas strains AS4 and
AS11 demonstrated resistance to six antibiotics each and susceptibility to the
remaining eight.

The biochemical profiling revealed that the strains were capable of producing
biofilms, exopolysaccharide (EPS), and siderophores and exhibited arsenite oxidase
and arsenate reductase activities in the presence of HM ions. In the case of biofilm

quantification, it was observed that in the presence of As>*, As** and Pb?>" HM ions, the



biofilm production was boosted in the AS3 strain, except for Cd** HM ions. Similar
results were observed for the AS4 strain for As*"and As>" HM ions. However, in the
AS4 strain, there was a lack of biofilm formation in the presence of Pb?" and Cd** HM
ions. However, unlike both strains, the AS11 strain showed biofilm formation only in
the presence of Pb** and Cd*"HM ions. In the case of siderophores, the values of
quantified siderophores varied in the presence and absence of HMs in all the strains.
A similar observation of reduced siderophore production in the presence of Cd** HM
ions was recorded in all the strains. In the case of EPS, all the HM treatments indicated
enhanced EPS production in all the strains. The presence of arsenite oxidase and
arsenate reductase in all the strains was marked by the appearance of yellow and brown
colouration during the addition of silver nitrate solution to 72-hour-old culture plates.

Further, scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analyses revealed the presence of HM ions (As>*, Pb?" and Cd**)
on the outer surface of the AS3, AS4, and AS11 strains. However, there was a lack of
As*" HM ions in all the strains, possibly due to the presence of efflux pathways or
other mechanisms for detoxification of As** HM ions. Additionally, the transmission
electron microscopy coupled with energy-dispersive X-ray spectroscopy (TEM-EDX)
analyses of AS3 and AS4 strains indicated the accumulation of As>", Cd?**, and
Pb?* HM ions. However, in the AS11 strain, only As>" accumulation was observed, as
evident from the EDX spectra. Further, the available functional groups on the cell
surface of the selected strains were observed to be shifted in the Fourier transform
infrared (FTIR) spectroscopy as compared to the control in the presence of the HM
ions. Such alterations may be the result of their association with the metal-binding
process, indicating their active involvement in the adsorption of the HM ions.

The adaptive behaviour of the selected bacterial strains in the presence of HM
was further assessed by stress enzyme activity. The total protein content (TPC) in the
presence of all the tested HM ions was enhanced in both the AS3 and AS4 strains,
possibly due to the synthesis of proteins in response to HM stress. However, in the
AS11 strain, the TPC was reduced in the presence of HM ions, possibly due to the
adverse effects of the HMs on the protein synthesis process. Further, changes in the
levels of superoxide dismutase (SOD), catalase (CAT), malondialdehyde (MDA),

glutathione reductase (GR), and glutathione peroxidase (GPx) indicate the active



participation by the stress enzymes in all the strains to combat the oxidative stress
imparted by the HM ions.

Assessment of the strains as potent bioremediating agents indicates the
removal of substantial amounts of As>", As*", Pb®" and Cd** HM ions by all the strains,
which was determined through ICP-MS. The AS3 strain removed almost 99 to 67 %
of HM 1ons, while AS4 removed 97 to 88 % of HM ions, and AS11 removed almost
99 to 79 % of HM 1ons. This indicates their effective bioremediation potential, possibly
due to their ability to generate microbial metabolites and diverse inherent mechanisms
that aid in the bioremediation process.

For each strain, the synthesis of ammonia and indole-acetic acid (IAA), which
are essential plant growth promotion (PGP) traits, was also evaluated. The strain AS3
showed the highest production of ammonia and TAA, followed by the AS4 and AS11
strains. Though Staphylococcus equorum strain AS11 showed less production of both
ammonia and [AA as compared to the other strains, it was found to be effective towards
plant growth in the phytotoxicity assay. Thus, there is a possibility of bioprospecting
the selected bacterial strain as plant growth promoters in HM-contaminated terrestrial
environments.

Seed phytotoxicity assays are performed to assess the toxicity of the HMs on
the germination and development of mung bean (Vigna radiata) seeds. The results
indicated that the inclusion of bacterial strains had a stimulating effect on the growth
of seedlings, whereas treatments with HMs alone had an inhibitory effect, which was
observed through germination index (GI) and germination vigour index (GVI) values.
Additionally, brine shrimp toxicity studies indicated the absence of mortality upon
inclusion of the selected bacterial strains. When bacterial strains and HM-amended
treatments were used, the mortality percentage was lower compared to HM-treated
samples. The highest mortality percentages were recorded for As>" HM ions, followed
by As**, Pb*', and Cd**. Based on the findings, all the strains exhibit intriguing
biotechnological potential for HM bioremediation, especially as plant growth
supporters in environments contaminated with antibiotics and HMs.

Keywords: Heavy metal (HM), Nagaland, Bacteria, Exopolysaccharides (EPS), Stress
Enzyme, Bioremediation, Phytotoxicity, Plant Growth Promotion (PGP)



Chapter 1: Introduction

1.1. Metal

Metal can be defined as a material that possess specific properties viz. mostly
hard texture, shiny luster, opaque, ductile, fusible, solid, sonorous, good conductor of
heat and electricity, produces cations on losing electrons, forms oxides and hydroxides,
and high melting and boiling point (Ali et al., 2019). These properties are shown by
all the known metals except for few viz., mercury (Hg) exist in liquid state at room
temperature, Gallium (Ga) and Cesium (Cs) exhibit lower melting points, sodium and

potassium have soft texture etc. (Greenwood and Earnshaw, 2012).

1.2. Types of Metal

There are different criteria for the classification of metals viz. based on the
quantity of iron component present (ferrous-containing or without ferrous), based on
atomic structure (alkaline, alkaline earth and transition metals), and based on

behaviour towards magnet (ferromagnetic, paramagnetic, and diamagnetic)

(Schweitzer, 2003).

1.3. Natural Sources of Metal

The chief natural sources for most of the metals are earth’s crust and mantle
(Garrett, 2000). Metals are mostly found in ore-bearing rocks. Apart from that certain
metals viz. sodium and potassium are present in abundance in dissolved form in
seawater, in the form of dust in atmosphere, and phases of rock cycle (Garrett, 2000).
Further, volcanic activities and various other geological processes such as erosion,
leaching, whethering etc. releases various metals including the heavy metals (HMs)

into the environment matrices (Angon et al., 2024; Devy and Vasudevan, 2025).

1.4. Role and Significance of Metals

Metals are extensively used in electronics viz. gold (Au), silver (Ag), platinum
(Pt), and palladium (Pd), energy storage, energy generation, construction [iron (Fe)],
transportation, consumer goods [iron (Fe), copper (Cu)], and medical devices [titanium
(T1)] (Benvenuto, 2016; Cutler, 2018). Apart from their daily use in industry and
household level, metals play a vital role in biological system and in therapeutics
(Moustakas, 2021). Based on the requirements for body functioning, metals are

classified as micronutrient metal also referred as microminerals viz. zinc (Zn),
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manganese (Mn), copper (Cu), iron (Fe), chromium (Cr), molybdenum (Mo), cobalt
(Co), selenium (Se) etc., which are required in trace quantity (< 100 mg per day) while
macronutrients metals also called trace minerals viz. calcium (Ca), magnesium (Mg),
sodium (Na), potassium (K) etc., are required in larger quantity (>100 mg per day)
(Moustakas, 2021). Hypoconcentration (deficiency) and hyperconcentration
(excessive) of micro- and macronutrient metals in the body of plants, animals and
human are reported have major health issues (Graham, 2008; Ali and Ahirwar, 2025).
Mainly metals are required by the organism for maintaining body functions viz., iron
(Fe?") - hemoglobin for oxygen transportation, sodium (Na*) and potassium (K*) gated
ion channels in nerve cells, calcium (Ca?") binding with troponin C and calmodulin in
muscles tissues, co-factor (Mg?") in most of the enzymatic reaction etc., and in
therapeutics as medicines, supplements, manufacturing of surgical tools and prosthetic
implants and several others (Peters et al., 2024). Metals in general, are vital for
carrying out the important physiological processes in plants and animals, but at
elevated levels, can have detrimental effects in the organisms (Ojuederie and Babalola,

2017).

1.5. Heavy Metal

Among the known elements, the term ‘heavy metal (HM)’ is generally referred
as a group of naturally occurring metals whose density is relatively higher density > 5
g/cm’ compared to water, atomic number > 20, molecular weight ranges between
63.5-200.6 g/mol, exhibit the properties of metals, and exert toxicity in living beings
even at ppb concentration (Cook, 1977; Tchounwou et al., 2012; Badr and El-Habit,
2018; Briffa et al., 2020). At lower concentration certain HM are vital for biological
function viz. Fe, Cu, Zn, and Mn. However, at higher concentration they exert
detrimental effect (Ohiagu et al., 2022). Other HMs including arsenic (As), cadmium
(Cd), lead (Pb), mercury (Hg) and, thallium (T1), are not associated with any biological
function (Wroblewski et al., 2025). However, some of these toxic HMs have been
reported to be associated with severe health implication in humans (Wroblewski et al.,

2025).

1.6. Sources of HMs
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The general sources of HMs are released mostly to industrial and diverse
anthropogenic activities (Oladimeji et al., 2025). A number of industrial discharges
originating from mining, natural gas, paper, coal, dyes and several others have been
contaminating the environmental matrices with traces of HMs such as Hg, Cu, Cd, Pb
and even As (Karn et al., 2021; Oladimeji et al., 2024). In general, the HM As mostly
originates from pesticides, wood preservatives or volcanic eruptions (Gomez-
Caminero et al., 2001; Garelick et al., 2008). Further, Pb occurs mostly due to firing
ranges, battery industries and cosmetics (Laidlaw et al., 2017; Mathur and Chauhan,
2018; Alasmary, 2025). Another HM, Cd can originate even from cigarettes as well as
plastics production and nickel-cadmium (Ni-Cd) battery manufacturing (Khan et al.,
2022). Likewise, Hg occurs mostly as toxic methyl mercury coal-fired power plants,
pulp and paper industries, mining and smelting activities as well weathering of Hg-
containing rocks (Sundseth et al., 2017; Pavithra et al., 2023). Similarly, yet another
toxic HM, Cr causing significant health hazard, is often found in steel industries,
tanning of leather as well as dye industries (Zhitkovich, 2011; Hausladen et al., 2018;
Liu et al., 2025). Overall, both anthropogenic and natural sources contribute to the

release of HMs into the environment (Oladimeji et al., 2025).

1.7. HM Pollution

UNEP (United Nations Environment Programme) defines HM pollution as the
release of HMs into environment at levels which become harmful to humans and
ecosystems (UNEP, 2025). WHO (World Health Organization) also defines HMs as
naturally occurring substances causing harm to environment and living beings at
elevated concentrations (Rajkumar et al., 2023). In recent years, HM pollution has
become a global environmental challenge affecting human health significantly
(Rajendran et al., 2022). Thus, active research pertaining to HM pollution is crucial to
reducing HM pollution at a global level (Bayraktar et al., 2022). Among the extensive
array of HMs, five are identified as the most detrimental, commonly termed the 'five
big evils': As, Cd, Pb, Hg, and Cr. Their chemistry is defined by fluctuating oxidation
states, elevated reactivity, and a propensity to generate stable complexes with both
organic and inorganic ligands (Alloway, 2012).
1.8. Eco-toxicity of HMs
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HMs become toxic to living organisms as they enter the living body through
air, water or food and bind specifically with the cellular components, displacing metal
ions in proteins and enzymes, thereby damaging the structures and vital physiological
functions (Wu et al.,, 2016). This induces an oxidative damage or stress, with
generation of reactive oxygen species (ROS), damage to deoxy ribonucleic acid
(DNA) or cellular membranes (Mansoor et al., 2023). HMs can also bind with
sulphydryl (=SH) groups in enzymes and can also affect the antioxidant molecules like
glutathione and damage the defense system of living organisms (Ajsuvakova et al.,
2020; Abd Elnabi et al., 2023). Further, HMs being persistent in environment, also
accumulate in different tissues and biomagnified in trophic levels increasing their
toxicity (Almashhadany et al., 2024; Saidon et al., 2024).

Some of the negative impacts of HMs on plants include the decrease of seed
germination and lipid content by Cd, decreased enzyme activity and plant growth by
Cr, the inhibition of photosynthesis by Cu and Hg, the reduction of seed germination
by Ni and the reduction of chlorophyll production and plant growth by Pb (Gardea-
Torresdey et al., 2005).

Generally, damages to vital organs like liver, kidneys, heart, lungs are often
associated with exposure to HMs (Yu et al., 2023; Azeh Engwa et al., 2019). The
damages to the nervous system, resulting in cognitive, behavioural or motor functions
are also observed with HMs (Abd Elnabi et al., 2023). They can weaken the immune
system, or even cause chronic reproductive toxicity, result in developmental defects or

even cancer through damages to DNA or cell functioning (Abd Elnabi et al., 2023).

1.9. Types of HM Remediation

Remediation of habitats contaminated by HMs is an important global issue due
to the severity of their effects. With different degrees of achievement, substantial
research has been done over several decades to find a simple, effective, and affordable
way to remove HMs. The most commonly used conventional mechanisms for the
removal of these HMs are physico-chemical approaches (including chemical
precipitation, ion exchange, ion flotation, coagulation, flocculation, photocatalysis,

electrodialysis, hydrogel, membrane separation etc.), adsorption (through activated
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carbon, carbon nanotube, agricultural wastes etc.), and electrochemical approaches

(including electroflotation, electrocoagulation, and electrodialysis) (Fig. 1).

Q Chemical precipitation
Q Ion exchange
O Rhizofiltration O Ion floatation
QO Phytostabilization QO Bacterial QO Coagulation/flocculation
QO Phytodegradation QO Fungal O Photocatalysis
O Phytovolatilization Q Algal Q Activated carbon Q Electrodiai}'sis Q Electroflotation
Q Carbon nanotubes 1O Hydrogels Q Electrocoagulation

Phytoremediation ~ Microbial remediation 3 4gpicultural waste O Membrane sepaatbon: 'O Esetroatalyiss

Biologica Adsorption Physico-chemical  Electro-chemical
approaches approaches approaches approaches
Conventional Approaches
Heavy Metal Remediation
|
“ Q Cryogels
Anthropogenic & Modern/Novel 0 Nano-composites
Q Cellulose matrix
ApproaChes O Composite membranes
Heavy Q Facial conjugate adsorbent
Natural source QO Solid-state sensor material
Metals QO Mesoporous composite material

Figure 1. Different technological approaches to remediate HM pollution

Apart from the physico-chemical based remediation approaches, biological
remediation, especially those that use microorganisms (bacteria, fungi, algae etc.) and
plants (rhizofiltration, phytostabilization, phytodegradation, phytovolatization etc.),
have drawn interest as sustainable, economical, and environmentally beneficial
substitutes (Khalil and Hassan, 2024; Khalifa et al., 2025). Recently, several novel
approaches viz. cryogel, nano-composites, cellulose matrix, composite membrane,
facial conjugate adsorbent, solid-state sensor material, mesoporous composite material
etc. have been devised and are in use to enhance the sequestration of HM pollutant

from different environmental matrixes.

1.10. Limitations with HM Remediation Technologies

In recent years, the removal of toxic HMs from different environmental
matrixes poses a great challenge. Because of the toxicity and persistence in nature, the
levels of HMs in the environment need to be controlled by mandating waste treatment
at the sources of pollution (Hidayati et al., 2014). Traditionally, HMs are treated by

chemical precipitation methods, ion exchange method, electro-winning, electro-
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coagulation, cementation process via electrochemical mechanism, reverse osmosis and
electro-dialysis etc., which are not completely capable of reducing the HMs
concentration to a level required by environmental legislation. Moreover, these
technologies have several limitations, including labour intensive, high sludge
generation, low removal efficiency, and high-energy consumption (Shrestha et al.,
2021). The common problems associated with such approaches are their high
operational costs and generation of bulk quantity of toxic sludge that makes secondary
problems or secondary pollution risks (Vijayanand and Divyashree, 2015; Fu and
Wang, 2011). Due to such major downsides, conventional approaches need to be
replaced or searching more alternatives with practical, cost-effective, and
environmentally benign features. Among the available treatment technologies,
bioremediation-based techniques are getting more attention because they are
economically viable, effective, and environmentally compatible (Wuana and
Okieimen, 2011; Vijayanand and Divyashree, 2015). Bioremediation is the use of
organisms or their bioactive molecules to break down or immobilized and thereby
detoxify hazardous chemicals in the environment (Obayori et al., 2009). It plays a
major role in making the environment clean from pollutants and contamination (Vullo
et al., 2008; Karnwal and Bhardwaj, 2014). Bio-based approaches viz. rhizofiltration,
phytostabilization, phytodegradation, phytovolatization etc. are even though
ecologically benign but quite slower, sensitive to physical parameters such as pH,
temperature and presence of toxicants (Gadd, 2010). Thus, the employment of
integrated approaches often paves a way for tackling HM pollution. Moreover, strict
guidelines for methods of remediation or rehabilitation have been set out by authorities

to prevent the spread of pollutants to the surrounding environment.

1.11. Efficacy of Microbial based Remediation Technologies (MBRT)

The advent of MBRT which includes the practice of employing bacteria, fungi,
and algae, has unmasked a sustainable approach for remediation of HM polluted
environments. It utilizes the inherent ability of microorganisms to interact with metal
ions through mechanisms like biosorption, a rapid passive binding of metals on
microbial surfaces; bioaccumulation, an active transportation of metals intracellularly

using metal binding proteins (MBPs); biotransformation, an enzymatic conversion of
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metals into less toxic and mobile forms such as the reduction of Cr(VI) to Cr(III) by
bacteria; biomineralization, a precipitation of metals as insoluble minerals thereby
reducing bioavailability and several other biological system based physico-chemical
processes (Jin et al., 2018; Tang et al., 2024). These technologies are quite ecologically
benign, cost-effective and often used as an alternative to conventional remediation
technologies (Jin et al., 2018). However, their applications are also influenced by
environmental factors such as pH, temperature, nutrient availability, and metal

toxicity, which can limit large-scale or rapid applications (Tang et al., 2024).

1.12. Bacterial based Remediation Techniques of HMs

Bacteria have persistently evolved in response to HM exposure, thereby
acquiring resistance to various HMs through several mechanisms including metal
resistance systems (Diba et al., 2021), extracellular metal sequestration (Voica et al.,
2016), biosorption (Sevak et al., 2021), reduction of heavy metal ions (Ukkund et al.,
2021), and morphological alterations (Mathivanan et al., 2021). Unlike organic
pollutants, bacteria cannot degrade HMs. However, the complex structure of bacteria
implies that there are many ways for the metal to be taken up by the bacterial cell. In
bacteria-based bioremediation techniques, bacteria remove the HMs through
mechanisms like- biodegradation, biosorption, bioaccumulation, biotransformation,
biomineralization, and bioleaching. Bacteria have the ability to manage the metallic
contaminants through extracellular secretions such as exopolysaccharides (EPS) on
their cellular surfaces (Verma et al., 2025), active binding with HM pollutants through
different functional groups such as —OH, -COOH and —NH; (Igiri et al., 2018),
conversion of toxic forms to less toxic forms such as conversion of As (III) to As (V)
(William and Magpantay, 2023), and immobilization as insoluble precipitates (George
and Wan, 2023).

As biosorbent, bacteria are of particular interest because their surface: volume
ratio is often relatively high, especially in the case of non-spherical forms (Pham et al.,
2022). Bacterial cell surface-mediated process such as biosorption is thought to play a
key role in the immobilization and detoxification of HMs in the environment. Such
natural process could be enhanced through the alteration of bacterial cell surface and

immobilization (Kanamarlapudi et al., 2018). Further, in situ bioaugmentation of the

71



Chapter 1: Introduction

efficient bacterial strain seems to be more reliable instead of introducing foreign
bacterial or genetically modified (GM) strain because in several instances it has been
found that introduction of exotic strains severely disturbs the original integrity of the
microbial diversity at the site of its application. Moreover, due to high adaptability,
eco-benign nature and metabolic diversity they are often employed in HM remediation
of polluted environments including soil and water (Kang et al., 2016; Tang et al., 2024;
Patil et al., 2025).

Furthermore, bacterial-based remediation of HMs (As, Cd and Pb) aligns well
with the framework of bioeconomy, whereby the polluted environment matrices are
restored, capable of supporting agriculture and aquaculture. This technology also
aligns with the sustainable development goals (SDG) such as ‘Zero Hunger (SDG 2)’
with improved crop productivity in HM stress areas, ‘Clean Water and Sanitation
(SDG 6)’ through eliminating toxic HMs from the environments, ‘Responsible
Consumption and Production (SDG 12)’ incorporating greener bioremediation, ‘Life
Below Water (SDG 14)’ through safeguarding aquatic biodiversity from HM stress,
and ‘Life on Land (SDG 15)’ by restoring polluted soils and ecosystems (United
Nations General Assembly, 2015).

1.13. Limitations with Bacterial-based Remediation Technologies

Bacterial remediation systems, being effective and eco-friendly has also certain
barriers that restricts its growth and significant progress. Microbes are greatly
influenced by high metal toxicity, pH, nutrient deficiencies and temperature
fluctuations which can affect the removal efficiency (Nnaji et al., 2023). Moreover,
technologies such as biosorption often have to tackle survival of the strains,
competition of the introduced strains with the native microbes, genetic stability etc.,
making the field application challenging (Kurniawan et al., 2022). Further, due to
limited research on multi-metal and co-contaminant systems, it can also impact the
effectiveness of the remediation process (Upadhyay et al., 2023). Overall, the need for
enhanced microbial amendments, proper optimization and integrated techniques is

necessary for proper bacterial-based HM remediation (Das et al., 2025).

1.14. Current Scenario of HM Remediation in India and Nagaland
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HM pollution in India is accomplished through monitoring frameworks and a
range of physico-chemical and biological remediation strategies, including
phytoremediation and microbial remediation techniques (Mandal et al., 2014; Sodhi et
al., 2022; Pande et al., 2022). With reference to coal mining in Nagaland, an estimated
4.51 km? of active coalfields are there in the district of Mokokchung. Majority of these
coal mines are operated by open pit method and are located mostly at the immediate
proximity of major rivers including Tsurang, Dikhu, Milak, Bhogdoi, Doyang etc.
(Semy and Singh, 2021a). The impact of coal mining at the proximity of the rivers are
expected to adversely affect the physico-chemical quality of river water with its known
environmental problems such as acid mine drainage and HM leaching. Prior records
of Changki indicate the presence of HMs, such as Zn, Cu and Cd, beyond the
permissible limit (Semy and Singh, 2021a; 2021b). Reports have revealed the presence
of harmful HMs, such as As, in naturally occurring acid mine drainage (NOAMD)
(Morgante et al., 2015).

The majority of existing scientific literature primarily focuses the
physicochemical alterations in various water and soil properties following HM
quantification, predominantly from coal mining effected regions (Baruah et al., 2003;
Jamir et al., 2011; Hussain et al., 2021; Semy and Singh, 2021a, 2021b). However,
detailed investigation on the existing HM resistant/tolerant bacterioflora in the HMs
contaminated environment of Nagaland are very limited.

HM-specific remediation is still insufficient in Nagaland despite the operation
of effluent treatment plants and the proposal of hybrid plant-algae-microbial
technology (Morung Express News, 2024; India Today NE, 2025). Currently,
available studies indicate that anthropogenic activities such as mining, quarrying, and
land use may be the cause of As and Pb pollution (Baruah et al., 2003; Jamir et al.,
2011; Hussain et al., 2021). Moreover, As is a major pollutant in the aquifers of
Nagaland and surrounding states, according to regional surveys and groundwater
assessments (Goswami et al., 2023; Central Ground Water Board, 2024). Nevertheless,
there are few thorough baseline data on the distribution of HMs. Thus, systematic
investigation using native microbial resources is crucial for establishing effective

remediation and in formulation of environmental policy.
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1.15. Aims and Objectives of the present study

Existing scientific data clearly demonstrate the importance and necessity of a
comprehensive study of the indigenous bacterioflora of Nagaland in addressing the
prevailing HMs contamination. Thus, the current research was aimed at finding
indigenous bacterial species resistant to selected HMs and determining their potential
traits which required for achieving effective bioremediation of HM contaminated

environments of Nagaland. The main objectives of the present study are as follows:
1. Isolation and characterization of bacteria resistant to heavy metal.

2. Enzyme profiling of the selected bacterial strains under heavy metal stress.

3. Determination of heavy metal accumulation in the selected bacterial strains.

4. Bioactivity of the selected bacterial strains
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2.1. Introduction

In general, HM occurring in the environment can be due to both natural causes,
viz., natural rock weathering, microbial leaching, volcanic eruptions, etc., and
anthropogenic causes that include mining, agriculture, microplastics, and many others,
as described in Table 1. However, the term ‘pollution’ is attributed mostly to human
beings, as most anthropogenic sources exerts negative impacts on the ecosystem and
biodiversity, human well-being, disruption of the environment and its services
(Masindi and Muedi, 2018; Brat and Pathak, 2020; Okorondu et al., 2022).
Table 1. Different sources of environmental contamination by major HMs- As, Cd, Pb,

Cr and Hg

SL Sources of Type of HMs Reference
No. contamination
1. Mining Pb, Cd, As Saha and Paul (2016); Bouida

et al. (2022); Sun et al. (2022);
Wen et al. (2022); Qi et al.

(2023)
2. Ore smelting Pb, Cd Ludolphy et al. (2022); Li et al.
(2023)
3. Coal industry Pb Yan et al. (2022)
4.  Storage Battery Pb Kumar et al. (2022)
industry
5. Automobile Pb Parsoya and Perwej (2022)
industry
6. Metal plating Pb Khan et al. (2022)
industry
7.  Leather tanning Pb Bouida et al. (2022)
industry
8.  Fertilizer industry  Pb, Cd, As Suhani et al. (2021); Khosravi-

Darani et al. (2022);
Rosariastuti and Astuti (2022);
Su et al. (2025)
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9.  Pesticide industry Pb, As Rani et al. (2022); Tarfeen et
al. (2022); Wan et al. (2024)

10. Pigments additive Pb Masri et al. (2022)

11.  Gasoline Pb Rubio et al. (2022)

12.  Chlor-alkali Cd Wu et al. (2022)

13. Paint Cd Goyal et al. (2021)

14.  Copper alloys Cd Gujre et al. (2021)

15. Alkaline batteries Cd Suhani et al. (2021)

16.  Zinc refining Cd Zhou et al., 2021

17. Natural As, Cd, Pb Press and Sievers (1994);
geochemical Bradl (2005); Szuminska et al.
processes viz., (2018); Li et al. (2022); Raju
natural rock (2022); Mahmoud et al.
weathering, (2022); Umana et al. (2022); Li
microbial leaching; et al. (2023)
volcanic eruption

18.  Wood preservatives As Hassan et al. (2022)

19. Industrial waste, Cr, Hg, Cd, Pb Ondrasek et al. (2025)
Mining and
Urbanization

20. Geochemical and Cr Dange et al. (2024)
Electrical industry

21. Mining, Industrial ~ Cr, Hg Angon et al. (2024)
discharge

22. Landfill leaching, Hg Laoye et al. (2025)
Industrial effluents

23.  Agricultural Pb, Cd, As, Cr, Hg  Yu and Tsunoda (2004); Cai et
Practices al. (2012)

24.  Microplastic Pb, Cd, As, Cr, Hg Namim and Mahalleh (2024)

Among the ‘five big evils’ HMs i.e. As, Cd, Pb, Hg, and Cr, the present study

focuses on the association of As, Cd and Pb HM ions with different bacterial systems.
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The HM arsenic (As)-metalloid occurs in minerals as arsenic trioxide (As203) and in
several oxidation states such as —III, 0, +III, +V (Zhu et al., 2014). In aerobic
conditions, As (V) is dominant as arsenate (AsO4*") in various protonation states
including arsenic acid (H3AsO4), dihydrogen arsenate ion (H2AsO4 ), hydrogen
arsenate ion (HAsO4%"), and arsenate ion (AsO4+*"). Moreover, in reducing conditions,
As(III) is dominant in the form of AsO33~, and has different protonated forms i.e.
H3As03, H2AsO;~, and HAsO3?~ (Wuana and Okieimen, 2011).While, Cd often occurs
as divalent Cd(II) ion, substituting Zn and causing malfunctioning of metabolic
processes (Campbell, 2006). Cd can also occur as complex oxides (CdO), sulphides
(CdS), or as carbonates (CdCOs) (UNEP, 2022). Further, Pb predominantly occurs as
divalent cation Pb*", that dissolves into soil, sediments affecting bioavailability.
Further, Pb can also occur as insoluble carbonates [cerussite (PbCQOs)], insoluble
sulphides [galena (PbS)], and lead oxides (PbO) or hydroxides [Pb(OH):] (Mishra et
al., 2025). The table 2 summarizes the permissible limits of selected HMs (As, Cd and
Pb) in environmental matrices, as recommended by regulatory authorities such as
World Health Organization (WHO), Central Pollution Control Board (CPCB) and
Bureau of Indian Standards (BIS).

Table 2. Guidelines and permissible limits for As, Cd and Pb by WHO, CPCB and BIS

Heavy  WHO Guideline Indian Standard / References
Metal Value in Drinking Permissible Limit (Water /
Water Wastewater / Environment)
Pb 0.01 mg/L Effluent discharge (inland WHO (2022);
surface waters): 0.1 mg/L CPCB (2010); BIS
Cd 0.003 mg/L Effluent discharge (industrial (2012)

wastewater): 0.02 mg/L
As 0.01 mg/L Groundwater / Drinking

Water (India, BIS

10500:2012): 0.05 mg/L

The three HMs i.e. As, Cd, and Pb are particularly of concern because they

have emerged as global contaminants due to their persistence and extensive application
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in industry and agriculture (Tchounwou et al., 2012; Alloway, 2012). The global issues

of As, Cd and Pb pollution persist with long term ecosystem risk, which is also

mirrored in India (Table 3).

Table 3. Global status and national status of As, Cd and Pb pollution

Heavy Global Status National Status (India) References

Metal

As Widespread groundwater ~ Groundwater Smith et al.
and soil contamination in ~ contamination hotspots (2000);
South/Southeast Asia, in West Bengal, Bihar, Chakraborti et
Latin America, and parts Assam, and other states;  al. (2013);
of Africa drinking water WHO (2022)

contamination; chronic
health risk

Cd Released from industrial Elevated in soils near Alloway (2012);
activities, mining, industrial zones, mining  Tchounwou et
phosphate fertilizers; belts, battery industries;  al. (2012);
persistent, enters crops and food Kumar et al.
bioaccumulative; reported  chain; chronic exposure  (2019)
in soils, water, crops risk
globally

Pb Global contamination from Industrial zones, urban Jarup (2003);
mining, smelting, past use  areas, mining belts, e- Adimalla
of leaded gasoline, paints, = waste and battery (2020); WHO
batteries; persists in soil, recycling areas show (2022)

water, and air; neurotoxic

high Pb levels; soil,
water, and air
contamination; high
human and

environmental risk
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Exposure to As, mainly via contaminated groundwater, is associated with
carcinogenesis, dermal lesions, and developmental abnormalities (Yu et al., 2006;
Tolins et al., 2014; Karagas et al., 2015). Batteries, electroplating, and fertilisers
produce Cd, which builds up in crops and animals and results in bone abnormalities,
renal dysfunction, and infertility (Godt et al., 2006). Pb, which is frequently found in
paints, pipes, and batteries, damages the immune system, cardiovascular system, and
neurological development (Needleman, 2004).

At molecular level, As can lead to the deactivation of enzymes in
microorganisms (Bissen and Frimmel, 2003). Castro et al. (2015) even reported that
environmentally available concentrations of As adversely affect the periphyton, which
plays a significant role in the functioning of aquatic ecosystems. The association
between bacteria, fungi, protozoans, algae, cyanobacteria, and diatoms confined in an
extracellular matrix forms these periphytons (Sabater and Admiraal, 2005). Other
HMs like Cd can damage the nucleic acids and inhibit cell division and transcription
processes. Moreover, the mineralization process of carbon and nitrogen is also
inhibited by Cd exposure (Sankarammal et al., 2014; Ayangbenro and Babalola, 2017).
The HM Pb can denature nucleic acids as well as proteins. It can also inhibit the
transcription process and the activities of different enzymes (Ayangbenro and
Babalola, 2017).

Plants are often seen to be susceptible to the presence or absence of HM ions,
as these can be essential micronutrients to the plants. However, increased
concentrations of metal ions like- Zn, Cu, etc., or some other ions like- Hg, As, or Cd
can harm the plants’ metabolic activities and various studies around the world have
supported the toxic effects of HMs on plants (Fernandes and Henriques, 1991;
Nagajyoti et al., 2010). These potent toxic metals are seen to contaminate agricultural
fields and thus are regarded as soil pollutants with both acute and chronic effects on
the plants when exposed to these metals (Nagajyoti et al., 2010). As can induce damage
to the plant cell membranes and inhibit plant growth, root extension, and proliferation.
It can also interfere with critical metabolic processes, causing fertility, yield, and food
productivity loss. Moreover, it induces oxidative stress on exposure and physiological
irregularities in the plant species (Ayangbenro and Babalola, 2017). While, several

researchers have reported visible injuries with Cd exposure at high concentrations with
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indications of growth retardations, chlorosis or browning with root tips, and even death
(Wojcik and Tukiendorf, 2004; Mohanpuria et al., 2007; Guo et al., 2008; Nagajyoti
et al., 2010). Fashola et al. (2016) and Ayangbenro and Babalola (2017) have also
reported nutrient reduction, chlorosis, and reduction in the germination of seeds on Cd
exposure. Moreover, Cd causes inhibition of several plant enzymes (Nagajyoti et al.,
2010). Further, the abundant toxic metal Pb can affect plants’ growth, morphology,
and photosynthetic activity (Nagajyoti et al., 2010). Pb caused inhibition in the
germination of seeds in plants such as Pinus helipensis (Nakos, 1979) and Spartiana
alterniflora (Mrozek and Funicelli, 1982). Pb can also inhibit early seedling growth in
various plant species such as soybeans, rice, tomato, maize, eggplant, legumes, and
barley (Nagajyoti et al., 2010). Moreover, the elongation of stem and roots, as well as
the expansion of leaves, can be inhibited by Pb exposures in the plant species of leek
(Allium porrum L.), barley (Hordeum vulgare), and even in radish (Raphanus sativus)
(Nagajyoti et al., 2010).

HMs such as As, Cd and Pb can also be very toxic to the invertebrates in
different concentrations. Lee and Kim (2008) reported in a study that As adversely
affects the growth of Eisenia fetida, along with affecting the survival and even the
reproduction of the earthworm species. A study by Button et al. (2010) reported that
damage to the DNA occurred in Lumbricus terrestris when exposed to As in
mesocosm soil. Moreover, several studies are indicative of pathological damages from
As exposures (Fischer and Koszorus, 1992; Langdon et al., 2001; Wang et al., 2019).
In a study by Rodriguez et al. (2013) conducted on Eisenia foetida, the toxic effects of
Cd exposure were observed. Cd caused disturbances in the normal physiology or
behaviour, and other effects such as curling, release of excess amounts of mucus,
sluggish movements, coiling, and even loss of movement were observed in the
earthworm. Moreover, certain histological damages, such as destruction of the cuticle,
lesions, and body wall, along with bleeding, were also observed. In an another study
by Muangphra and Gooneratne (2011), Cd showed acute toxicity and genotoxic effects
on the earthworm (Pheretima peguana). Further, according to Langdon et al. (2005),
Pb causes toxic effects on food uptake, behaviour, and survival of the earthworms. In
another study by Zaltauskaité et al. (2020) on the Eisenia fetida, it was observed that

chronic Pb exposures caused a reduction in the growth rate of the earthworm.
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The discussed HMs can also exert toxic effects in fishes, birds and mammals.
In a study by Wang et al. (2004), cytotoxicity was observed in fish cell lines on
exposure to sodium arsenite (NaAsO-). In another study by Seok et al. (2007), similar
effects were observed. Cases of oxidative stress and decreasing antioxidant enzyme
activity were also observed in two fish species i.e. Laoenereis acuta and Clarias
batrachus on exposures to As>O3z (Bhattacharya and Bhattacharya, 2007; Ventura-
Lima et al., 2007). In case of birds, several toxic effects were reported in a study on
broiler chicks by Khan et al. (2013). The birds on As exposure showed symptoms of
dullness or fatigue, increased thirst, depression, and even diarrhoea. In case of
mammals, in laboratory conditions along with natural habitats, rodents showed
evidence of As toxicity as humoral immunity response was suppressed on As exposure
(Sikorski et al., 1991; Flora and Kumar, 1996; Nain and Smits, 2012). Moreover, As
was reported to inhibit the delayed hypersensitivity reaction.

In case of Cd, reports indicate sublethal effects like reduction in the growth of
fishes, inhibition of reproduction, and changes in population, which occur on chronic
exposures to Cd (Levit, 2010). Moreover, Cd can also act as an endocrine disruptor,
as Vetillard and Bailhache (2005) reported. Further, it is seen that Palmipeds and birds
are generally highly contaminated by metals such as Cd (Lock et al., 1992; Elliott and
Scheuhammer, 1997). In a study, high Cd concentrations were found in the kidneys of
Spectacled eiders (Somateria fischeri), which could cause diseases such as renal
interstitium inflammation and deteriorating effects in the testes (Lucia et al., 2009). Cd
can also be toxic to mammals, as evidenced by the studies of Witjen et al. (2002). It
has been reported that Cd, in C6 rat glioma cells, can cause the breakdown of the
membrane potential of the mitochondria, along with the activation of the caspase-9.
Furthermore, in NIH3T3 murine fibroblasts cell line, Cd was seen to induce apoptosis
while overexpressing the antiapoptotic protein Bel-2 (Witjen et al., 2002).

In case of Pb, a study by Kim and Kang (2015) reported that aquatic animals
showed fatality after bioaccumulation when exposed to lower concentrations of Pb. In
another case of in vivo studies conducted in fishes, Pb exposures were seen to induce
a significant increase in antioxidant activity via the production of ROS (Maiti et al.,
2010; Kim and Kang, 2017; Kim et al., 2017). Moreover, a study by Gurer and Ercal
(2000) showed that Pb exposures brought toxic effects on the structure of the
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membrane and increased susceptibility to oxidative stress. While, in birds, a study on
American robins (Turdus migratorius), Northern cardinals (Cardinalis cardinalis),
and waterfowl collected from a mining area indicates that birds with Zn concentrations
in their tissues showed positive cases of disruption in the biological functions, along
with evident cases of Pb poisoning (Beyer et al., 2004). Additionally, the death of
many mallard species like- Anas platyrhynchos, pintail species like- A. acuta and Teal
like- 4. crecca have been attributed to Pb poisoning (Grinnell, 1931). Further, various
reports on Pb indicate its toxicity to humans, causing abortions in females (Rom,
1976). In another study by Jacquet et al. (1975), it was found that dietary Pb in pregnant
mice resulted in reduced fertility and growth in the uterus. Moreover, Pb can even have
toxic effects on the embryo and even in the foetus of rats (McClain and Siekierka,
1975). When combined, these three HMs pose a serious threat to both human health

and environmental safety.

2.2. Biological remediation of HM contaminated environment

There are several ways through which the HM contaminant can be separated
or removed from the polluted environmental matrices. Most of the available
technologies are based on physico-chemical, adsorption and -electrochemical
approaches accompanying with both promises and limitations. Moreover, most of
known technologies are site specific. Among the remediation technology, the term
"bioremediation" is broad and includes the implementation of biomass, plants,
bacteria, fungi, algae and other biologically generated materials (Kumar et al., 2011).
The bioremediation process can be of various types depending on the type of material
used, such as phytoremediation that incorporates plants; microbial remediation utilizes
microorganisms, and newly adopted technologies, combining microorganisms with
green composites and several others (Jin et al., 2018).

Bioremediation technique incorporating microorganisms either as dead or
living biomass to remove or convert harmful contaminants, such as HMs, into less
harmful substances and degrade organic materials before mineralizing them into other
substances, such as water, carbon dioxide, or nitrogen gas. Microorganisms generally
perform redox reactions, which affect the remediation processes by either mobilizing

or immobilizing the metal pollutant (Kapahi and Sachdeva, 2019). Employing a
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multitude of (ex- or in-situ) strategies, such as biosorption, bioaccumulation,
bioassimilation, biomineralization, bioleaching, and biotransformation, microbes can
also immobilize metals and act as metal sinks (Mosa et al., 2016; Ahemad, 2019). The
diverse strategies that the microorganisms have adopted to detoxify HMs

contamination are schematically represented in figure 2.
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Figure 2. Mechanisms of microbial remediation of HMs

Bioremediation processes are economic and cost-effective for restoring the
environment and are thus a feasible alternative solution to combat HM pollution.
Further, adopting an appropriate microbial strain is crucial for both efficiency and
economics. However, bioremediation-based technologies also have some limitations.
These include the fact that HMs cannot be biodegraded and that in certain cases,
bacteria might produce hazardous metabolites (Igiri et al., 2018). Therefore, the
bioremediation strategy necessitates a comprehensive and all-encompassing
methodology for systematic, achievable, and sustainable strategy that are easily

adaptable to each scenario.

2.2.1. Biological remediation utilizing bacteria
Recent studies indicate that microbes such as bacteria have the potential to
remediate environments polluted with toxic HMs such as As, Cd and Pb by different

inherent mechanisms such as bacterial oxidation and reduction, secreting
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exopolysaccharides (EPS), pigmentation, methylation, demethylation, presence of
efflux proteins, volatilization, extrusion, formation of siderophores and several others
(Gogoi et al., 2023). Thus, they have been extensively used in bioremediation systems.

Bacteria are considered as versatile and most adaptable organisms, which can
readily survive in various environments including psychrophilic habitat (Gupta et al.,
2023), volcanic environment surroundings (Gaidos et al., 2004), thermal vents (He and
Zhang, 2016), deep oceans hydal habitat (Wu et al., 2024), space (Checinska et al.,
2019), over the surface of household articles (Judah et al., 2024), edibles such as curd
and cheese (Cetin et al., 2024; Chakraborty and Mandal, 2025) and even in those
environment that are heavily loaded with toxic metals for instance HMs (Wang et al.,
2025).

With multiple evolutions, bacterial species have inherited the capabilities to
tolerate and resist toxicity to various environmental pollutants especially to hazardous
HMs, which enable them to survive in hostile habitats. Such bacterial population that
flourished in HM laden environments have thereby developed inherent mechanisms to
resist and combat toxicity exerted by HMs (Nnaji et al., 2024).

Several bacterial genera encompassing Pseudomonas, Bacillus, Enterobacter,
Acinetobacter and even Staphylococcus are reported to decontaminate environments
polluted with HMs (Pande et al., 2022; Kelany et al., 2023; Kumar et al., 2024;
Timkova et al., 2024). The strains from these genera have been successful in removing
As, Cd as well as Pb HMs through oxidation/reduction reactions, precipitation,
immobilization using EPS (Extracellular Polymeric Substances), biofilms and even
siderophores (Chien et al., 2013; Giovanella et al., 2017; Pande et al., 2022; Maity et
al., 2023). Bacterial bioremediation systems have recently been discovered to be
exceptionally successful in dealing with HM pollution including As, Cd, and Pb in
most of the aquatic and terrestrial habitats (Yu et al., 2023; Yani et al., 2025). Bacteria
such as Lactobacillus acidophilus (Singh and Sarma, 2010), Acidithiobacillus
ferrooxidans (Yan et al., 2010), Staphylococcus xylosus (Aryal et al., 2010; 2011),
Rhodococcus spp. (Prasad et al., 2011), Bacillus cereus (Mohd Bahari et al., 2013;
Titah et al., 2018) and Arthrobacter globiformis (Titah et al., 2018), are known to be

very effective as biosorbents of As HM (Sahmoune, 2016). Also, bacterium namely
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Delftia spp. BAs29 are reported to be effective in As HM polluted groundwater
remediation by ‘arsenite oxidation’ (Biswas et al., 2019).

Bacterial species like Enterobacter spp. (Lu et al., 2006; Feria-Céceres et al.,
2022), Pseudomonas aeruginosa (Wang and Can, 2009), Pseudomonas putida
(Shamim and Rehman, 2015; Deng et al., 2022), Pseudomonas spp. (Wang and Can,
2009), Ochrobactrum anthropi (Girawale et al., 2022), Sphingomonas paucimobilis
(Tangaromsuk et al., 2002), Aeromonas spp. (Ibrahim et al., 2020), and
Staphylococcus xylosus (Lata et al., 2019) are reported to be very proficient
biosorbents in the remediation of Cd HM polluted environments. Also, bacteria such
as Clostridium thermoaceticum can cause the bioprecipitation of toxic Cd ions (Dalei,
2014) while Rhizobium metallidurans can remediate Cd HM polluted environments
by secreting EPS (Kowalkowski et al., 2019).

Several bacterial species such as Bacillus firmus (Shiomi, 2015),
Corynebacterium glutamicum (Tiquia-Arashiro, 2018), Enterobacter spp. (Okpara-
Elom, 2022), Pseudomonas putida (Glirgan et al., 2022), and Streptomyces rimosus
(Timkova et al., 2018) are found to be decent biosorbents in Pb HM polluted

environments.

2.2.2. Biological remediation utilizing fungi

Fungi, being powerful and eco-friendly, have extensive utility in HM
remediation. Their cell wall is supported by functional groups that help in binding with
HM ions, enabling removal by biosorption, bioaccumulation (Refaey et al., 2021;
Aslam et al., 2025). Several filamentous fungi such as Aspergillus, Trichoderma,
Penicillium and others have shown tolerant against high concentrations of toxic HMs
such as Cd, Pb, As, Hg and more (Shukla and Vankar, 2014; Govarthanan et al., 2017,
Ghosh et al., 2023). Several studies have reported utility of fungi in combatting HM
remediation and the same is presented in Table 4.

Table 4. HM remediation studies with fungi

No. Fungus Heavy Metal(s)  Key Findings (Metal Reference
Removed / Removal / Tolerance)

Tested

21|



Chapter 2: Review of Literature

1.  Aspergillus

niger

2. Aspergillus
niger,
Aspergillus
fumigatus,
Penicillium
rubens

3. Trichoderma
viride,
Aspergillus
terreus,
Aspergillus

flavus;

Phanerochaete

chrysosporium

4. Fusarium

verticillioides;

Fusarium
oxysporum,
Aspergillus
fischeri;
Epicoccum
mackenziei

5. Serendipita
indica

6.  Talaromyces

spp. KM-31

Zn, Hg, Pb, Cd,
Co, As, Cr etc.

Cd, Cr

Pb, Cd, Cr, Ni

Zn, Pb, Cd, Cr,
Cu, Ni, Co

As(V)

As(V)

100 % removal of Zn(II),
83.2 % Hg(Il), 71.4 %
Co(1I), 59.0 %, Pb(II)
Bioaccumulation
efficiency up to ~ 98%
for Cd

Some isolates removed
Pb up to ~ 59.67 mg/g
biomass; Cd uptake ~
16.25 mg/g biomass

Highest uptake recorded:
8.31 mg/g for Zn by F.

verticillioides

> 98 % removal of As

achieved up to ~ 96 %
removal of As(V)

Acosta-
Rodriguez et
al. (2018)
Khan et al.
(2019)

Joshi et al.
(2011)

Amin et al.

(2024)

Shukla et al.
(2025)
Nam et al.

(2019)

2.2.3. Biological remediation utilizing algae
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A wide array of micro- and macroalgae have showed strong potential for
bioremediation of As, Cd and Pb, due to their ability to adsorb these HMs on the
cellular surface and detoxify them through sequestration by phytochelatins and
metallothioneins (Leong et al., 2020). A number of mechanisms like ion-exchange,
surface binding, redox-based detoxification etc. are utilized by algae and makes them
affordable and eco-friendly (Sarma et al., 2024). Various studies highlighted the utility
of algae in HM remediation and the same is mentioned in Table 5.

Table 5. HM remediation studies with algae

No. Alga (type) Metal(s) Key findings Reference

studied

1.  Chlorella As (IIT)  High As(III) uptake; optimized  Ghayedi et
vulgaris conditions gave up to ~93 % al. (2019)
(Microalga) removal

2. Chlorella As(IIT) Chlorella-supported nanoscale ~ Yue et al.
vulgaris (bio- zero-valent iron composite (2023)
composite CV- removed ~99 % As(I1I)
nZVI)

3.  Scenedesmus Cd* Efficient Cd removal (> 95 % at Xu et al.
obliquus < 0.5 mg/L) via biosorption and  (2024)
(Microalga) bioaccumulation

4.  Scenedesmus Cd*, Continuous-culture removal; Pena-
incrassatulus Cr(VI), removal percentages 25-78 % Castro et al.
(Microalga) Cu* depending on metal and (2004)

conditions (older but relevant
methodology).

5. Chlorella Co** 96.44 % removal in cell-free Foris et al.
vulgaris supernatant, when combined (2025)
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6.  Chlorella As(IIT) 89 % removal with Tabatabaei
Sorokiniana 0.5 g/LL composite containing 60 et al. (2025)
% microalgae + 12 %

kaolin + 28 % FeCls

2.2.4. Biological remediation utilizing plants

Plants play a pivotal role in bioremediation of HMs through numerous
mechanisms like- phytoextraction, which involves uptake of metal in shoots,
phytostabilization involving immobilizing metals in roots, phytovolatilization and
Rhizofiltration (Nedjimi, 2021; Kafle et al., 2022). Hyperaccumulator plants like
Pteris vittata (Prabhu et al., 2019), Brassica juncea (Kaur et al., 2025), Helianthus
annuus (Chauhan and Mathur, 2020), Vetiveria zizanioides (Mabaso et al., 2025) and
others can efficiently remove HMs such as As, Cd, Pb, Zn, Ni and Cr from different
environmental matrices. This type of remediation is economic as well, with suitability
for larger areas, however slower than other techniques (Lavanya et al., 2024). Studies
reporting HM remediation by plants are discussed in Table 6.
Table 6. HM remediation studies with plants

No. Plant Species HMs Key Findings Reference
Targeted

1. Pteris vittata (Chinese ~ As Accumulates up to Wang et
brake fern, arsenic 22,630 mg/kg dry weight al. (2002)
hyperaccumulator)

2. Pteris cretica, Spinacia  As 88 % removal rate Kama et
oleracea L. al. (2025)

3. Avera javanica, Cr, Zn, The Alghamdi
Portulaca Mn, Co, BCF(Bioconcentration et al.
oleracea, Tephrosia Ba, Fe, Factor) values of the (2024)

nubica, Dipterygium Al, and studied HMs reduced in

glaucoma, Tetraena Pb the order of Cr > Zn >
coccinea, Fagonia Mn > Co > Ba > Fe > Al
indica, Eleusine > Pb
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indica, Cenchrus
ciliaris,
and Pennisetum
divisum
4.  Rosa gallica Pb, Ni, High levels of HMs in Esringu et
Cd, and plant tissues rather than  al. (2015)
Zn soil
5. Helianthus annuus L. Cd and Malic acid and tartaric Niu et al.
Pb acid assisted removal of  (2025)
Cd and Pb

2.3. Role of stress biomarkers in HM remediation in bacteria

HMs impose on exposure to living organisms, lead to generation of reactive
oxygen species (ROS) and the cells thereby respond to changing levels of superoxide
dismutase (SOD), catalase (CAT), glutathione reductase (GR), glutathione peroxidase
(GPx) and also by generating malondialdehyde (MDA) as lipid peroxidation product.
SOD in general catalyzes the dismutation of superoxide (Oz*") radical to hydrogen
peroxide (H202). The changing upregulation or reduction in SOD levels act as a
defensive barrier against HM stress (Mansoor et al., 2023). Catalase decomposes H>0»
into water and oxygen, thereby restricting the formation of hydroxyl radical (*OH). It
also changes with HM exposure and CAT and SOD together indicate the effective
removal of H>O; produced by SOD (Kumari et al., 2014). However, the CAT
responses vary with species, cells, and metal types (Mansoor et al., 2023). Moreover,
MDA, which is an end product of membrane lipid peroxidation, is often widely used
to indicate damages to the living tissues or cells. Thus, the increase in levels of MDA
indicates cellular damages by ROS on HMs exposure (Ayala et al., 2014).
Furthermore, GR is responsible for maintaining optimum cellular redox buffering and
supply of reduced glutathione (GSH) to GPx for metal chelation pathways (Caregnato
et al., 2008). However, continued exposures of HMs can impair the GSH levels and
thereby GR function (Hossen et al., 2023). Likewise, GPx plays a vital role in reducing
H>0; and organic hydroperoxides (ROOH) utilizing GSH as donor for electrons
(Jomova et al., 2025).
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2.4. Utility of microbial metabolites in HM remediation

When important microbial metabolites such as sidero-phore, a molecule that
binds Fe and helps organisms tackle iron deficiency, along with biofilm, EPS, and IAA
(Indole-3-Acetic Acid), together, they are capable of enhancing the bioremediation
efficiency (Roskova et al., 2022; Sharma, 2022; Wei et al., 2024). In general,
siderophore production stimulates microbial inhabitability in HM-contaminated soils
and assisting in pausing the metals from seeping into groundwater (Rajkumar et al.,
2010). In addition, the formation of chlorophyll and the healthy functioning of
enzymes depend on the amount of iron that siderophores make available to plants
(Bera et al., 2022, Radzki et al., 2013).

As microbial communities progress on an exopolymeric matrix biofilm guards
them from environmental stresses, including HMs (Yin et al., 2019). The formation of
a microenvironment that safeguards cells from toxic metal augments microbial
resistance, a phenomenon known as biofilm formation, which is common in soils that
are polluted with metals (Prinzi and Rohde, 2023). The EPS, through ionic and
complexation interactions, enhances HM binding significantly by reducing its mobility
and bioavailability in wastewater (Flemming and Wingender, 2010). To efficiently
bioremediate such complex substrates, biofilms are indispensable for sustaining
commensalisms among bacteria (Sharma et al., 2023) and broadening the metabolic
diversity of the bioremediators (Mangwani et al., 2016; Mishra et al., 2022).

Moreover, EPS are high molecular weight biopolymers secreted by
microorganisms that help in the immobilization of hazardous metals and the
accumulation of soil particles (Zhang et al., 2024). The functional groups of EPS such
as —OH, —COOH, and —NH; can interact with HM ions (Li et al., 2021). These groups
are responsible for reducing the toxicity imposed by the HMs which takes place with
reduction in the metal’s bioavailability (Gupta and Diwan, 2017). Further, EPS can
change soil structure as well as enhance the microbial diversity in soil through biofilm
formation, cell-to-cell cohesion or induced adaptive capability (Flemming et al., 2016;
Costa et al., 2018). Moreover, it can upsurge the water retention capacity of soil, which
1s vital for soil health (Morcillo and Manzanera, 2021).

Current research shows the beneficial role played by plant growth-promoting

strains, or PGPs, which reside near plant roots and actively participate in upliftment of
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the plant health in innumerable ways viz. breaking nitrogen, phosphate or secreting
hormones which enhance plant growth such as IAA, or fight plant pathogens
(Lugtenberg and Kamilova, 2009; de Andrade et al., 2023). Further, they are also
capable in reducing HM stress in plants by secreting organic acids or compounds
which hold the metals (Khanna et al., 2019; Mushtaq et al., 2022; Qin et al., 2024).
They are also seen in generating antioxidants which combat with the oxidative stress
induced by the HMs in plants (Igbal et al., 2024).

Such intrinsic capabilities have been previously reported in a number of
bacterial strains such as Burkholderia spp. EIKU24 (Basak et al., 2024), Pseudomonas
fluorescens (Upadhyay et al., 2018), Variovorax spp. S12S4 (Zouagui et al., 2024),
and IAA producing Sphingobium spp. strain AEW4 were reported to be a potent PGPs
that demonstrated effective bioremediation (Minari et al., 2020; Ganesh et al., 2024,).
Thus, inherent capabilities of PGPs viz. resistant to HMs contaminated soil, reduced
bioavailability of HMs, promote interactions among microorganisms and assist in
building a symbiotic relationship with plants and microorganisms, thereby
demonstrating the positive impacts of mixed microbial communities in soil which is

crucial for effective remediation (Kramer et al., 2020; Timofeeva et al., 2022).

2.5. Challenges of HM remediation in antibiotic polluted soils

There is a clear association between bacteria that resist HMs and those that
resist antibiotics. This happens because when bacteria are exposed to HMs, the same
genetic traits that help them survive in high metal laden environment can also make
them resistant to antibiotics—a process known as co-selection (Vats et al., 2022).
Many HM-resistance genes and antibiotic-resistance genes are found together on the
same mobile genetic elements. This leads to co-selection, even when antibiotics are
not present (Baker-Austin et al., 2006). Shared mechanisms, such as multidrug efflux
pumps, also provide resistance to both metals and antibiotics (Seiler and Berendonk,
2012). The co-resistance of microbes against HMs and antibiotics can be driven by
intertwined evolutionary history whereby genes regulating this resistance are
transferred by horizontal gene transfer (HGT) with plasmids, transposons and
integrons (Gillieatt and Coleman, 2024). HMs remain in the environment, creating

long-term pressure that supports antibiotic-resistant microbial populations thereby
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encourages the growth and spread of antibiotic resistance. Thus, HM exposure plays a

significant role in the rise and spread of multidrug-resistant bacteria.

2.6. Existing Environmental challenges and Research gaps

HM pollution has been problematic in India following industrialization,
mining, and release of effluents from different industries. Various scientific evidences
highlight the pollution by the major evils- As, Cd, Pb, Cr, and Hg contaminating soils
and water bodies of India (Adimalla et al., 2019; Kumar et al., 2020; Botle et al., 2025;
Patra and Ghosh, 2025; Prasath, 2025). Among adverse scenarios of HM toxicity, the
rise in the number of cancer cases has been tremendous in recent years, with cases
such as colon cancer (Kiani et al., 2021), breast cancer (Romaniuk et al., 2017), thyroid
cancer (Giani et al., 2021) and several others. Moreover, HMs have been targeted as
potential biomarkers for cancer development in the lungs, prostate, and liver (Men et
al., 2020). India, among all other nations, has seen quite a remarkable rise in cancer
cases, with new cases spanning over 1.6 million each year (Krishnatreya and Kataki,
2020).

In order to tackle HM pollution, several government regulations, combined
with technological advances and biological based remediation methods are often
employed in India (Sodhi et al., 2022). A multitude of technologies involving physico-
chemical, adsorption and biological processes are often employed. Most of the
reported explorative and pilot scale studies cover phytoremediation which employs
plants and microbial remediation through biosorption and bioaugmentation (Mandal
et al., 2014; Pande et al., 2022). Moreover, adsorption-based approaches reported the
usage of low-cost sorbents, biochar, activated carbon, chemical immobilization, or
physical processes involving soil washing and excavation (Singh et al., 2022; DRIIV,
2025).

Presently, in Nagaland, the Nagaland Pollution Control Board (NPCB) has
reported that all the water polluting industries in the state mandatory to install effluent
treatment plants (ETPs) (Morung Express News, 2024) in order to reduce the pollutant
level in the effluent. Nagaland University has recently announced a research project
on the development of a hybrid treatment technology incorporating the use of plants,

algae and microbes aiming to convert wastewater into clean water, nutrients, biofuel
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and biogas (India Today NE, 2025). Still, remediation technologies to tackle HM
pollution is very limited. Most of the studies are scheme specific, short-term or done
at pilot scale with lack of comprehensive data on HMs such as As, Cd and Pb, Hg
present in soil or river water.

Further, in Nagaland, data pertaining to HM pollution research is limited.
Recent works in Lumami, Zunheboto screened for various pollutants and trace metals.
The authors noted the potential for HM contamination in the region because of
prevailing anthropogenic stressors like rock-quarrying, sand mining, shifting
cultivation, soil erosion, deforestation and disruption of fresh water ecosystem which
are plausible factors for enhancing HM mobilization (Hussain et al., 2021). Further,
geochemical investigations on carbonaceous materials from North-Eastern India,
inclusive of Nagaland have revealed measurable As load (~ 56.0-68.0 pg/kg) from
lignite carbon deposits (Baruah et al., 2003). Such As rich minerals can undergo
leaching under the influence of weathering or during mining operations, finally
entering the soil and water systems, causing long term effects on the living organisms.
Regional reviews and surveys also highlighted As occurrences in parts of several states
of Assam, Tripura, Arunachal Pradesh, Manipur and Nagaland, with groundwater risk
from As pollution (Goswami et al., 2023). Investigations of surface water from springs,
ponds and wells indicate the presence of Pb above threshold limits in certain water
sources of Nagaland, indicating high possibility of Pb pollution in water bodies (Jamir
etal., 2011). Further, Central Ground Water Board’s recent state bulletin for Nagaland
has listed As among key pollutants monitored in aquifers, during local ground water
quality assessment (Central Ground Water Board, 2024). Likewise, isolated HM-
resistant rhizobacterial species from riverbanks adjacent to coal mining sites in
Nagaland provides enough biological evidence consistent with HM exposure in the
environment (Tatung and Deb, 2024).

The current research was undertaken to address the gaps of research in terms
of HM pollution with respect to Nagaland. Currently, Nagaland has data scarcity in
terms of regional scientific literature on bioremediation. Thus, a through systematic
study will aid to establish baseline data for Nagaland, which could direct future
environmental monitoring and in policy making for remediation processes. Utilizing

indigenous strains of microbial diversity could help to discover native microbe suited
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locally to ecosystem, with better efficacy and adaptive behaviour. Moreover, this
could contribute to policy relevance for local and regional authorities to take proper
decisions on disposal of waste, regulation of industries and effective remediation
efforts.

In bacteria-based remediation technology, certain limitations exist while
introducing genetically modified microorganisms (GMOs) such as unpredictability of
ecological interactions. Since the engineered strains can compete with the native
microorganisms and create disturbance in the microbial networks, thereby affecting
the nutrient cycling and the fertility of the soil (Sharma et al., 2024). Due to HGT,
whereby the engineered genes, conferring metal or xenobiotic degrading abilities
might travel to native microorganisms, creating ecological disturbances (Muhammad
and Jega, 2024). Further, the behaviour of GMOs in natural environments may vary
with the laboratory conditions such as reduced growth, efficiency or stability due to
competition, stress or lack of selective pressure (Janssen and Stucki, 2020).
Additionally, issues may arise with public acceptance, biosafety regulations or
monitoring  for large scale applications (Calatrava et al.,, 2024).

The indigenous strains however, are more preferred as they are ecologically
compatible, safe and provide more efficacy, economic and more adapted to their local
habitat (Singh et al., 2011; Omoregie et al., 2025). This facilitates better remediation,
agriculture and restoration of the ecosystem as compared to exotic and non-indigenous
strains (Omoregie et al., 2025). Further, incorporating bacterial consortium is very
effective as compared to single strains, as different microbes contribute
complementary metabolic pathways to neutralize the toxic pollutants, tolerate stress or
utilize substrates very efficiently (Chen et al., 2020). They show synergistic
interactions leading to faster and complete biodegradation, with enhanced nutrient
cycling and maintaining a proper ecosystem stability as compared to single strains
(Alidoosti et al., 2024). Thus, addressing these gaps is crucial in accomplishing the
ultimate goal for HMs detoxification in the environmental matrices, and thereby

strengthening the bacterial remediation systems.
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3.1. Chemicals and Reagents

Chemicals, reagents and salts including NazAsOs, NaAsO;, CdCl,, Pb(NO3)s,
NaCl, Na;HPO4, NaH,PO4, KCI, Hexadecyltrimethylammonium bromide [HDTMA,
CH3(CH2)15N(Br)(CH3)3], FeCl;.6H20O, KBr, CuS04.5H,O, Na;COs3, NaHCOs3,
Sodium tartrate (CsHsNa,Og), NaOH, Ethylenediaminetetraacetic acid (EDTA,
Ci0H16N20sg), Sodium azide (NaN3), Silver nitrate (AgNO3), Glutaraldehyde (2%,
CsHg0O.), Phenol (C¢HsOH), ethanol, Acetone, glacial acetic acid (33%), H>SO4 and
HCI were of analytical grade (AR) purchased from Qualigens fine chemicals, Thermo
Fisher Scientific India Private Limited, Mumbai, India and Merck Specialities Private
Limited, Mumbai, India. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide], Muller Hinton broth, Tryptic Soy broth, Luria Bertani broth, Agar, Crystal
Violet dye, Safranin, Bicinchoninic Acid (BCA, CyHioN2Na»Os), Nicotinamide
adenine dinucleotide phosphate (NADPH, C,1H30N7017P3), Cumene hydroperoxide
(CoH1202), Glutathione disulphide (GSSG, C20H3:N6012S2), Bovine serum albumin
(BSA), Nitro blue tetrazolium  (NBT, Cs0H30C2N10Os),  Potassium
peroxymonosulphate (PMS, KHSOs), Potassium pyrophosphate (K4P207),
Glutathione (GSH, CioHi7N30¢S), Riboflavin, (NH4)¢Mo07024, Malondialdehyde,
Trichloroacetic acid (TCA, CoHC302), Thiobarbituric acid (TBA, C4H4N20>S), and
H>0,, were purchased from HiMedia Laboratories Private Limited, Mumbai, India.
Whatman Filter paper (Grade 1) was purchased from Cytiva, Global Life Science
Solutions Operations UK Limited.

3.2. Study area and sample collection

The present study was focused on a stream line region that was situated in the
close proximity to several operational coal mines of Changki area, an Ao village
located in Mangkolemba Circle of Mokokchung district, Nagaland. Six distinct
sampling sites along the chosen stream were selected to gather the soil samples. Three
of these sample collection sites were situated upstream, while the remaining three were
located downstream. Using sterile spatulas, sub-surface soil (approximately of 5 cm
below the surface) was collected from each sample collection site. After the collection,
soil samples were transferred to sterile plastic containers separately, brought right to

the laboratory, and stored at 4 °C until used for further characterization and analysis.
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Google Earth application (Google Earth Pro Version 7.3) developed by Google, was

used for the mapping process of the investigated sampling sites.
3.3. Physico-chemical characterization of the collected soil samples

3.3.1. pH, electrical conductivity and temperature

The pH and electrical conductivity of the collected soil samples were measured
with the help of a Multiparameter Waterproof Meter (Systronics Water Analyser 371),
which consist of various probes for measuring different water quality parameters.
Calibration of the instrument was done as instructed by the manufacturer before taking
the measurements. The soil sample (10 g) was mixed in a beaker containing 25 mL of
distilled water. Afterward, the calibrated probe was dipped in the resultant soil

suspension solution and the measurements were recorded accordingly.

3.3.2. Available potassium

The available potassium (K) in the soil sample was estimated according to the
method of Tandon (2009) with the help of a Flame Photometer (Systronics Flame
Photometer 128). Initially, 2.5 g of oven dried soil was taken. Afterward, 25 mL of 1
N ammonium acetate (pH 7) was taken and stirred for 10 minutes in an orbital shaker
(Kolosh KI WB12). The content was then filtered through Whatman No. 1 filter paper.
The filtrate was collected and subsequently analyzed for the quantification of K in the
soil sample. K was calculated using a liquid petroleum gas (LPG)-air flame (Indane)
with a fuel pressure of approximately 0.5-1.0 kg/cm?, a warm-up period of 10-15
minutes, and a calibration range of 5-25 ppm at 766.5 nm. The available K in the soil
sample was calculated using the equation 3.1.

Available K (kg/ha) = 10x x 2.24 Equation 3.1

Where, 2.24 is conversion factor of mg/kg to kg/ha and x= available K (ppm or mg/kg).
Since, 2.5 g soil and 25 ml ammonium acetate were added for K extraction, so the

dilution is 25/2.5 = 10.

3.3.3. Soil moisture

The moisture content in the collected soil was estimated by standard
gravimetric method as described by Chukbe in 1936 and outlined in Tandon (2009).
Initially, an empty crucible was weighed (W1). Afterward, 20 g of collected moist soil
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sample was transferred to the pre-weighed crucible and then weighed (W»). Next, the
crucible with moist soil was placed in a hot air oven at 105 °C for about 24 hours.
Subsequently, it was allowed to cool at room temperature in a desiccator and weighed
again (W3). Finally, the soil moisture content was calculated gravimetrically using the

equation 3.2.

Moisture % = % x 100 Equation 3.2

3=Wy
Where, W1 is weight of empty crucible, W= weight of crucible + moist soil sample

and W3= weight of crucible + dry soil sample.

3.3.4. Nitrogen estimation

Nitrogen (N) content in the collected soil samples were estimated using a
Kjeldahl system (KEL PLUS Nitrogen Analyzer-Classic DX), following the standard
of Association of Official Analytical Collaboration International (AOAC, 1990).
Initially, 5 g of the soil sample was taken in the digestion tube along with a small
amount (10 mL) of water and subsequently 25 mL of 0.32 % (w/v) KMnOy4 solution
was added. The sample loaded digestion tube was then fitted in the distillation unit.
This was followed by an addition of 25 mL of 2.5 % NaOH (w/v) solution through the
distillation system-dosing pump. Next, 20 mL of 2 % (w/v) of boric acid was
transferred to a conical flask (250 mL) with the help of a measuring cylinder. The
resultant distilled ammonia gas thus produced from the digestion tube was collected in
the receiver end and introduced into the conical flask containing 20 mL boric acid
solution. Afterward, 5 drops of methyl red indicator was added to the boric acid
solution and titrated with 0.02 N H2SO4. The available nitrogen in the soil sample was

calculated using the following equation 3.3.

14X(T.V.)><0.02N><2.24><106
5x1000

Available Nitrogen (AVN): (:—i)
or AVN (kg/ha) =125.44 x T.V.

Where, T.V is titration volume, N refers normality of titrant H,SO4, and ha
stands for hectare. In order to calculate kg/acre, conversion factor (1 hectare=2.47105

acre) was multiplied to the result

Available Nitrogen in kg/ha
2.47105

So, AVN (kg/acre) = Equation 3.3

3.3.5. Total organic carbon
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The total organic carbon was estimated using wet digestion method as
described by Walkley and Black (1934). First, 0.5 g of collected soil was weighed after
sieved to 0.2 mm size and was placed in a 250 mL Erlenmeyer flask. To this, 10 mL
of 1 N K2Cr207 was added using a glass pipette. After that, 20 mL of concentrated
H>SO4 was slowly added and the mixture was kept undisturbed for about 30 minutes
to complete the oxidation process. Next, the solution was allowed to cooled at room
temperature followed by addition of 200 mL of distilled water. Afterwards, 10 mL of
orthophosphoric acid and 1-2 drops of diphenylamine indicator was added to the
solution. Then, the solution was titrated with 0.5 N ferrous ammonium sulphate till the
colour of the solution changes from bluish-violet to bright green. A blank was also run
using the same reagents. The organic carbon content (%) in the collected soil sample

was determined using the equation 3.4.

Organic carbon (%) = (10 (B—T)) 0.003x100

B Equation 3.4

wt of soil (g)
Where, B is volume (mL) of ferrous ammonium sulphate solution required for blank
titration, T is volume of ferrous ammonium sulphate solution needed for titration of

soil sample.

3.3.6. Available phosphorous

The available phosphorous was estimated according to the methodology as
described previously by Bray and Kurtz (1945) and Malgwi et al. (2019). Briefly, 1 g
of dried soil sample was shaken with extracting solution (0.03N NH4F + 0.025 N HCI)
and filtered. Further, the filtrate was mixed with molybdate reagent (Appendix I)
forming a blue colour complex. The intensity of the blue colour was measured
spectrophotometrically at 882 nm using UV-Vis spectrophotometer (Thermo Fisher
Scientific A51119700C) using standard concentrations (0.080, 0.160, 0.240, 0.320 and

0.400 pg/mL). The available phosphorous was finally estimated using the equation 3.5

kg
hectare

Available P ( ) = R X 4.48 Equation 3.5

Where, R is absorbance value expressed as ug P in the aliquot
3.3.7. HM analysis of soil samples

The soil samples were collected from the sampling sites S1, S2, S3, S4, S5 and
S6 and outsourced for heavy metal (HM) analysis that include As, Cd, and Pb at
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National Institute of Pharmaceutical Education and Research Guwahati (NIPER-G)
Guwahati, Assam. The samples were collected in replicates from the six sampling sites
and collected after sieved through 0.22 mm size in falcon tubes. The samples were
microwave digested following the standard method 3015A (US EPA, 2007). Briefly,
about 0.5 g of sieved soil was placed in Teflon digestion vessels, followed by adding
about 10 mL of HNOs3 and 2 mL of HCI. Further, the vessels were heated to 170-180
°C under stable pressure for about 20 minutes for proper oxidation. Then, the digest
was diluted to a known volume (120 dilution) with deionized water and filtered before
metal analysis. The HM content in the samples (As, Cd and Pb) were estimated with
the help of inductively coupled plasma mass spectrometry (ICP-MS) (ICP-MS,
Agilent 7900 Series). The instrument was operated in standard mode under optimized
conditions. Radio frequency (RF) power 1550-watt, plasma gas (Argon) flow rate of
15 L/minutes, auxiliary gas flow at 0.9 L/minutes, nebulizer gas flow at 1.05 L/
minutes, sampling depth 8 mm, and a peristaltic pump speed of 0.10 revolutions per
second (rps) were maintained. A MicroMist concentric nebulizer and quartz spray
chamber were used. The isotopes monitored were "*As, '"'Cd and **Pb. Calibration
was done using external standards at 0, 5, 10, 25, 50, 75 and 100 ppb. Further, using
an autosampler, the digested samples were introduced to ICP-MS and the metals were
quantified based on calibration curve and expressed as ppb (U.S. EPA, 2014; Anis et
al., 2024).

3.4. Isolation of As-resistant bacteria

The culturable arsenic (As) resistant bacteria were isolated from the collected
soil samples following the enrichment culture technique with slight modifications as
described by Bowman et al. (2018). Briefly, 100 mL of Luria Bertani (LB) broth (25
g/L) (Appendix I) along with Na3AsO4 (300 pg/L) and NaAsO: (300 ug/L) were
prepared in a 250 mL screwcap Erlenmeyer flask, sterilized by autoclaving and
allowed to cool down to room temperature. The collected soil samples were adequately
mixed with the help of a sterile spatula and sieved to separate the debris. 10 g of the
sieved soil sample was weighed and carefully introduced to a previously sterilized As-
loaded LB broth medium inside a laminar airflow chamber and was subsequently

transferred to an orbital incubator shaker, which was set at 37 °C with 160 rpm. The
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culture medium was incubated for three days. After the competition of the first three
days of enrichment cycle, 1.0 mL of the saturated culture broth was transferred to a
fresh Erlenmeyer flask culture containing As-loaded LB broth medium precisely
prepared with the same composition as described previously for the second cycle of
enrichment and incubated in a similar fashion as that of the first cycle. The process
was repeated up to three cycles. After the completion of the third cycle, an aliquot of
1.0 mL of culture inoculum was taken and then serially diluted through serial dilution
approach. Using spread plate method technique, 0.1 mL of diluent from each dilution
stock of 102, 1073, 10*and 10~ were transferred and uniformly spread over the surface
of Petri dishes containing sterile solidified Luria Bertani agar (LBA) medium
(Appendix I) supplemented with, Na3AsOs (300 pg/L) and NaAsO: (300 pg/L)
(Sanders, 2012) followed by incubation of culture plates at 37 °C for 48 hours. After
48 hours, appeared As-resistant bacterial colonies were adequately documented based

on their distinct morphological characteristics.

3.5. Screening of potential As-resistant bacteria

The 96-well microtiter plate was initially loaded with sequentially diluted As>",
As>*, Cd**, and Pb** solution in separate rows individually at concentrations ranging
from 50,000 to 0 ppm and eventually increased with increased tolerance to metals by
the bacterial strains. Then, fresh LB broth cultures of overnight grown bacterial
isolates obtained from enrichment culture (100 uL) were added to each well of the
microtiter plate. Sterile LB broth was used as negative control. Afterwards the
microtiter plate was incubated for 24 h at 37 °C, followed by addition of MTT
(Appendix I). The MTT stock was prepared at 5 mg/mL in sterile PBS, which was
filter sterilized and stored protected from direct exposure of light at 4 °C. Further, 20
uL of the stock was added to each well and kept in dark for about 20-30 minutes to
allow reduction of MTT to formazan crystals and the absorbance was measured at 600
nm using a Multiskan SkyHigh Microplate Spectrophotometer (Thermo Fisher
Scientific A51119700C). The measured optical density (OD) values of the wells based
on the colour change from bluish to pale yellowish upon the administration of MTT,
the response of the bacterial isolates towards As3*, As’", Cd?*, and Pb*" metal ion

exposure was recorded, and the values of MIC (minimum inhibitory concentration),
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MBC (minimum bactericidal concentration), and MTC (maximum tolerable
concentration) were computed (Agarwal et al., 2020). The MTC is defined as the
highest concentration of the tested HMs at which the bacteria can survive and grow,
while MIC is the lowest concentration of the selected HMs at which, there is visible
inhibition of the bacterial growth and finally MBC is the lowest concentration of HMs
that kills almost 100 percentage of the organism (Agarwal et al., 2020).

3.6. Morphological and biochemical characterization

Colony characteristics of the selected bacterial isolates were examined for their
morphological identification using Bergey's Manual of Determinative Bacteriology,
9th Edition (Bergey, 1994). In addition, the morphological features of bacterial cells
were examined using Gram staining, spore staining, and motility tests, following the
methodology as described by Hassan et al. (2013). The biochemical characterization
of the selected bacterial isolates was carried out using standard procedures that include
enzyme activity (indole, catalase, and oxidase), methyl red test, Voges—Proskauer test,
nitrate reduction test, citrate, hydrogen sulphide production and usage of various

carbon sources (Banerjee et al., 2011).
3.7. Molecular characterization of bacterial isolate AS3 and AS4

3.7.1. Isolation of bacterial DNA

In accordance with the standard methodology provided by Cardinal et al.
(1997), the genomic DNA of bacteria was isolated. Initially, fresh nutrient broth
(Appendix I) was inoculated with a sterilized inoculation loop containing the bacterial
culture and incubated in an orbital incubator shaker at 37 °C with 160 rpm for
overnight period. Next, an aliquot of 1.0 mL of bacterial culture was removed from
the fresh overnight grown culture broth and centrifuged at 12,000 rpm for 2-5 minutes.
The supernatant was discarded, and the pellet was recovered. 200 uL of lysis buffer
(Appendix I) was then added to the bacterial cell pellet and vortexed vigorously to
produce a cell suspension. The mixture was heated in a water bath at 65 °C for 20
minutes and shaken well at 5 minutes interval. Subsequently, 100 pL of 5 M NaCl was
added and vortexed vigorously. The mixture was then stored at —20 °C for 20 minutes

before centrifugation at 12,000 rpm for 10 minutes at room temperature. After
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centrifugation, the supernatant was removed and 500 pL of phenol: chloroform (25:24
v/v) was added. It was mixed until a milky emulsion form. After centrifuging the
emulsion mixture at 12,000 rpm for 10 minutes at room temperature, the aqueous
phase was removed and 500 pL of chloroform: isoamyl alcohol (24:1 v/v) solution
was added. This was followed by another centrifugation at 12,000 rpm for 10 minutes
at 4 °C. After centrifugation, the uppermost layer was removed once more, and 2.5
volumes of 100 % (500 pL) chilled ethanol (Merck, Germany) was added to precipitate
the genomic DNA (g-DNA). The temperature of the resultant ethanolic g-DNA
solution was maintained at —20°C for the overnight period. On the following day, the
eppendorf tubes containing the ethanolic g-DNA solution were centrifuged at 12,000
rpm for 10 minutes at 4 °C. Afterward, a thin pellet of g-DNA was obtained, which
was later rinsed with 100 uL of 70 % (v/v) ethanol and allowed to air dry for 30
minutes at room temperature. In order to dissolve the obtained g-DNA pellet, 30 uL
of TE (ImM Tris-HCl and 1 mM EDTA) (Appendix I) was added and allowed to
stabilize at —20 °C for 60 minutes.

3.7.2. Agarose gel electrophoresis of the isolated g-DNA

For running the g-DNA, 0.8 % (w/v) of agarose gel was prepared in 1X TBE
(Tris-Borate-EDTA) buffer (Appendix I). Initially, 0.8 g of agarose was taken. Then,
it was well dissolved in 100 mL of 1X TBE buffer by boiling it in a microwave. The
solution was further allowed to cool down at a temperature about 50 + 5 °C. To the
solution, 4 puL of EtBr (Ethidium Bromide) was added. The mixture was further poured
into a gel caster, equipped with gel combs. The gel was then allowed to solidify at
room temperature, after which the combs were removed and the gel was transferred to
a gel tank, filled with 1X TBE gel running buffer.

Before loading into the gel, 4 uL of distilled water and 2 pL loading dye
(Appendix I) was loaded in a small piece of parafilm sheet. Next, 6 pL of sample g-
DNA was added and mixed with the help of a micropipette. Then, with the same
micropipette, the sample was loaded into the appropriate well. A commercial 1 kb
DNA ladder (size range about 250 bp to 10,000 bp) was used as molecular marker
fragments (bands) and 1 pL. of DNA ladder was loaded twice i.e. in the first and the
last well while the remaining wells were loaded with g-DNA samples. After loading

the DNA sample including the DNA ladder, the gel was run at about 10 V/cm of gel

38|



Chapter 3: Materials and Methods

length using a DC power supply until the xylene cyanol of loading dye reached the
bottom of the gel. The gel was then removed from the electrophoresis system and
observed in the Gel Doc system (Bio-Rad Gel Doc™ EZ Imager).
3.7.3. Spectral analysis of isolated g-DNA
Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA) was used
to quantify the isolated g-DNA and verify its purity. To determine the amount of DNA
in the specific solution, the absorbance of g-DNA was measured at 260 nm. In order
to determine the degree of protein contamination in the isolated DNA, the absorbance
at 280 nm was also measured. The spectral characteristics listed below were chosen as
standards for identifying high-quality DNA.
Az60 /A280> 1.8
Ango / Azgo < 0.55
For the quantification, 1 uLL. of DNA sample was mixed with 3 mL of TE buffer
in the cuvette. Absorbance of the sample was then recorded at 260 nm and 280 nm in
a Nanodrop system. The concentration of DNA was calculated using the given
equation 3.6.

Concentration of DNA = (A2 * 50 X dilution factor) pg/mL Equation 3.6

3.7.4. Polymerase chain reaction (PCR) amplification of isolated g-DNA

For the PCR, master mixture was prepared for bacterial g-DNA samples. The
detail composition of master mixture is included in Appendix I. For PCR amplification
the primers used were U16SF (Forward) and U16SR (Reverse) with the sequences of
5’-AGAGTTTGATCCTGGCTCAG-3" and 5’-GGTTACCTTGTTACGACTT-3’,
respectively. First, an aliquot of 48 puL of master mixture solution was added to each
of the reaction tube containing 2 uL of g-DNA samples. Thus, the total reaction
volume was 50 pL and the components of reaction mixture were then mixed well by
spinning in R-8C table-top mini-centrifuge (REMI, India). Finally, the tubes were then
subjected to PCR in a thermo cycler system (Eppendorf Mastercycler Series,
Germany). The standard conditions that were established for amplification are
included in Appendix I. 35 cycles of the PCR were allowed to run. After the
completion of the reaction, the resultant PCR products were then stored at —20 °C in a

laboratory grade upright deep freezer (RQVD-400 Plus Remi, India).
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3.7.5. Agarose gel electrophoresis of PCR product

The amplification of the 16S rRNA conserve gene sequence was observed by
running the PCR product in 1.5 % (w/v) Agarose gel. PCR product was loaded in the
similar manner to that of g-DNA and run at 10-15 V/cm. Afterward, the agarose gel
was observed in a Gel Doc system (Bio-Rad Gel Doc™ EZ Imager).

3.7.6. Molecular characterization of bacterial isolates

For molecular identification, the amplified sequences of 16S rRNA gene of the
selected bacterial isolates were sent to Xcelris Labs. Limited, Ahmedabad, Gujrat,
India, for partial sequencing. Sanger dideoxy sequencing method was used to sequence
the obtained 16S rRNA gene sequences. Subsequently, NCBI Gene Bank database was
used for BLAST (Basic Local Alignment Search Tool) analysis, which allowed for
genus and species-level identification based on maximal identity score. Later, multiple
sequence alignments were made using muscle alignment, and a consensus maximum
likelihood tree was constructed using the Molecular Evolutionary Genetics Analysis

(MEGA) software (version 11.0) (Tamura et al., 2021).

3.8. Molecular characterization of bacterial isolate AS11

For the molecular characterization, the AS11 isolate was outsourced to
Novelgene Technologies Pvt Ltd, Hyderabad for CGAS (Comprehensive Genome
Analysis service). The whole genome sequencing was done using Illumina NovaSeq
6000 (PE 150) sequencing platform. FASTP, which is a program for searching protein
sequence, was used for pre-processing of the reads/bases to get high quality reads on
the parameter of <Q20 (Quality Score <20). SPAdes (St. Petersburg genome
assembler) genome assembler was used for this study. Assembly quality was assessed
using Quast software (Quast v5.1).

The closest reference and representative genomes were identified by
Mash/MinHash (MinHash Alignment-based Sequence Hashing) (Ondov et al., 2016).
Global protein families (PGFams) available in PATRIC (Pathosystems Resource
Integration Centre) were selected from the reference genomes to accurately determine
the phylogenetic position of the genome under study (Davis et al., 2016). The protein
sequences from these PGFams were aligned using MUSCLE (MUItiple Sequence
Comparison by Log-Expectation programme) software program (Edgar, 2004), and
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the corresponding nucleotide sequences for each protein were then back-mapped onto
the protein alignment to generate codon-based nucleotide alignments. The combined
amino acid and nucleotide alignments were joined into a single data matrix, which was
then analyzed using RAXML software program (Stamatakis, 2014). Fast bootstrapping
was performed to generate the branch-support values for the resulting phylogenetic

tree (Stamatakis et al., 2008).
3.9. Growth kinetics of the selected bacterial strains

The approach of Ka-ot and Joshi (2022) with modifications was used to
examine the growth behaviour of the chosen bacterial strain. A set of five 250 mL
volume conical flasks holding 100 mL of LB broth were used to study the growth
kinetics of the chosen bacterial strain. Together with the bacterial inoculum, four
conical flasks were supplied with the appropriate HM salts, namely Na3AsO4, NaAsOs,
Pb(NOs3)2, and CdCly, according to the MTC value of the chosen strain. The remaining
conical flask was used as a control which contains culture broth without any HM salt.
The cultures were kept in an orbital incubator shaker at 37 °C with 160 rpm. For the
first 12 hours, 3 mL of culture broth was collected at an interval of every two hours.
After that, 12-hour interval readings were considered for the next seven days. The
optical density (OD) was measured in a UV-VIS spectrophotometer (Lambda 35,
PerkinElmer) at 600 nm. The growth curves of every treatment and the control were
plotted together, and their growth patterns were compared. In a similar manner, the
growth behaviour of other two selected bacterial strains were determined in the

presence of tested HM.

3.10. Antibiotic susceptibility test and multiple antibiotic resistance (MAR) index
To study the antibiotic sensitivity of the selected bacterial strains, different
standard antibiotics in microgram concentration (mcg) were used such as tetracycline
(30 mcg), ampicillin (10 mcg), penicillin (1 unit = 0.6 mcg), cefaloridine (30 mcg),
kanamycin (5 mcg), chloramphenicol (30 mcg), streptomycin (10 mcg), cephalexin
(30 mcg), ciprofloxacin (5 mcg), azithromycin (15 mcg), norfloxacin (10 mcg),
clarithromycin (15 mcg), erythromycin (15 mcg) and amoxicillin (10 mcg) (Dey et al.,

2016). Isolated HM-resistant strains were tested for antibiotic sensitivity and resistance
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according to the Kirby Bauer disc diffusion method (Bauer et al., 1996) as well as agar
well diffusion method (Balouiri et al., 2016). For the experiment, Mueller Hinton
(MH) agar (Appendix I) plates were used and the selected bacterial strains were
cultured along with the test antibiotic in the plates. After incubation, the appearance of
inhibition zones facilitates to classify the organisms as sensitive or resistant to an
antibiotic according to the diameter of inhibition zone which was measured using an
Antibiotic Zonescale — C (HiMedia Laboratories Pvt Ltd., Mumbeai, India) ruler.

The MAR indices of the selected bacterial strains against the antibiotics tested

were determined using the equation 3.7 (Sarter et al., 2007).

MAR index = —— Equation 3.7
YX Z

Where, X = total of resistance antibiotic, Y = total of antibiotic used in the study, and

Z = total of test bacterial strains.

3.11. Evaluation of biofilm forming capacity

The biofilm forming ability of the selected bacterial strain was ascertained
using the tube technique method, a qualitative biofilm detection test (Christensen et
al., 1985; Kirmusaoglu, 2019). The bacterial strain after forming linings on the walls
of the polystyrene test tubes, containing tryptic soy broth (TSB) (Appendix I), was
rinsed with phosphate buffer saline (PBS) (Appendix I) and further stained with crystal
violet (0.1 % w/v) stain (Appendix I) for about an hour. During post staining steps,
bacterial cells were washed with PBS, air dried and observed for visible film lining on
the walls of test tube.

To enumerate the generation of biofilm quantitatively, the procedure as
described by Kirmusaoglu (2019) was used with slight modification. Initially, bacterial
cell suspension with a density equivalent to 0.5 McFarland constant (1x10® cfu/mL)
was inoculated in MH broth medium supplemented with 1% (w/v) glucose and
incubated at 37 °C in an incubator shaker with 160 rpm for overnight period. Next,
bacterial cell suspension density of 5x10° cfu/mL was achieved by diluting the freshly
grown bacterial culture in sterile MH broth for 20 times. Subsequently, a 96-well flat-
bottomed sterile polystyrene microplate was then filled with 20 pL of the
aforementioned bacterial suspension and 180 pL of MH broth supplemented with 1%

(w/v) glucose. The final density of the bacterial cell suspension was adjusted to a value
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of 5 x 10° cfu/mL. The microplate plate was later incubated at 37 °C for 24 hours.
Following a 24-hour incubation, culture medium in the wells were discarded and the
wells were washed twice with PBS (pH 7.2). The samples were then dried
approximately for 60 minutes at 60 °C to fix the biofilm (Christensen et al., 1985).
Next, 100 uL of 0.1 % (w/v) crystal violet solution was added to each well that
contained dried biofilm (Lade et al., 2019). The wells took around five minutes to dry
after being dyed. To remove the unbounded crystal violet stain, the stained wells were
further rinsed twice using PBS. After 30 minutes, 150 puL of 33 % (v/v) glacial acetic
acid was added to each well in order to dissolve the stained adhering biofilm. Finally,
a 96-well microplate reader was used to measure the absorbance at 595 nm in order to
quantify the developed biofilm (Lade et al., 2019). Wells with only MH broth medium
supplemented with 1% (w/v) glucose were kept as negative control. The purpose of
the blank absorbance readings was to ascertain whether the bacterial strain had
developed a biofilm or not. A cut-off OD value (OD.) was used to categorize bacterial
strain as either biofilm producer of or not (Kirmusaoglu, 2019). Using equation 3.8
and equation 3.9, OD. and ODyrin values of the strain were determined. A zero denotes
the presence of biofilm development, whereas a negative number indicates the absence
of biofilm growth. The data may be analyzed and categorized using the OD. values
(equation 3.10 to equation 3.13) as follows: (i) no biofilm; (ii) weak biofilm (+ or 1);
(ii1) moderate biofilm (++ or 2); and (iv) strong biofilm (+++ or 3) (Kirmusaoglu,
2019).

OD. = Average OD of negative control + (3 x standard deviation of negative control)

Equation 3.8

ODysirain = Average OD of strain — ODc Equation 3.9

ODsstrain < ODc: lack of biofilm production Equation 3.10
ODc < ODgsrain < 2 * ODc: weak biofilm production Equation 3.11
2 X ODc < ODstrain <4 % ODc: moderate biofilm production Equation 3.12
4 x OD¢ < ODgtrain: strong biofilm production Equation 3.13

3.12. Evaluation of siderophore producing capacity
The universal CAS (Chrome Azurol Sulfonate) test was used to screen the

siderophore production in the selected bacterial strains (Schwyn and Neilands, 1987).
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With slight modification, the procedure outlined by Arora and Verma (2017) was used
for the qualitative estimation. Initially, 90 mL of autoclaved LB agar medium was
combined with 10 mL of CAS reagent (Appendix I) to prepare CAS agar plates. The
CAS plate was spot-inoculated with the selected bacterial strain, while a control plate
was kept uninoculated. The inoculation plates were then incubated at 30 °C for about
six days. According to Louden et al. (2011), the formation of an orange zone around
the bacterial colony suggested the existence of a siderophore.

Using a 96-well microtiter plate, quantitative estimation was carried out with
minor adjustments in accordance with the technique as described by Arora and Verma
(2017). Initially, selected bacterial strain was grown in LB broth in an incubator shaker
for overnight period at 37 °C with 160 rpm. Next, the freshly grown culture was
centrifuged at 6000 rpm for six minutes and the resultant cell free culture supernatant
(CFCS) was collected. Then, pre-assigned wells of a 96-well microtiter plate were
filled with 100 pL of the collected CFCS and 100 pL of CAS reagent and the plate
with the resultant mixture were kept for around next 30 minutes at room temperature.
Using a microplate reader, the OD of the mixture solution was measured at 630 nm.
The siderophore production was quantified using the equation 3.14 and expressed as

percent siderophore units (psu) (Payne, 1993).

Percent Siderophore Units (psu) = M Equation 3.14

Where, As represents sample absorbance (CAS solution and CFCS) and A:

represents absorbance of reference (CAS solution and uninoculated broth)

3.13. Evaluation of EPS producing capacity

For the screening of EPS production, the dry weight of EPS generated by the
selected bacterial strains were measured using a gravimetric method as described by
Nwosu et al. (2019) with slight modification. Initially, 50 mL of nutrient broth
(Appendix 1) supplemented with 2 % (w/v) glucose was infused with fresh cell
suspension of an overnight grown culture containing 1.5 x 10® cfu/mL of bacterial
cells. The resulting mixture was then incubated at 37 °C for three days at 160 rpm and
eventually centrifuged at 12000 rpm. EPSs were precipitated after being further
extracted from the CFCS using equal amounts of cold ethanol and kept in a refrigerator

for an overnight period at 4 °C. Centrifugation was done for 20 minutes at 12000 rpm
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for collecting the precipitates. To get a consistent weight, the pellets underwent further
drying at 60 °C, and their total dry weight was determined. As part of the quantification
process, the total carbohydrate in the dried EPS was calculated using the standard
anthrone technique (Ludwig and Goldberg, 1956). The total carbohydrate content in
the isolated EPS was determined by measuring its OD at 630 nm, with glucose serving
as a reference.
3.14. Oxidation and reduction potential of As by the selected bacterial strains

With slight modification, the methodology as outlined by Dey et al. (2016) was
used to determine the oxidation and reduction potential of arsenic by the selected
bacterial strains. By using AgNOj3 solution, the capacity of the selected bacterial strain
to oxidize (As*") or reduce (As>") arsenic was examined (Banerjee et al., 2011). The
bacterial strain was initially inoculated in the LB agar plates that contained As>* or
As*". The LB agar culture plates were then incubated at 37 °C for a duration of 72
hours. After 72 hours of incubation, the culture plates were inundated with a modest
volume of AgNO3 solution (1 mM) (Appendix I). On exposure to AgNO; if the plates
became brown, indicates the presence of silver arsenate; on the other hand,
development of yellow colour indicates the presence of silver arsenite (Dey et al.,

2016).
3.15. Cellular study of the selected strain

3.15.1. Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-
EDX)

The influence of As exposure on the surface properties of the bacterial cell and
changes in cell morphology under stress were examined using SEM-EDX (Carl Zeiss
NTS GMBH, Germany; JSM 6390LV, Japan). With a slight modification, the bacterial
samples were prepared as stated by Pandey and Bhatt (2015). The bacterial strains
were grown in 50 mL LB broth supplemented with 100 ppm Na3AsO4 and 100 ppm
NaAsO: individually, and were incubated at 37 °C with 160 rpm for 48 hours.
Subsequently, the cultures were centrifuged at 6000 rpm, and the bacterial pellets were
collected and rinsed three times with PBS (pH 7) (Appendix I). The bacterial pellets
were then stored at 4 °C for overnight period in a fixative solution containing 2 % (v/v)

glutaraldehyde in Na-phosphate with a pH of 7.2. Subsequently, bacterial pellets were
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washed thrice and finally suspended in the Na-phosphate buffer. Afterwards, the cells
underwent a succession of ethanol dehydration that comprises exposure to 30 % (v/v),
50 % (v/v), and 70 % (v/v) ethanol for 5 minutes and 1 minute with 100 % ethanol. In
order to study the morphology and microstructure of the bacterial strain, the samples
were then coated with gold and observed under electron microscope using a 3-kV
accelerating voltage (Fischer et al., 2024). The SEM Microscope (Carl Zeiss NTS
GMBH, Germany; JSM 6390LV, Japan) was utilized for mapping and point ID on the

samples for EDX analysis of elemental composition.

3.15.2. Fourier transform infrared (FTIR) spectroscopy of bacterial biomass

With minor adjustments, the approach described by Singh et al. (2016) was
used for FTIR analysis. The bacterial strains were cultured both with and without the
test HM salts individually at 37 °C with 160 rpm for 48 hours. Subsequently, bacterial
biomass pellets were obtained after centrifuging the mature cultures for 10 minutes at
6000 rpm. The pellets underwent two rounds of washing in sterile distilled water
before being dried for 48 hours at 40 °C. A Perkin Elmer FTIR spectrophotometer
(Spectrum Two, Perkin Elmer) was used to analyse the dehydrated samples further.
After mixing potassium bromide (KBr) with the powdered bacterial sample, a manual
hydraulic press was used to press the mixture into a translucent pellet disc and was
used for the analysis. The 4000-400 cm™' scan range was used to produce the FTIR
spectrum.

3.15.3 Transmission electron microscopy-energy dispersive X-ray spectroscopy
(TEM-EDX) analysis

Bacterial cells that had been exposed to selected HMs (As>*, Pb?" and Cd*") as
well as control bacterial cells without HMs exposure were examined under a TEM to
verify the intracellular accumulation of HMs. Initially, the bacterial cell samples were
prepared in the similar manner as described for SEM analysis and the same is
mentioned in the section 3.15.1. Afterwards, embedding of bacterial sample was
carried out in epoxy resin, while the same buffers and dehydration procedure were
used as performed in SEM analysis (Pandey and Bhatt, 2015). Microscopic imaging
of thin sections of cells was performed in a TEM (FEI Philips Morgagni 268D) at 100

kV accelerating voltage. TEM—-EDX analysis was carried out using a liquid-nitrogen-
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free EDX/EDS system equipped with a 129 eV, 100 mm? crystal detector at all India
institute of medical science (AIIMS), New Delhi.

3.16. Stress enzyme activity

3.16.1. Protein estimation

The total protein content (TPC) was estimated in the bacterial cell lysate of the
selected bacterial strains using a standard Bradford assay, which was used to estimate
stress indicator enzyme units per mg protein (Rahman et al., 2006). The experiment
was performed with appropriate HM salts, namely Na3AsO4, NaAsO2, Pb(NOs)2, and
CdCly, according to the MTC value of the chosen strain. The bacterial strains were
cultured in 250 mL volume conical flasks, containing 100 mL of LB broth and were
incubated in an orbital incubator shaker for three days at 37 °C with an rpm of 160.
Bacterial cultures devoid of HM treatment were grown as control, while the remaining
four HM treatments for each strain were selected based on their MTC values against
respective HMs. For the preparation of standard curve, initially Bradford reagent was
added to wells of a 96 well microtiter plates and followed by 5 pL of bovine serum
albumin (BSA) of different concentrations (200-1000 pg/mL). The plate was then
incubated for 15 minutes at room temperature. Afterwards, absorbance was taken at
595 nm using an ELISA Microplate Reader (iMark Bio-Rad) and a standard curve was
plotted based on the recorded OD values. The bacterial cell lysates were prepared by
harvesting cultures at the desired growth stages via centrifugation at 4,000 x g for 10
minutes at 4 °C. Further, the cell pellets were washed with cold PBS and resuspended
in a lysis buffer (Appendix I) containing protease inhibitors. The cells were disrupted
using lysozyme of 0.5 mg/mL for 30 minutes, followed by sonication in the presence
ice. The lysates were further centrifuged at 12,000 x g for 15 minutes at 4 °C and the
resulting supernatant was used for protein estimation.

For the estimation of TPC in the selected bacterial strain, 200 pL of Bradford
reagent was added to the 20 pL of bacterial cell lysate sample in each well and were
mixed thoroughly. The microtiter plate containing the mixtures was then incubated for
15 minutes at room temperature. Afterwards, absorbance of reaction mixture at 595
nm was recorded and using the standard curve, the protein contents were estimated.

The experiments were performed thrice to determine the standard deviation.
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3.16.2. Determination of superoxide dismutase (SOD) activity

500 mg of bacterial biomass of the selected bacterial strain was obtained after
exposure to the selected HMs at their MTC values and homogenized in 500 pL of
phosphate buffer. Homogenate was centrifuged to get a clear supernatant, which was
further used for the bioassay. All reagents and homogenate were brought to 37 °C. The
test samples, blank, standard, and control tubes, were prepared and then pipetted into
96 well plates. SOD enzyme was diluted at different concentrations (6.25 to 100
U/mL) to prepare the standard curve. For the reaction mixture, initially 1.2 mL
potassium pyrophosphate buffer (0.025 M; pH 8.3) (Appendix I) was taken. To it, 1.0
mL of PMS (phenazine methosulfate, 186 uM) and 0.3 mL of NBT (Nitro Blue
Tetrazolium, 300 pM) were added and mixed thoroughly. Then, 0.5 mL of PBS (1X)
and 0.05 mL crude enzyme extract (10 times diluted) were added to the blank and the
sample cuvette respectively, and mixed appropriately.

Finally, 1.15 mL distilled water was added to the reaction mixture followed by
the addition of 0.2 mL GSH (glutathione, 780 uM) to initiate the reaction. The change
in absorbance was recorded at 560 nm from 0 to 30 minutes. SOD activity was
calculated according to Equation 3.15 of Weydert and Cullen (2010) and expressed as

units per mg protein (U/mg protein).

. . AA560 Blank— AA560 Sampl v
SOD Activity (U/mg protein) = = . P x2x=xD
AA560 Blank \%

Equation 3.15
Where, V= Volume of the reaction mixture, v = Volume of samples, D= Sample

dilution factor, AAsso= Change in absorbance at 560 nm

3.16.3. Determination of catalase (CAT) activity

500 mg of bacterial biomass of the selected bacterial strain was obtained after
exposure to the selected HMs at their MTC values and homogenized in 1000 pL
phosphate buffer. Homogenate was centrifuged to get a clear supernatant, which was
further used for the bioassay. All reagents and homogenate were brought to 37 °C. To
the 10 pL of the test sample, 1000 uL of hydrogen peroxide (20 mM H>O; in Phosphate
buffer pH 7.4) was mixed thoroughly through vortexing and incubated at 37 °C for 3
minutes; after that, ammonium molybdate (32.4 mM in 25 mM H>SO4) was added to
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the mixture solution. Blank (without cell homogenate and H>O»), standard (without
cell homogenate), and control tubes (without H>O») were prepared, and absorbance of
the reaction mixtures at 320 nm were determined through a UV-VIS spectrophotometer
(Lambda 35, PerkinElmer). The absorption was recorded at 374 nm. The catalase
activity was further calculated with the help of the following equation 3.16 (Weydert
and Cullen, 2010)

(]
CAT activity (U/mg protein) = g * [log SS_—M] * % Equation 3.16

where, t = time, S° = absorbance of standard tube, S = absorbance of test tube, M =

absorbance of control test (correction factor), Vi = total volume of reagents in test tube,

and V= Volume of bacterial cell lysate.

3.16.4. Estimation of malondialdehyde (MDA) content

Bacterial cells were exposed to the selected HMs at their MTC values for 24
hours, and the lysate was prepared in PBS (50,000-80,000 cells lysate in 200 pL).
Further, 100 pL of cell lysate was mixed thoroughly with 500 uL TCA (Trichloroacetic
acid; 8 % w/v). Samples were centrifuged at 2500 rpm for 5 minutes to remove the
protein precipitate, and the supernatant was used for further assay. 200 pL of
supernatant was mixed with 1.8 mL of TBA (Thiobarbituric acid) reagent and the
solution was heated for 15 minutes in a boiling water bath. A dilution factor of 20 was
used and the absorbance was measured at 532 nm against a blank that contained all the
reagents except the cell lysate samples. Using the equation 3.17, malondialdehyde
concentration was calculated considering an extinction coefficient of 1.56 x 10° M-

lem! (Olszewska-Stonina et al. 2011).

Absorbanceszznm
1.56x105

MDA concentration (U/mg protein) = x D Equation 3.17

where, D = Sample dilution factor and 1.56 x 10° M-'ecm™! = extinction coefficient

3.16.5. Estimation of glutathione peroxidase (GPx) activity

For glutathione peroxidase estimation, initially bacterial cell lysates were
prepared as per the protocol for protein estimation. Then, the reaction mixture was
prepared where 1740 pL of potassium phosphate buffer/ EDTA/NaN3 solution (50
mM/1 mM/1 mM), 100 pL of NADPH (4 mM), 100 puL of GSH (20 mM), 50 pL of
cumene hydroperoxide (40 mM), and 10 uL of cell lysate were added and mixed. A
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control set carried all the reagents except 10 pL of cell lysate. The reaction mixture
was taken in a quartz cuvette, and readings were recorded at 340 nm at an interval of
60 second for 6 minutes (Flohé and Giinzler 1984). GPx activity was calculated using

the equation 3.18

(AA340 Sample—AA340 BlankxV)
vxexD

GPx Activity (U/mg Protein) =

Equation 3.18

where, V= Volume of the reaction mixture, v = Volume of samples, D = Sample
dilution factor, € = Molar extinction coefficient of NADPH at 340 nm (0.00622 uM-
'em') and AAz40= Change in Absorbance at 340 nm

3.16.6. Estimation of Glutathione reductase activity

For glutathione reductase estimation, after preparing the cell lysates, 100 uL
GSSG (20 mM, oxidized glutathione), 100 pL. NADPH (2 mM, nicotinamide adenine
dinucleotide phosphate), 1800 puL potassium phosphate buffer (prepared with 2mM
EDTA) (Appendix I ) and 10 pL of bacterial cell lysate were taken in a quartz cuvette.
Readings were recorded at 340 nm at Iminute intervals for 15 minutes. Glutatione

reductase activity was calculated using the equation 3.19 (Rahman et al. 2006)

AA340 Blank— AA340 SamplexV
EXV

Glutatione Reductase (U/mg Protein) = X D Equation 3.19

where, AOD= Change in absorbance per minute at 340 nm, V= Volume of the reaction
mixture, v = Volume of sample, ¢ = Micromolar extinction coefficient 0.00622 pM-!

cm’!, and D= Sample dilution factor

3.17. Bioremediation potential of the selected strains

In order to assess the bioremediation potential of the selected As-resistant
strain, the method described by Pandey and Bhatt (2015) was followed with slight
modifications (Figure 3). Initially, the bacterial strains were cultured in Erlenmeyer
flasks with 100 mL of LB both medium supplemented with selected HMs at their MTC
values individually. The cultures were incubated for 72 hours with an agitation of 160
rpm at 37 °C. After 72 hours, the cultures were centrifuged at 6000 rpm and pelleted.
The obtained supernatant was passed through membrane filter (0.22 um) for each HM
treatment and further undergone microwave digestion method (Xing, 2022) for the

quantification of available HM in the test sample using an ICP-MS (Inductively
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Coupled Plasma Mass Spectrometry) system (Agilent 7850 ICP-MS). The HM

removal percentage was then calculated using the equation 3.20.

Ci—Cr
Ci

Removal % = x 100 Equation 3.20

where, C; is initial concentration and Cr is final concentration/concentration of sample.

LBB + Arsenic (Na,AsO,)  LBB + Arsenic (NaAsO,) <R R FEm
~— 5
@ @ Incubation Centrifugation
(72 hrs at 37°C) (6000 rpm)
LBB + Lead (PbNO,) LBB + Cadmium (CdCl,)

e Bacterial Pellets

°
— ﬁ — . \ — Supernatant
= Membrane filtration

ICP-MS analysis of digested sample Microwave digestion

Figure 3. Bioremediation study of bacterial strain AS3, AS4 and AS11 in presence
of selected HMs

3.18. Estimation of ammonia production

Qualitative estimation of ammonia was done by following the methodology of
Sharma et al. (2021), with slight modification. Peptone broth (Appendix I) was utilized
for the experiment. Initially, the bacterial strains were cultured in test tubes containing
10 mL peptone broth and incubated in an orbital incubator shaker with an agitation of
160 rpm at 37 °C for 3 days. After the incubation, the test tubes containing the bacterial
broth cultures were checked for ammonia production by adding of 1mL of Nessler’s
reagent (Appendix I). Indications of light yellow to dark yellow and finally to orange
colour of the bacterial broth cultures indicated low to medium to high production of
ammonia, respectively.

Further, quantification of ammonia was done, following the methodology as

described by Raud et al. (2013). Briefly, 1.0 mL of bacterial culture broth was taken
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after incubation as per qualitative estimation, and further centrifuged at 4000 x g. To
the supernatant, 2 mL of Nessler’s reagent was added and mixed by vortexing. Further,
the reaction mixture was kept at room temperature for 15 minutes, till appearance of a
yellow to brown colour and finally the produced ammonia was spectrophotometrically
measured at 425 nm. A standard curve was prepared using ammonia at a range of 20-
100 pg/mL. During the analysis precipitate are produced and interfere with the
spectrophotometric analysis. Thus, the samples were centrifuged at 4000 x g for 5

minutes and the resultant clear supernatant was used for the study.

3.19. Evaluation of indole acetic acid (IAA) production

The production of IAA was measured following the methodology of Widawati
(2020) with slight modifications. Tryptic soy broth (TSB) medium (100 mL)
supplemented with L-Tryptophan (100 mg/mL) (Appendix I) served as the culture
medium for culturing the selected bacterial strains. After the inoculation, the cultures
were incubated in an orbital incubator shaker at 37 °C with 160 rpm for 48 hours until
turbidity was observed in the culture medium. After 48 hours, broth cultures were
centrifuged at 8000 rpm for 10 minutes to recover the cell free culture supernatant
(CFCS). Afterwards, 1 mL of CFCS was mixed slowly with 2 mL of Salkowski reagent
(Appendix I), and incubated at room temperature in dark for about 20 minutes. The
qualitative indication of IAA presence was indicated by the appearance of pinkish
colouration of the reaction mixture solution. The quantification of IAA was done with
the help of UV-Vis Spectrophotometer at a wavelength of 530 nm for all the bacterial
strains. [AA in the sample was estimated with the help of IAA standard curve (20
png/mL—-100 pg/mL). Uninoculated TSB medium (ImL) with Salkowski reagent

(2mL) served as control.

3.20. Phytotoxicity study

The phytotoxicity of tested HMs in the presence of selected bacterial strains
was evaluated using the standard protocol of Gidudu and Chirwa (2022) with some
modifications. Healthy and good quality seeds of Mung bean (Vigna radiata) were
used for the assay. Initially, the bacterial strains were cultured in Erlenmeyer flasks
with 100 mL of LB broth medium individually supplemented with selected HMs at

their respective MTC. The cultures were incubated for 72 hours with an agitation of
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160 rpm at 37 °C. Selected HMs at MTC without the bacterial strains were maintained
as blank. After the incubation period, the broth cultures were centrifuged at 6000 rpm.
The cell free culture supernatant (CFCS) was collected, passed through a membrane
filter (0.22 pm) (Whatman) and the resultant filtrate was used for the phytotoxicity
assay.

Toxicity was determined in cleaned glass Petri dishes (90 x 15 mm) containing
one Whatman Filter Paper (Grade No.1 Size 110 mm) each. Initially, twelve healthy
seeds were pre-treated with surface sterilizer 70 % (v/v) ethanol for 1 minute and were
washed twice with sterile distilled water to remove the excess leftover ethanol fraction
from the seeds. Afterwards, surface sterilized seeds were transferred in each Petri dish
along with 1 mL of the filtered CFCS at room temperature. In a similar manner, sets
with only selected bacterial strains individually, with only HMs individually, and with
only distilled water together with 12 seeds for each treatment were served as control.
The different treatments used in the experiment are mentioned in Table 7. After five
days of incubation in dark at room temperature; seed germination and root elongation
(>5 mm) were evaluated. The germination index (GI), relative root length (RRL), and
relative seed germination (RSG) and germination vigour index (GVI) were then
calculated (Gidudu and Chirwa, 2022; Sencan et al., 2024) using the following
equations (Equation 3.21 — 3.24).

number of seeds germinated in the CFCS

RSG % =

X 100%  Equation 3.21

number of seeds germinated in the control

mean root length in the CFCS

RRL % =

X 100% Equation 3.22

mean root length in the control

__ % ofroot growth x % of seed germination
100 %

GI

Equation 3.23

__Seedlings length (mm) x Germination Percentage (%)
100

GVI Equation 3.24

Table 7. Treatments for phytotoxicity assay

SI HM Treatment with selected Type of Concentration
No. treatment bacterial strain treated HM of HMs per
salt in 100 mL

treatments medium
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Lysinibacillus sp.
Lysinibacillus sp.
Lysinibacillus sp.
Lysinibacillus sp.
Lysinibacillus sp.
Lysinibacillus sp.
Lysinibacillus sp.
Lysinibacillus sp.
Lysinibacillus sp.
Staphylococcus equorum AS11
Staphylococcus equorum AS11
Staphylococcus equorum AS11
Staphylococcus equorum AS11
Staphylococcus equorum AS11

Distilled water
Distilled water
Distilled water
Distilled water
Distilled water
Distilled water
Distilled water
Distilled water

Distilled water

AS3
AS3
AS3
AS3
AS3
AS4
AS4
AS4
AS4
AS4

NasAsOa
NaAsO2
Pb(NO:s).
CdCl.
NazAsOa
NaAsO2
Pb(NO:s).
CdCL:
NazAsOa
NaAsO:
Pb(NO:s)2
CdCL:

NazAsOa
NazAsOa
NazAsOa
NaAsO:
NaAsO2
Pb(NO:s)2
CdCl.
CdClL:

62500 ppm
781.25 ppm
6250 ppm
1562.50 ppm
0 ppm

15625 ppm
1562.50 ppm
6250 ppm
1562.50 ppm
0 ppm
125000 ppm
781.25 ppm
6250 ppm
48.82 ppm

0 ppm

0 ppm
62500

15625
125000
781.25
1562.50
6250
1562.50
48.82

3.21. Brine shrimp toxicity study

Artemia cysts brine shrimp eggs purchased from Megha Aqua Farms (MAF)

Kochi, Kerala, India under the trade name MAF Peqon Artemia, were used for the

study and cultured as per the instruction provided by the supplier. The methodology

as described by Amutha et al. (2023) with slight modifications was used for the

larvicidal assay. For the experiment, 2.5 g of NaCl was dissolved in 100 mL of distilled

water. Afterwards, 0.5 g of brine shrimp eggs were added to the NaCl solution and
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kept for 48 under a continuous white light exposed aerated condition. After 48 hours,
the hatched larvae were separated with the help of a small dropper and 20 larvae were
transferred to each test tube containing selected HM solutions which was prepared
based on MTC values of the strains AS3, AS4 and AS11 together with the individual
bacterial strain. In a similar fashion, sets with only selected bacterial strains
individually, with only HMs individually, and with only distilled water together with
20 larvae for each treatment were served as control. The list of treatment is presented
in Table 8. Triplicates were used for each treatment. The mortality of the shrimp larvae
was recorded after 24 hours. Abbot’s formula was used to calculate the percentage of

mortality (Amutha et al., 2023) and it represented as equation 3.25,
. Y .
Mortality (%) = (}) x 100 Equation 3.25

Where, X is the number of larvae in control (distilled water) and Y is number of larvae

died after treatment.

Table 8. Treatments for brine shrimp toxicity study

SI HM Treatment with selected Type of Concentration
No. treatment bacterial strain treated of HMs
HM salt
used
1. As* Lysinibacillus sp. AS3 NasAsOs 62500 ppm
2. As* Lysinibacillus sp. AS3 NaAsO: 781.25 ppm
3. Pb** Lysinibacillus sp. AS3 Pb(NO:s)2 6250 ppm
4. Cd** Lysinibacillus sp. AS3 CdCL 1562.50 ppm
5. - Lysinibacillus sp. AS3 _ 0 ppm
6. As>' Lysinibacillus sp. AS4 NasAsOs 15625 ppm
7. As** Lysinibacillus sp. AS4 NaAsO: 1562.50 ppm
8. Pb* Lysinibacillus sp. AS4 Pb(NOs). 6250 ppm
9. Cd** Lysinibacillus sp. AS4 CdClz 1562.50 ppm
10. - Lysinibacillus sp. AS4 _ 0 ppm
11. As>* Staphylococcus equorum AS11  NazAsOa 125000 ppm
12. As* Staphylococcus equorum AS11 ~ NaAsO: 781.25 ppm
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14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Pb*
Cd*

As5+
ASS+
ASS+
AS3+
AS3+
Pb2+
Cd2+
Cd2+

Staphylococcus equorum AS11
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Pb(NOs).

Staphylococcus equorum AS11 ~ CdClz

Staphylococcus equorum AS11

Distilled water
Distilled water
Distilled water
Distilled water
Distilled water
Distilled water
Distilled water
Distilled water

Distilled water

NazAsOa
NazAsOa
NazAsOa
NaAsO:
NaAsO:
Pb(NO:s)2
CdClz
CdCl.

6250 ppm
48.82 ppm

0 ppm

0 ppm
62500 ppm
15625 ppm
125000 ppm
781.25 ppm
1562.50 ppm
6250 ppm
1562.50 ppm
48.82 ppm

3.22. Statistical analysis

All the experiments were conducted in triplicate and analysed statistically

using SPSS (Statistical Package for Social Sciences) software. The obtained values

were expressed as mean + standard deviation (SD). The experimental data were

checked for one-way analysis (ANOVA) at P < 0.05 confidence level.
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4.1. Study area and sample collection

The collected soil samples were wet and had yellowish precipitation of acid
mine drainage (AMD). The six sampling sites (i) 26° 26° 4.10°° N; 94° 25’ 18.23”’ E,
(i1) 26° 26° 3.28” N; 94° 25° 16.09” E, (ii1) 26° 25* 59.38" N; 94° 25° 18.04" E, (iv)
26°24° 57.87°° N;94°22° 52.17 E, (v) 26° 24’ 55.95°> N; 94° 22° 51.80” E, and (vi)
26° 24’ 53.03”° N; 94° 22° 47.61°° E were mapped with the help of Google Earth Pro

(Version 7.3) and the same is shown in figure 4a and 4b.
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Figure 4a. Map of Mokokchung district
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Google Earth

Figure 4b. Sampling sites of the study area

4.2. Physico-chemical characteristics of the soil
4.2.1. Electrical conductivity, pH, and temperature

The observed electrical conductivity (EC) values indicated that soil samples
from Site 1 had the highest EC value (5.71 = 0.113 mS), while the samples from Site
5 had the lowest value (2.38 £ 0.006 mS) as indicated in Table 9.

Table 9. EC value of soil samples collected from the sampling sites

Sampling site EC (mS)
Site 1 5.71+£0.113
Site 2 5.307 £ 0.015
Site 3 5.317 £ 0.067
Site 4 3.247 +0.032
Site 5 2.383 £ 0.006
Site 6 2.753 £0.015

The pH values of all the collected soil samples were around acidic pH (5.1-5.6)
as shown in Table 10. Soil sample from site 4 had the highest pH (5.576 + 0.015),
while Site 3 had the lowest pH (5.177 £ 0.015).
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Table 10. pH value of collected soil samples

Sampling site pH
Site 1 5.347 £0.181
Site 2 5.307 £0.015
Site 3 5.177+0.015
Site 4 5.576 £0.015
Site 5 5.18£0.01
Site 6 5.553 +£0.032

The readings of the soil temperature indicated that Site 4 had highest
temperature (23.7 °C), followed by Site 5 (22.8 °C), Site 6 (22.4 °C), Site 3 (21.2 °C),
Site 2 (20.1 °C) and Site 1 (19.8 °C) with the lowest temperature.

4.2.2. Available K

The available K (kg/ha) was found to be highest in the soil samples of Site 4
(107.744 £ 0.224), while the lowest in soil samples of Site 1 (89.002 + 0.466) as shown
in Table 11.

Table 11. Available K in collected soil samples

Sampling site Available K (kg/ha)
Site 1 89.002 + 0.466
Site 2 95.872 + 1.568
Site 3 107.147 £ 0.563
Site 4 107.744 £ 0.224
Site 5 92.810+0.129
Site 6 101.770 £ 0.466

4.2.3. Soil moisture

The soil moisture was found to be highest in the soil samples from Site 3
(23.831 £+ 1.756), while it was found to be lowest in the soil samples from Site 2
(18.703 £1.011) as shown in Table 12.
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Table 12. Soil moisture content in the collected soil samples

Sampling site Moisture %
S1 23.092 +3.099
S2 18.703 £ 1.011
S3 23.831+1.756
S4 18.918 +2.744
S5 21.022 £4.189
S6 21.011 £0.899

4.2.4. N estimation

The available N (kg/acre) was found to be highest in the soil samples from Site
3 (184.442 + 2.931), while it was found to be lowest in soil samples collected from
Site 2 (52.456 = 11.723) as shown in Table 13.

Table 13. Available N for collected soil samples

Sampling site Total N (kg/acre)

S1 67.685 + 10.567
S2 52.456 +11.723
S3 184.442 +£2.931
S4 77.838 + 14.654
S5 93.067 +19.219
S6 65.993 + 8.793

4.2.5. Total organic carbon (TOC)

The estimated values of TOC in percentage are given in Table 14. Soil samples
collected from Site 5 had the highest percentage of TOC (2.252 £ 0.903 %), while soil
samples from Site 4 had the lowest percentage of TOC (1.107 £ 0.058 %)).

Table 14. TOC of collected soil samples
Sampling site TOC (%)
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S1
S2
S3
s4
S5
S6

1.262 + 0.089
1.281+£0.117
1.476 £0.187
1.107 £ 0.058
2.252 £0.903
1.417 £0.178

4.2.6. Available P

The available phosphorous (kg/ha) was found to be highest in the soil samples

collected from Site 6 (1.839 + 0.042), while it was found to be lowest for the soil

samples collected from Site 1 (1.228 £ 0.018) as presented in Table 15.

Table 15. Available P in the collected soil samples

Sampling site P (kg/ha)
S1 1.228 +0.018
S2 1.769 + 0.004
S3 1.700 + 0.043
S4 1.546 + 0.020
S5 1.478 + 0.045
S6 1.839 + 0.042

4.2.77. HM analysis of collected soil samples

The HM analysis of the soil samples collected from the six sampling sites

revealed presence of the HMs i.e. As, Cd and Pb and the same is presented in Table

16. Site 1 had highest concentration of As per gram of soil (1.63 = 0.15 ppm) while

site 3 had lowest concentration for As (0.75 +0.07 ppm). For Cd, highest concentration
was observed in Site 6 (0.095 £ 0.01 ppm), and lowest in Site 3 (0.06 + 0.008 ppm).

In case of Pb, highest concentration was observed in Site 6 (13.09 + 1.80 ppm), while

Site 3 (8.46 £ 1.14 ppm) had the lowest concentration.

Table 16. Concentration of As, Cd and Pb in the collected soil samples
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Sampling site  As (ppm) Cd (ppm) Pb (ppm)
Site 1 1.63+0.15 0.092+0.014 11.85+1.66
Site 2 1.40+£0.05 0.091 £ 0.005 12.05+£0.79
Site 3 0.75+£0.07 0.06 £ 0.008 8.46+1.14
Site 4 0.91+£0.05 0.07 £ 0.006 9.51£0.74
Site 5 1.25+0.12 0.08 £0.01 1041 £1.36
Site 6 1.53+0.16 0.095 £0.01 13.09 + 1.80

4.3. Isolation of As-resistant bacteria

After completing the third cycle of enrichment culture, followed by serial
dilution (Figure 5a and 5b) and spread plate technique, ten bacterial isolates appeared
from Site 1, 2 and 3 that could grow in an As-loaded medium, while no arsenic resistant
isolates were observed from Site 4, 5 and 6 (Table 17). These ten isolates were further
assessed for their tolerance for As, based on the obtained MTC values. Eventually,

three bacterial isolates, namely AS3, AS4 and AS11, were selected.

EC 1% cycle

EC 2" cycle

EC 3" cycle

Site 1 Site 2

Plated cultures ‘

Site 2 Site 3 Site 3

Site 3

Potent arsenic resistant isolates

Figure Sa. Enrichment culture method for isolation of As resistant isolates from

site 1, 2 and 3
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EC 1%t cycle EC 2" cycle EC 3" cycle
Site 4 Site 5 Site 6 Site 4 Site 5 Site 6 Site 4 Site § Site 6

N

Plated cultures

Absence of Colonies « ]

Site 4

Site 6

Figure 5b. Enrichment culture method for isolation of As resistant isolates from
site 4, 5 and 6

Table 17. Morphological characterization of the As-resistant isolates

SI  Isolate Shape Margin  Elevation Texture Colour Opacity
No

Site 1
1. Asll Round Entire Raised Shiny  Whitish  Opaque
2. Cdé6 Irregular Filiform Flat Dull Pale Opaque
white

3. Cdl10 Punctiform  Entire Raised Shiny Creamy Opaque
Site 2

4. ASI Irregular ~ Undulated Flat Shiny Creamy Opaque

5. As3 Irregular  Undulated  Raised Shiny Creamy Opaque

6. As4 Round Entire Raised Shiny Creamy Opaque
Site 3

7. AS8 Punctiform  Entire Raised Shiny Creamy Opaque

*®

AS10  Irregular Undulated  Raised Dull Pale  Opaque

yellow
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9. Pbl  Punctiform  Entire Flat Shiny Creamy Opaque
10.  Pb6 Irregular  Undulated  Raised Dull Pale Opaque

white

4.4. Screening of potential As-resistant bacteria

The MIC, MBC, and MTC values of the chosen bacterial isolates against the
selected HMs are shown in Table 18. According to the results of MIC, MBC and MTC,
the bacterial isolate AS3 was shown to be least tolerant of As** HM ions up to a
concentration of 781.25 ppm followed by Cd** up to 1562.50 ppm, and Pb?" up to 6250
ppm, and extremely tolerant of As>* HM ions up to a concentration of 62500 ppm. On
the other hand, strain AS4 was found to be least tolerant to both As*" (1562.50 ppm)
and Cd*" (1562.50 ppm) HM ions, followed by Pb** (6250 ppm), with highest
tolerance to As>* (15625 ppm) HM ions. Similarly, AS11 was found to be least tolerant
to Cd** (48.22 ppm), followed by As*" (781.25 ppm), Pb*" (6250 ppm) and As>*
(125000 ppm).
Table 18. MIC, MTC and MBC of selected isolates against selected HMs

Bacterial Type of MIC MBC MTC
isolate HMs tested (ppm) (ppm) (ppm)
AS3 NazAsOq4 125000 125000 62500
NaAsO: 1562.50 1562.50 781.25
Pb (NOs) 12500 12500 6250

CdCl 3125 3125 1562.50
AS4 Na3AsO4 31250 31250 15625
NaAsO: 3125 3125 1562.50
Pb (NO:s): 12500 12500 6250
CdCl 3125 3125 1562.50

ASI1  NasAsOs 250000 250000 125000
NaAsO: 1562.50 1562.50  781.25
Pb(NOs). 12500 12500 6250
CdCl 97.64  97.64 48.82
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4.5. Characterization of selected potential As-resistant bacterial isolates

4.5.1. Biochemical characterization of selected bacterial isolates

The biochemical characteristics of the isolates are presented in Table 19.

Table 19. Biochemical properties of the selected bacterial isolate

S1 Parameters AS3 AS4  AS11
No.
1. Catalase +ve +ve +ve
2. Oxidase +ve +ve +ve
3. Motility +ve +ve -ve
4. Indole -ve -ve -ve
5. Citrate utilization -ve -ve -ve
6.  Methyl Red -ve -ve +ve
7.  Voges—Proskauer -ve -ve -ve
8. Glucose fermentation -ve -ve -ve
9.  Lactose fermentation. -ve -ve -ve
10.  Sucrose fermentation -ve -ve -ve
11.  Gram Staining +ve +ve +ve
12.  Urea +ve +ve +ve
13.  Spore formation +ve +ve -ve

4.5.2. Molecular characterization of selected bacterial isolates

The spectral analysis of the extracted g-DNA from the selected bacterial isolate
AS3 and AS4 confirmed the quality of DNA and found to be suitable for PCR

amplification. Data are presented in Table 20.

Table 20. Spectral analysis of genomic DNA of AS3 and AS4 isolates

Bacterial isolate Azeo/ A2s0  Azeo/A230 DNA concentration (ng/pL)
AS3 2.02 2.74 279.31
AS4 1.96 2.92 208.75

Through 16s ribosomal RNA gene sequencing approach, the chosen bacterial

isolates were identified as Lysinibacillus sp. strain AS3 and Lysinibacillus sp. strain
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AS4 (Figure 6 and 7). The obtained sequences were later submitted to the NCBI
database with the accession numbers 0Q202230 and 0OQ202231. The strain AS3 was
found to be nearly 94 % similar to Lysinibacillus sp. strain R2-3-2 (MN696519), while
strain AS4 was found to be closely 90 % similar to Lysinibacillus sp. strain AS3.

il MT279462.1 Lysinibacillus sphaericus strain LE4 168 ribosomal RNA gene partial sequence

; MN656603.1 Uncultured bacterium clone T8StimA08 16S ribosomal RNA gene partial sequence
MT084039.1 Lysinibacillus sphaericus strain N-2 16S ribosomal RNA gene partial sequence

4{

MK178592.1 Lysinibacillus sp. strain HDB-1 16S ribosomal RNA gene partial sequence

88

| "MK122657.1 Lysinibacillus sp. strain RR15 16S ribosomal RNA gene partial sequence

* MN656600.1 Uncultured bacterium clone T8StimA02 16S ribosomal RNA gene partial sequence
MT124568.1 Lysinibacillus fusiformis strain ER43 16S ribosomal RNA gene partial sequence
MK122658.1 Lysinibacillus sp. strain RR16 16S ribosomal RNA gene partial sequence

MN696519.1 Lysinibacillus sp. strain R2-3-2 16S ribosomal RNA gene partial sequence

0Q202230.1 Lysinibacillus sp. strain AS3 168 ribosomal RNA gene partial sequence

0.0020

Figure 6. Phylogenetic tree of bacterial strain AS3
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90 0Q202231.1 Lysinibacillus sp. strain AS4 165 ribosomal RNA gene partial sequence

75 0Q202230.1 Lysinibacillus sp. strain AS3 16S ribosomal RNA gene partial sequence

JX402789.1 Lysinibacillus sp. L1 16S ribosomal RNA gene partial sequence
46
0Q786880.1 Lysinibacillus fusiformis strain P1L312 16S ribosomal RNA gene partial sequence
AB847898.1 Lysinibacillus sp. YNRJ2 gene for 165 rRNA partial sequence
0Q406209.1 Lysinibacillus fusiformis strain Y44 16S ribosomal RNA gene partial sequence
JX001289.1 Uncultured bacterium clone TFc 12 16S ribosomal RNA gene partial sequence
85

JX001286.1 Uncultured bacterium clone TFc 09 16S ribosomal RNA gene partial sequence

FJ174660.1 Lysinibacillus fusiformis strain 109XG27YY6 165 ribosomal RNA gene partial sequence

78 PQ628242.1 Lysinibacillus fusiformis strain GSE50 16S ribosomal RNA gene partial sequence

86 DQ420171.1 Bacillus fusiformis site7S 165 ribosomal RNA gene partial sequence

0.m

Figure 7. Phylogenetic tree of bacterial strain AS4

The assembled genome of AS11 isolate had 1,611 contigs, with the total length
of 5,274,124 bp and an average G+C content of 51.58 % (Table 21).
Table 21. Genome assembly details of bacterial strain AS11

De Novo Assembly Software  SPAdes (St. Petersburg) genome assembler

v3.15.3
Total No. Contigs 1611
GC Content 51.58
Contig 55
Genome Length 5274124
Contig N50 6970
Largest 225653

The closest reference and representative genomes with respect to AS11 isolate

was found to be Staphylococcus equorum subsp. equorum Mu2 (Figure 8). The whole
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genome of AS11 strain was submitted at NCBI database with the Accession ID of
SAMN47297582.

Staphylococcus xylosus strain HKUOPL8 1288.59

100
Staphylococcus xylosus NJ 1262650.3
100
Staphylococcus saprophyticus subsp. saprophyticus ATCC 15305 342451.11

100

Streptococcus equi subsp. equi strain EQUI0148 148942.118

100

Staphylococcus equorum AS11 246432.275 246432.275

11

Staphylococcus equorum subsp. equorum Mu2 1159488.5

92

Staphylococcus equorum strain KS1039 246432.6
Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111 446468.6

100

Nocardiopsis synnemataformans DSM 44143 1245476.3
37

100 Nocardiopsis halotolerans DSM 44410 1246444.3

Micrococcus luteus NCTC 2665 465515.4

0.2

Figure 8. Phylogenetic tree of bacterial strain AS11

4.6. Growth kinetics

In the case of AS3 strain, prolonged lag phase and late exponential phase was
observed in presence of As**, As>" as well as Cd** HM ions (Figure 9, 10, 11, 12, and
13). In the presence of As®* and Cd** HM ions, the lag phase was more prolonged
which extended up to 12 hours compared to As** HM ions that lasts for 6 hours.
Further, the stationary phase in the presence of both As’" and As** HM ions was
achieved after 72 hours with gradual decline of growth after 120 hours, while in the
case of Cd** HM ions, exponential phase was achieved after 24 hours with a brief
stationary phase followed by a sharp retardation in the growth after 48 hours. However,
in the control (without any HM) and in the presence of Pb?" an early initiation of
exponential phase i.e. within 2 hours of incubation was observed and continued till 96

hours. Lastly, death/decline phase with sharp weakening of growth after 96 hours was
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observed in the presence of Pb?". However, in control the growth was reduced

gradually.
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Figure 9. Growth curve of AS3 in control
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Figure 10. Growth curve of AS3 treated with As>*
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Figure 11. Growth curve of AS3 treated with As**
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Figure 12. Growth curve of AS3 treated with Pb?*
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Figure 13. Growth curve of AS3 treated with Cd**

In the growth curves of AS4 strain in the presence of As3"and Cd** HM ions
showed a prolonged lag phase (Figure 14, 15, 16, 17, and 18). The lag phase in the
presence of As>" HM ions was found to be similar with that of the control. Further, an
early exponential phase was seen after 2 hours of incubation in the presence of As>”,
Pb?" and control and continued till approximately around 48 hours. On the other hand,
in the presence of As*" and Cd*" exponential phase was initiated after 4 hour and 6
hours, respectively. The exponential phase was continued till 72 hours in the presence
of As*" and was not well defined in the presence of Cd?". Further, the stationary phase
in the presence of As>* and control was achieved after 48 hours with gradual decline
of growth after 96 hours. In the presence of As’" and Pb>" HM ions, the stationary
phase was attained after 72-96 hours and weakening of growth was observed
thereafter. However, in the presence of Cd?* the stationary phase was not well defined

and attained within 24 hours of incubation followed by a sharp decline in the growth.
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Figure 14. Growth curve of AS4 treated with control
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Figure 15. Growth curve of AS4 treated with As>*
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Figure 16. Growth curve of AS4 treated with As**
25
2
E15
=
=
=l
<
a
g1
05
0
Obr  2hr  4hr  6hr  Shr  10hr 12hr 24hr 48hr 72hr 96hr 120hr 144hr 168hr

Duration

Figure 17. Growth curve of AS4 treated with Pb?*
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Figure 18. Growth curve of AS4 treated with Cd**

The growth curves of AS11 strain indicated that, in presence of As>" and Cd**
HM ions the lag phase was prolonged up to 12 hours (Figure 19, 20, 21, 22, and 23).
However, the lag phase in As** treatment was up to 4 hours, similar to that of control.
In control and As’" treatment, the exponential phase was initiated almost after 4™ hour,
while As>" and Cd?** showed exponential phase after 12" hour. Unlike other HMs,
early exponential phase was observed before 2" hour in Pb?" treatment. In control and
As’" stationary phase was attained after 48 hours while in the presence of As>* and
Pb?* stationary phase achieved after 24 hours and was not well distinct in the presence
of Cd**. Among the HMs, early death phase was observed in the presence of Pb?>* and
As’" after 48 hours, while in the presence of As’* and Cd?* death phase appeared after
96 hours. In control without HMs showed a prolonged stationary phase was observed

and the death phase initiated only after 144 hours of incubation.
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Figure 19. Growth curve of AS11 treated with control
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Figure 20. Growth curve of AS11 treated with As>*
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Figure 21. Growth curve of AS11 treated with As**
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Figure 22. Growth curve of AS11 treated with Pb**
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Figure 23. Growth curve of AS11 treated with Cd**

4.7. Antibiotic susceptibility test and index

Based on the antibiotic susceptibility assay, strain AS3 was found to be
resistant to 8 major antibiotics, however, it was found to be susceptible to 6 other major
antibiotics. Strain AS4 was found to be resistant to 6 major antibiotics and susceptible
to the other 8 major antibiotics. Similarly, strain AS 11 was also found to be resistant
to 6 major antibiotics and susceptible to the rest 8 major antibiotics. The diameter of
growth inhibition zones (mm) showed by the selected strain in the presence of test
antibiotics are presented in Table 22.

Table 22. Antibiotic susceptibility of strains AS3, AS4 and AS11

Antibiotics Class of Range Zone of inhibition
antibiotics of AS3 AS 4 AS 11
activity

Tetracycline Tetracycline Broad 0 28.67+1.16  29.67+0.
(30 mcg) 58
Ampicillin B-lactam Broad 0 0 0
(10 mcg)
Penicillin B-lactam Narrow 0 0 0
(0.6 mcg)

Cefaloridine B-lactam Broad 0 0 0
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(30 mcg)
Kanamycin Amino-
(5 mcg) glycoside
Chloramphenicol ~ Chloramphenic
(30 mcg) ol
Streptomycin Aminoglycosid
(10 mcg) e
Cephalexin Cephalosporin
(30 mcg)
Ciprofloxacin Quinolone
(5 mcg)
Azithromycin Macrolide
(15 mcg)
Norfloxacin Quinolone
(10 mcg)
Clarithromycin Macrolides
(15 mcg)
Erythromycin Macrolides
(15 mcg)
Amoxicillin Penicillin-type
(10 mcg)

Broad

Broad

Broad

Broad

Broad

Broad

Broad

Broad

Broad

Broad

20

25.67+0.57

14.67+0.58

30.67+0.57

19

34.33+0.58

0 18+1.73

16.33+0.57 23

14 21
23 0
27 32
16 0
0 23
30 17
0 0
40+0.58 31

The multiple antibiotic resistance (MAR) values of the present study indicated

that the isolated As-resistant strains have high risk exposure to the tested antibiotics in

which the MAR value recorded was 0.476, higher than the normal value of 0.2.

4.8. Evaluation of biofilm producing capacity

4.8.1. Biofilm producing capacity of the AS3 strain

The qualitative assay for biofilm production in the presence of different HM

treatments indicate the occurrence of lining on the tubes which confirm the biofilm

producing capacity of AS3 strain. However, AS3 strain displayed comparatively frail

lining development on the inner surface of the polypropylene tube and the same is

displayed in figure 24. According to Table 23, the findings of quantitative assay based
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on microtiter plate test showed that the AS3 strain unable to produce biofilm (0.49 +
0.12) without the presence of HMs. However, biofilm development was boosted in the
presence of HMs, with As>" (1.09 & 0.16) surpassing Pb*" (1.02 +0.19) and As** (0.87
+ 0.28). Moreover, findings also showed that biofilm formation was absent when HM

Cd?" ions were present.

Figure 24. Tube method for the screening of biofilm production of AS3 strain in (A)
control and in the presence (B) As>*, (C) As**, (D) Cd?**, and (E) Pb**

Table 23. Biofilm production capacity of the AS3 strain under different treatments

Test samples Observed Biofilm forming potential
OD value

Bacterial strain AS3 0.49 £0.12  lack of biofilm since, OD < ODc¢
without HM
Bacterial strain AS3 with  1.09£0.16  weak biofilm (+ or 1) production
AS>"ions since, ODc < OD < 2 x ODc¢
Bacterial strain AS3 with  0.87 £0.28  weak biofilm (+ or 1) production
AS*'ions since, ODc < OD <2 x ODc
Bacterial strain AS3 with  1.02+£0.19  weak biofilm (+ or 1) production
Pb2"ions since, ODc < OD <2 x ODc
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Bacterial strain AS3 with  0.03 £0.01 lack of biofilm since, OD < ODc¢

Cd*"ions

4.8.2. Biofilm producing capacity of the AS4 strain

AS4 strain also showed weak lining formation on the inner surface of the
polypropylene tube and the same is displayed in figure 25. According to table 24, the
microtiter plate test findings showed that the AS4 strain was unable to produce biofilm
(0.369 + 0.2137) without the presence of HMs. On the other hand, biofilm
development was boosted in the presence of HMs, with As>* (1.144 +0.09) surpassing
As’" (0.727 £ 0.017). The findings also showed that biofilm formation was absent

when Cd** and Pb*" ions were present.

) E

A

Figure 25. Tube method for the screening of biofilm production of AS4 strain in (A)
control and in the presence (B) As>", (C) As**, (D) Cd?**, and (E) Pb*"

Table 24. Biofilm production capacity of the AS4 strain under different treatments

Test samples Observed OD Biofilm forming potential

value

80 |



Chapter 4: Results

Bacterial strain 0.369 £0.2137  Lack of biofilm since, OD < ODc
AS4 without HM

Bacterial strain 1.144+£0.09  Weak biofilm (+ or 1) production
AS4 with AS>" ions since, ODc < OD <2 x ODc¢
Bacterial strain 0.727+£0.017  Weak biofilm (+ or 1) production
AS4 with AS*" ions since, ODc < OD <2 x ODc¢
Bacterial strain 0.234 £0.023  Lack of biofilm since, OD < ODc
AS4 with Pb%* ions

Bacterial strain 0.062 +£0.048 lack of biofilm since, OD < ODc¢
AS4 with Cd*"ions

4.8.3. Biofilm producing capacity of the ASI1 strain

AS11 strain showed weak lining formation on the inner surface of the
polypropylene tube and the same is displayed in figure 26. According to Table 25, the
microtiter plate test findings showed that the AS11 strain was unable to produce
biofilm without the presence of HMs as well as in presence of arsenic HMs. On the
other hand, biofilm development was moderate to weak in the presence of Pb>" and

Cd*" HMs, with Pb?* (1.294 + 0.076) surpassing Cd** (1.004 + 0.015).
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Figure 26. Tube method for the screening of biofilm production of AS11 strain in (A)
control and in the presence (B) As**, (C) As>*, (D) Cd**, and (E) Pb*"

Table 25. Biofilm production capacity of the AS11 strain under different treatments

Test samples Observed OD value  Biofilm forming potential
Bacterial strain AS11 0.607 +£0.031 lack of biofilm since, OD <
without HM ODc
Bacterial strain AS11 0.092 £+ 0.057 lack of biofilm since, OD <
with AS>"ions ODc
Bacterial strain AS11 0.482 +0.067 lack of biofilm since, OD <
with AS3*ions ODc
Bacterial strain AS11 1.294 + 0.076 moderate biofilm (++ or 2)
with Pb*" ions production since, 2 x ODc¢ <

OD <4 x ODc
Bacterial strain AS11 1.004 £0.015 weak biofilm since, ODc¢ <

with Cd?" ions

OD <2 x ODc¢

4.9. Evaluation of siderophore producing capacity

4.9.1. Siderophore production by the AS3 strain

AS3 strain clearly showed production of siderophore in presence of HMs such

as As’*, As’*, Cd*" and Pb** ions. The production of siderophore was qualitatively

estimated by the formation of an orange-coloured halo around the bacterial colonies

on CAS agar in the presence and absence of selected HMs at their MTC values and

the same is presented in figure 27. Further, quantification of siderophore production

was done using culture broth in presence of CAS reagent. The concentration of

siderophore production varied from 20.22 + 1.64 psu to 84.33 + 1.09 psu and are listed

in table 26.
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Figure 27. Halo formation by AS3 strain in CAS agar assay in (A) control and in the
presence (B) As®*, (C) As*", (D) Pb?*, and (E) Cd**
Table 26. Siderophore production capacity of AS3 strain under different treatments

Tested HMs Qualitative analysis  Quantitative analysis (psu)

Control ++ 35.71+0.96
As> e 84.33 £ 1.09
As¥* + 29.78 £ 0.76
Pb** +++ 2143 +1.64
Cd** + 20.22 £ 1.64

NB: (+++) High production, (++) medium production, and (+) low production

4.9.2. Siderophore production by the AS4 strain

AS4 strain clearly showed production of siderophore in presence of HMs such
as As’", As>", Cd?*" and Pb*" ions by the formation of an orange-coloured halo around
the bacterial colonies on CAS agar in the presence and absence of selected HMs at
their MTC values and the same is presented in figure 28. The concentration of
siderophore production varied from 19.31 £ 1.39 psu to 46.85 + 2.47 psu and are listed
in table 27.

Figure 28. Halo formation by AS4 strain in CAS agar assay in (A) control and in the
presence (B) As’*, (C) As*", (D) Pb?*, and (E) Cd**

Table 27. Siderophore production capacity of AS4 strain under different treatments

Tested

HM Qualitative analysis Quantitative analysis (psu)
s
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Control et 40.79 +1.31
As> ++ 46.85 +2.47
As?* +++ 29.18 £+ 1.31
Pb** +++ 36.80 £3.1
Cd** + 19.31 +£1.39

NB: (+++) High production, (++) medium production, and (+) low production

4.9.3. Siderophore production by the AS11 strain

AS11 strain clearly showed production of siderophore in presence of HMs such
as As*", As>", Cd*" and Pb?" ions by the formation of an orange-coloured halo around
the bacterial colonies on CAS agar in the presence and absence of selected HMs at
their MTC values and the same is presented in figure 29. The concentration of
siderophore production varied from 28.93 + 0.84 psu to 86.99 + 1.41 psu and are listed
in table 28.

Figure 29. Halo formation by AS11 strain in CAS agar assay in (A) control and in
the presence (B) As>", (C) As’*, (D) Pb**, and (E) Cd**

Table 28. Siderophore production capacity of AS11 strain under different treatments

Tested HMs Qualitative analysis Quantitative analysis (psu)
Control H 4492 +1.11
As> -+ 86.99 + 1.41
As?* o+ 49.39+2.19
Pb** ++ 53.87+2.84
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Cd* ++ 28.93 + (.84

NB: (+++) High production, (++) medium production, and (+) low production

4.10. Evaluation of EPS producing capacity
4.10.1. EPS production by the AS3 strain

EPS produced by the AS3 strain was initially quantified by weighing the
extracted EPS sample, which were formed under identical conditions to those used in
the siderophore production experiment. Table 29 illustrates the results, which
indicated that the AS3 strain without HM treatment had an EPS yield (dry weight) of
96 mg/100 mL which was higher than in the presence of Cd*" (32 mg/100 mL)
followed by Pb?" (20 mg/100 mL), AS** (16 mg/100 mL), and As>* (8 mg/100 mL).
Table 29. Dry weight of EPS produced by AS3 strain

Bacterial Strain  Dry weight (mg) per 100 mL of treatment

AS3 Control 95.7+0.58
AS3 As™ 8.3+0.58
AS3 As** 16.3+2.5
AS3 Pb** 20.3 +£0.58
AS3 Cd** 323+1.15

Further, results demonstrated that the dried EPS had a considerably higher
carbohydrate content when HMs were present (Figure 30). The bacterial sample that
was exposed to Pb?* had the highest carbohydrate content (53.01 £+ 1.69 mg/100 mg
of EPS), followed by As>" (49.34 + 1.22 mg/100 mg of EPS), AS** (39.23 + 0.99
mg/100 mg of EPS), and Cd** (34.70 + 1.11 mg/100 mg of EPS). Without any HM
treatment, the carbohydrate content in the isolated EPS sample was found to be the

lowest (5.69 £ 1.07 mg/100 mg of EPS).
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Figure 30. Carbohydrate content in the isolated EPS produced by the AS3 strain under
different HM treatments

4.10.2. EPS production by the AS4 strain

EPS produced by the AS4 strain was firstly quantified by weighing the
extracted EPS, which were formed under identical conditions to those used in the
siderophore production experiment. Table 30 shows the results, which indicated that
the AS4 strain without HM treatment had an EPS yield (dry weight) of 146 mg/100
mL followed by Cd** (34 mg/100 mL), As>* (22 mg/100 mL), Pb>" (18 mg/100 mL),
and AS*" (6 mg/100 mL).
Table 30. Dry weight of EPS produced by AS4 strain

Bacterial Strain  Dry weight (mg) per 100 mL of treatment

AS4 Control 145.67 £ 2.08
AS4 As>* 22+1.0
AS4 AS* 6.33 £ 1.53
AS4 Pb** 18.33 £2.08
AS4 Cd** 34+£1.0
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The results further indicated that the dried EPS had a considerably higher
carbohydrate content when HMs were present (Figure 31). The bacterial samples that
were exposed to Pb** (59.58 + 1.95 mg/100 mg of EPS) had highest carbohydrate
content, followed by As** (50.93 + 1.82 mg/100 mg of EPS), Cd** (32.41 + 2.14
mg/100 mg of EPS), and As>* (14.02 + 0.65 mg/100 mg of EPS). Without any HM
treatment, the carbohydrate content in the isolated sample was found to be the lowest

(8.22 £0.23 mg/100 mg of EPS).
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Figure 31. Carbohydrate content in the isolated EPS produced by the AS4 strain under
different HM treatments

4.10.3. EPS production by the AS11 strain

EPS produced by the AS11 strain was primarily quantified by weighing the
extracted EPS, which were formed under identical conditions to those used in the
siderophore production experiment. Table 31 demonstrates the results, which indicated
that the AS11 strain without HM treatment had an EPS yield (dry weight) of 72 mg/100
mL followed by As>* (14 mg/100 mL), Pb** (12 mg/100 mL), Cd** (10 mg/100 mL)
and As** (4 mg/100 mL).
Table 31. Dry weight of EPS produced by AS11 strain
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Bacterial Strain  Dry weight (mg) per 100 mL of treatment

AS11 Control 71.67 £2.08
AS11 As>* 14.33+1.53
AS11 AS3* 4.33+0.58
AS11 Pb*" 12+1.0
AS11 Cd** 10.33 +0.58

The results further indicated that the dried EPS had a considerably higher
carbohydrate content when HMs were present (Figure 32). The bacterial samples that
were exposed to As*" (74.48 + 1.12 mg/100 mg of EPS) had highest carbohydrate
content, followed by Cd*" (64.58 + 1.56 mg/100 mg of EPS), Pb?>" (44.68 + 1.88
mg/100 mg of EPS), and As>* (44.49 £+ 0.90 mg/100 mg of EPS). Without any HM
treatment, the carbohydrate content in the isolated sample was found to be the lowest,

which was 16.17 + 0.47 mg/100 mg of EPS.
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Figure 32. Carbohydrate content in the isolated EPS produced by the AS11 strain

under different HM treatments
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4.11. Oxidation and reduction potential of As by the selected bacterial strain

Results clearly confirms the potentiality of the AS3, AS4 and AS11 strain to
reduce As> to As** as well as oxidize As*" to As®* and the same are displayed in figure
33 and figure 34. When silver nitrate was added to the As>" containing culture, it
became yellow, demonstrating the existence of As*". Furthermore, when silver nitrate
was added to a 72-hour-old culture plate containing As**, the media steadily became
brown, confirming the existence of As>* in the media. Therefore, all the three bacterial
strains have the potential to reduce arsenate to arsenite as well as oxidize arsenite to

arsenate.

Figure 34. Plate exhibiting arsenite oxidation ability of AS3, AS4 and AS11 strains

4.12. Cellular study of the selected bacterial strain
4.12.1. SEM-EDX analysis of selected bacterial strains under different treatments
The SEM-EDX results confirm the presence of As>* ions over the surface of

the selected bacterial strains, which were previously grown in Na3AsOs supplemented
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medium. However, the strains did not show adsorption of As?" metal ions on their
surfaces (Figure 36, 39, and 42). Furthermore, distinct changes in morphological
features were observed in both As> and As*" treated samples as compared to controls
(Figure 35, 38, and 41) such as decrease in population size and increase in cell volume.
In As’" treated samples, the bacterial surface was rough as compared to the control.
Moreover, SEM-EDX analysis of Pb and Cd HM treated samples indicates the
presence of Cd?" and Pb?" metal ions on the surface of the bacterial strains (Figure 37,
40, and 43). In Pb and Cd treated samples, bacterial cells appeared quite rough and in
aggregation indicating possible high adsorption of Pb?* and Cd?* ions which was also
evident from the occurrence of multiple peaks in EDX spectra especially in Pb treated

samples.

A B

B Map Sum Spectrum
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Figure 36. (A) SEM micrograph of AS3 treated with As®*, (B) EDX spectrum of AS3
treated with As>*, (C) SEM micrograph of AS3 treated with As**, and (D) EDX
spectrum of AS3 treated with As**

B Map Sum Spectrum

Il Map Sum Spectrum

Figure 37. (A) SEM micrograph of AS3 strain treated with Pb*", (B) EDX spectrum
of AS3 strain treated with Pb%*, (C) SEM micrograph of AS3 strain treated with Cd?",
and (D) EDX spectrum of AS3 strain treated with Cd**

S A= SE2 Date: 12 Apr 2023 —
Mog= 650KX Tine. 15.40.47

Is

Figure 38. (A) SEM micrograph of AS4 control and (B) EDX spectrum of AS4

Control
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Il Map Sum Spectrum

Figure 39. (A) SEM micrograph of AS4 treated with As>*, (B) EDX spectrum of AS4
treated with As>", (C) SEM micrograph of AS4 treated with As’*, and (D) EDX
spectrum of AS4 treated with As**

M Map Sum Spectrum

B Map Sum Spectrum

Figure 40. (A) SEM micrograph of AS4 strain treated with Pb?", (B) EDX spectrum
of AS4 strain treated with Pb%*, (C) SEM micrograph of AS4 strain treated with Cd*",
and (D) EDX spectrum of AS4 strain treated with Cd**
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Il Map Sum Spectrum

Figure 41. (A) SEM micrograph of AS11 control and (B) EDX spectrum of AS11

Control

B Map Sum Spectrum

|
Figure 42. (A) SEM micrograph of AS11 treated with As>*, (B) EDX spectrum of
ASI11 treated with As>*, (C) SEM micrograph of AS11 treated with As**, and (D) EDX
spectrum of AS11 treated with As>*
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Figure 43. (A) SEM micrograph of AS11 strain treated with Pb%*, (B) EDX spectrum
of AS11 strain treated with Pb?*, (C) SEM micrograph of AS11 strain treated with
Cd?**, and (D) EDX spectrum of AS11 strain treated with Cd**

4.12.2. FTIR analysis of the biomass of bacterial strains under different treatments
4.12.2.1. IR spectroscopic analysis of AS3 strain biomass

The IR spectra of the dry bacterial biomass of strain AS3 in the presence of
various HMs at their MTC in comparison to a control without HM are presented in
figure 44. The resulting spectra varied noticeably depending on the HMs present
compared to the control. The IR absorption frequencies of each peak and the
corresponding functional groups of control are presented in table 32.

Table 32. FTIR peaks and their assignments of AS3 strain under different treatments

S1 Peaks (cm™) Assignments Range (cm™) References
No.
1. 3462, 3477, Alcohols and phenols  3,200-3,600  Krishnan (1961)
3478 (O-H stretching
vibrations)
2. 2969, 2972, CH3, —CH», and -CH  3000-2800 Xuetal. (2021);
2968, 2964 stretching vibrations Shi et al. (2020)

94 |



3. 1647

4. 1691

5. 1659

6. 1530, 1536,
1543, 1546

7. 1400, 1403,
1411

8. 1236, 1238,
1240

9. 1092, 1096,
1097, 1070,
1076

10. 987, 989, 993

11. 872

12. 545, 581

Amides (N-H
bending vibrations)

Amide (C=0

stretching vibrations)

Amides (N-H
bending vibration)
Amides (N-H in-
plane bending or the
CN stretching
vibration)

COO-— stretching
vibrations
Phosphate (P=0
asymmetric

vibrations)

C-O—C and C-O

stretching vibrations

Fingerprint regions

As-O bending
vibrations
Halo compound

(C-Br stretching)

1,550-1,670

1600-1700

1,550-1,670

1546

1400

1236-1240

1000-1200

993

872

515-690
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Xu et al. (2021)

Usoltsev et al.
(2019)
Kassem et al.
(2023)

Gupta et al.
(2022)

Saraeva et al.
(2023)

Parikh and
Chorover (2006);
Quilés et al.
(2010)

Makarem et al.
(2019); Atykyan
et al. (2020)
Quiles et al.
(2010)

Fan and Zhang
(2019)
Theivandran et al.

(2015)

In this study, it was observed that, the peak values shifted from 3462 cm’!

(control) to higher wavenumbers in all the HM treatments in the range of 3,200-3,600

cm!, corresponding to O-H stretching vibrations, except Cd whereby no such

prominent peak was observed in this range. The range between 3000-2800 cm’!,

corresponding to methyl, methylene and methine stretching vibrations, the peaks were

observed around 2969 cm! in control along with all other HM treatments. In the range
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of 1,550-1,700 cm™!, 1647 cm’! peak was recorded in the control, corresponding to N-
H bending vibrations. However, the peak shifted to 1659 and 1691 cm! corresponding
to N-H bending and C=0 stretching vibrations. A significant peak was observed at
1546 cm! in control was attributed to N-H in-plane bending or the CN stretching
vibration. The peak value was found to shift to a lower wavenumber in HM treatments,
except Cd*" treatment where it was absent. Another significant peak at 1400 cm™ was
observed which was attributed to COO— stretching vibrations. The peak was not found
in As amended treatments but was found to intensify in Pb?>* (1403 cm!) and Cd?*
(1411 cm™") amended treatments. Moreover, the peaks around 1236-1240 cm’!, which
were attributed to P=0 asymmetric vibrations, was observed in control and Pb and Cd
treatments, and was not observed in AS>* and AS** treatments. In the range 1000-1200
cm’!, the peak value in control treatment was observed at 1092 cm!. This peak was
shifted to higher wavenumber in As>* (1096 cm!), As** (1097 cm™), and Cd*" (1096
cm™') HM treatments, whereas it was unchanged in Pb treatment. Moreover, peaks
around 993 cm™! which attributed for fingerprint regions were observed in control, Pb**
and Cd?" treatments, but was not found in AS°" and AS>*' treatments. Another
significant peak at 872 cm™! was found in both As>* and As’ treatments. Lastly, peaks

around 515-690 cm™! were observed in both Pb?" and Cd?" treatments.
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Figure 44. FTIR study of AS3 strain biomass in the presence of (A) Control, (B) As’",
(C) As*", (D) Pb**, and (E) Cd**

4.12.2.2. IR spectroscopic analysis of AS4 strain biomass

The IR spectra of the dry bacterial biomass of strain AS4 in the presence of
various HMs at their MTC in comparison to a control without HM are presented in
figure 45. The resulting spectra varied noticeably depending on the HMs present
compared to the control. The IR absorption frequencies of each peak and the
corresponding functional groups of control are presented in table 33.
Table 33. FTIR peaks and their assignments of AS4 strain biomass under different

treatments
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S1 Peaks (cm™) Assignments Range References

No. (cm™)

1. 3403, 3381, Alcohols and phenols  3,200-3,600 Krishnan (1961)

3477 (O-H stretching
vibrations)
2. 1647, 1637, Amides (N-H bending 1,550-1,670 Xu et al. (2021)
1648, 1643, vibrations)

3. 1659 Amides (N-H bending 1,550-1,670 Kassem et al.
vibration) (2023)

4. 1546, 1559 Amides (N-H in-plane 1546 Gupta et al.
bending or the CN (2022)
stretching vibration)

5. 1403, 1412, COO- stretching 1400 Saraeva et al.

1413, 1411, vibrations (2023)
1388

6. 1305,1245 Amide III, 1305-1200  Maity et al.
combination of C-N (2013)
stretching and N-H
bending

7. 1240 Phosphate (P=0 1236-1240 Parikh and
asymmetric Chorover (2006);
vibrations) Quiles et al.

(2010)
8. 1090,1092, C-O-Cand C-O 1000-1200  Makarem et al.
1096, 1076, stretching vibrations (2019); Atykyan
1077 et al. (2020)
9. 987,989, 993, Fingerprint regions 993 Quiles et al.
991 (2010)

10. 872,855 As-O bending 730-930 Fan and Zhang

vibrations (2019)
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11. 545,581, 539 Halo compound (C-Br 515-690 Theivandran et
stretching) al. (2015)

In this study, peaks around 3,200-3,600 cm™' were observed in both As>" and
As’" treatments, corresponding to O-H stretching vibrations, except for Pb>* where
high wavenumbers (3477 cm™') was observed accompanied by absence of peak in Cd**
treatment. In the range of 1,550-1,700 cm™ and 1647 cm! peak was recorded in the
control, corresponding to N-H bending vibrations. However, the peak shifted to higher

I'and 1659 cm™ in As®" and Cd*" treatments respectively,

wavenumbers 1648 cm-
which corresponding to N-H bending vibrations. Though, it shifted to lower
wavenumbers i.e. 1637 cm™! and 1673 cm™! in As>* and Cd*" treatments respectively,
with N-H bending vibrations. A significant peak was observed at 1546 cm! in control
was attributed to N-H in-plane bending or the CN stretching vibration. The peak value
was found to shift to a higher wavenumber i.e. 1559 cm! in Pb?" treatment, while it
was not observed in other HMs treatments. Another significant peak at 1403 cm™! was
observed which was attributed to COO— stretching vibrations. The peak was found to
intensify in As> (1412 cm™), As’" (1413 cm!) and Cd** (1411 cm') amended
treatments while it was found to lessen in Pb?" treatment. The peaks around 1305-1200
cm’!, corresponding to C-N stretching and N-H bending vibrations was observed only
in As>* (1305 cm!) and As** (1245 cm™') treatments, while it was absent in control and
other treatments. Moreover, the peak at 1240 cm’!, attributed to P=O asymmetric
vibrations, was observed in control while absent in all HMs treatments. In the range
1000-1200 cm!, the peak value in control treatment was observed at 1090 cm™! and
1070 cm!. This peak was observed in As>" (1096 cm™ and 1071 cm™), As** (1076 cm
1, Pb?* (1092 cm™) and Cd** (1076 cm™') HM treatments. Moreover, peaks around 993
cm’!, attributed for fingerprint regions were observed in all HMs treatments. Another
significant peak around 730-930 cm™' was found in both As®* and As** treatments,
corresponding to As-O bending vibrations. Lastly, peaks around 515-690 cm™ were
observed in both Pb?>" and Cd?" treatments, which is basically due to C-Br stretching

vibrations.
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Figure 45. FTIR study of AS4 strain biomass in the presence of (A) Control, (B) As™",
(C) As**, (D) Pb**, and (E) Cd**

4.12.2.3. IR spectroscopic analysis of AS11 strain

The IR spectra of the dry bacterial biomass of strain AS3 in the presence of
various HMs at their respective MTC in comparison to a control without HM are
presented in figure 46. The resulting spectra varied noticeably depending on the HMs
present compared to the control. The IR absorption frequencies of each peak and the

corresponding functional groups of control are presented in table 34.
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Table 34. FTIR peaks and their assignments of AS11 strain under different treatments

S1 Peaks Assignments Range References
No. (em™) (em™)
1. 1646,1658,  Amides (N-H bending 1,550-1,670 Xu et al. (2021)
1657 vibrations)
2. 1530, 1541,  Amides (N-H in-plane 1546 Gupta et al.
1546, 1549,  bending or the CN (2022)
1557 stretching vibration)
3. 1408, 1413, COO- stretching 1400 Saraeva et al.
1416, 1420 vibrations (2023).

4. 1235,1236, Amide III, combination of 1305-1200; Maity et al.
1238, 1240,  C-N stretching and N-H 1236-1240  (2013)
1241, 1244 bending;

Phosphate (P=0

asymmetric vibrations)

6. 1018,1074, C-O—Cand C-O 1000-1200  Makarem et al.
1096, 1097, stretching vibrations (2019); Atykyan
1100 et al. (2020)

7. 866 Carbonate (COs*) out of  850-890 Fleet (2009)

plane bending vibration

In AS11 strain, in the range of 1,550-1,700 cm™!, 1646 cm™! peak was recorded
in the control, corresponding to N-H bending vibrations. However, the peak shifted to
higher wavenumbers in As>7 (1658 cm!) and Pb** (1657 cm™) treatments
corresponding to N-H bending vibrations. While, it was absent in presence of As** and
Cd?*" HM treatments. Moreover, significant peaks around 1546 cm™! were observed in
all treatments, attributed to N-H in-plane bending or the CN stretching vibration. These
peaks were shifted to lower wavenumbers in As>" (1530 cm™) and As** (1541 cm'!)
treated samples, while, it was shifted to higher wavenumbers in Pb?* (1557 cm™!) and
Cd*" (1549 cm™) treatments. Another significant peak at around 1400 cm™ was

observed in control (1413 ¢m™), which was attributed to COO— stretching vibrations.
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The peak was found to intensify in As** (1420 cm™") and Pb?* (1416 cm™") while it was
not observed in As’" treated samples. Moreover, it was seen to decrease in Cd>" (1408
cm) treatment. Further, the peaks around 1305-1200 cm™!, corresponding to C-N
stretching and N-H bending vibrations was observed in control (1241 cm™), with slight
decreased in As** (1238) and slight elevated in Pb?* (1244 cm’!) treatments, while it
was absent in As>" and Cd?* treatments. In the range 1000—-1200 cm’!, the peak value
in control treatment was observed at 1018 cm™!. This peak was observed to elevate in
presence of all the HM treatments such as As>" (1096 cm!), As** (1097 cm™'), Pb**
(1074 cm™) and Cd?>* (1100 cm™') HM treatments. Lastly peak around 850-890 cm’!
was attributed to carbonate bending vibrations, which was present only in Pb>* HM

treatment.
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Figure 46. FTIR study of AS11 strain in the presence of (A) Control, (B) As>, (C)

As*", (D) Pb*, and (F) Cd**

4.12.3. TEM-EDX analysis

The findings of TEM-EDX analyses of AS3 and AS4 strains indicate the
presence of As HM in control samples (Figure 47 B and 48 B). The TEM-EDX

analysis of AS3 further indicated the presence of As>" accumulation along with Pb?*
and Cd** as evident form EDX spectra (Figure 47 D, 47 E and 47 F). Due to absence
of As*" HM ions as confirmed from SEM-EDX analysis in the samples, the TEM

analysis for As** HM ions was not performed. In AS4 strain, TEM-EDX analysis
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confirmed the accumulation of As>*, Pb?" and Cd**with the appearance of respective
HM characteristic peaks in the EDX spectra (Figure 48 D, 48 E and 48 F). In the case
of AS11 strain, TEM-EDX analysis confirms only the presence of As>" accumulation
while Pb*" and Cd** HM ions were absent in the tested samples as evident form EDX

spectra (Figure 49 D, 49 E and 49 F)

4 | Fun cale 5137 cts ursor: 0000 e

Figure 47. (A) TEM image of AS3 strain (control), (B) EDX graph of AS3 strain
(control), (C) TEM image of AS3 strain (HM treated), (D) EDX graph of AS3 strain
(As>), (E) EDX graph of AS3 (Pb?"), and (F) EDX graph of AS3 (Cd*")

full Scale 5847 cts Cursor: 0.000 ke!
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Figure 48. (A) TEM image of AS4 strain (control), (B) EDX graph of AS4 strain
(control), (C) TEM image of AS4 strain (HM treated) and (D) EDX graph of AS4
strain (As>"), (E) EDX graph of AS4 (Pb?"), and (F) EDX graph of AS4 (Cd*")
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Figure 49. (A) TEM image of AS11 strain (control), (B) EDX graph of AS11 strain
(control), (C) TEM image of AS11 strain (HM treated), (D) EDX graph of AS11 strain
(As>), (E) EDX graph of AS11 (Pb?"), and (F) EDX graph of AS11 (Cd*")

4.13. Stress enzyme activity
4.13.1. Total Protein Content (TPC)

The TPC (pg/mL) in the selected bacterial strain i.e. AS3, AS4 and AS11 in
the presence and absence of tested HMs at their respective MTC values was estimated
with the help of the obtained standard curve. Data of the same are presented in table
35 and figure 50, 51, and 52. In the strain AS3, TPC was found to be higher against
all the HM treatments. It was highest in the presence of NaAsO; (24.324 + 1.261
mg/mL) followed by Na3zAsOs (22.462 £ 0.275 mg/mL), CdCl, (19.70 + 0.812
mg/mL), and Pb(NO3)> (18.559 £ 1.571 mg/mL) compared to the control (16.755 +
0.619 mg/mL). In the case of strain AS4, TPC was found to be highest in the presence
of Pb(NO3)2 (25.05 = 0.95 mg/mL) followed by CdCl, (21.98 £ 0.79 mg/mL),
Na3AsO4 (19.28 = 1.36 mg/mL), and NaAsO> (19.16 + 0.38 mg/mL) compared to the
control (18.26 + 0.52 mg/mL). Furthermore, in the strain AS11, TPC was significantly
lesser in the presence of tested HMs i.e. Pb(NO3)2 (22.16 + 1.88 mg/mL), Na3AsOa4
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mg/mL) as compared to the control (24.744 + 0.812 mg/mL).

Table 35. Estimated values of TPC under different HM treatments

Bacterial Strain with HM treatment

Protein Concentration (mg/mL)

AS3 (Without HM) Control
AS3 (Na3zAsOs)
AS3 (NaAsO»)
AS3 (CdClr)
AS3 (Pb(NOs)2)
AS4 (Without HM) Control
AS4 (NazAsOs)
AS4 (NaAsO»)
AS4 (CdCly)

AS4 (Pb(NOs)2)
AS11 (Without HM) Control
AS11 (Na3AsOq)
AS11 (NaAsO»)
AS11 (CdCl)

AS11 (Pb(NOs),)

16.76 + 0.62

22.46 +0.28

2432 +£1.26

19.70 £ 0.81

18.56 £1.57

18.26 £ 0.52

19.28 £1.36

19.16 £ 0.38

21.98 +0.79

25.05+£0.95

24.74 £ 0.81

19.88 £ 0.58

18.32 £ 1.47

18.80 £2.32

22.16 £1.88
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Figure 50. TPC of AS3 strain under HM treatments
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Figure 51. TPC of AS4 strain under HM treatments
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Figure 52. TPC of AS11 strain under HM treatments

4.13.2. Activity of SOD, CAT, GR, GPx and MDA of AS3 strain

SOD activity was found to be comparatively lower than the control (0.185 +
0.006 U/mg protein) against all the tested HMs at their respective MTC values.
Moreover, CAT activity of AS3 strain against NasAsOa4 (0.18 £ 0.01) and Pb(NO:s):
(0.16 £ 0.003) was slightly lesser than the control (0.728 + 0.003 U/mg protein) while
significantly higher in the presence of NaAsO: (0.902 + 0.004 U/mg protein) and
CdCl: (0.768 = 0.021 U/mg protein).

GR activity in AS3 strain was found to be significantly higher compared to
control (0.880 + 0.019 U/mg protein) against all the tested HMs at their respective
MTC values specifically against Pb(NOs). 0of 4.801 + 0.035 U/mg protein followed by
NazAsOa4 (4.43 £0.01), CdClz (4.38 + 0.04), and NaAsO: (4.12 + 0.09).

AS3 strain showed significantly higher activity of GPx in presence of CdCl.
(12.873 £ 0.125 U/mg protein) followed by NaAsO: (4.190 £+ 0.102 U/mg protein),
and Pb(NO:s)2 (2.533 £ 0.000 U/mg protein) at their respective MTC values compared
to control (3.14 £ 0.00 U/mg protein). Moreover, GPx activity was found to be lower

only in presence of NasAsOa (1.428 £ 0.000 U/mg protein).
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Bacterial strain AS3 showed significantly (p < 0.05) higher MDA level in the
presence of Pb(NOs): (0.672 + 0.019 U/mg protein) followed by NasAsO4 (0.038 +
0.008 U/mg protein), and CdCl> (0.036 + 0.004 U/mg protein) at their respective MTC
values compared to the control (0.05 = 0.00). Moreover, lowermost MDA level (0.021
+ 0.004 U/mg protein) was observed in NaAsO: treated samples at its MTC value
compared to the control. The figures of stress enzyme activity of AS3 strain are

presented in figure 53, 54, 55, 56, and 57.
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Figure 53. SOD activity of AS3 strain under HM treatments
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Figure 54. CAT activity of AS3 strain under HM treatments
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Figure 55. GR activity of AS3 strain under HM treatments
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Figure 56. GPx activity of AS3 strain under HM treatments
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Figure 57. MDA activity of AS3 strain under HM treatments
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4.13.3. Activity of SOD, CAT, GR, GPx and MDA of AS4 strain

SOD activity of AS4 strain was found to be comparatively lower than the
control (0.1571 £ 0.0029 U/mg protein) in NasAsOa (0.15 £ 0.00 U/mg protein) and
NaAsO: (0.16 = 0.01 U/mg protein) treatments at their respective MTC values.
Whereas, it was found to be elevated in presence of CdClz (0.1621 = 0.0073U/mg) and
Pb(NOs)2 (0.1647 £ 0.0036 U/mg). CAT activity of AS4 bacterium against NasAsOa
(0.74 + 0.00 U/mg protein) and Pb(NOs). (0.76 = 0.00 U/mg protein) was slightly
lesser than the control (0.776 &+ 0.00 U/mg protein) while it was higher in the presence
of CdClz (0.784 £ 0.01 U/mg protein) and alike with that of NaAsO: (0.776 + 0.00
U/mg protein) treatment at their respective MTC values. GR activity in AS4 bacterium
was found to be very high compared to control (1.8866 + 0.0062 U/mg protein) against
all the HMs specifically against Pb(NOs): (12.7638 + 0 U/mg protein) followed by
NazAsOs (4.09 + 0.01 U/mg protein), CdCl: (0.62 £ 0.03 U/mg protein), and NaAsO-
(0.70 + 0.02 U/mg protein) treatment at their respective MTC values. AS4 strain also
showed significantly higher activity of GPx in presence of Pb(NOs): (4.5889 + (.14
U/mg protein), followed by NaAsO: (4.2322 + 0.14 U/mg protein), and NazAsO4
(3.8955 £ 0.26U/mg protein) while it was lower in presence of CdCl» (1.6311 £0.16
U/mg protein), as compared to control (2.9045 = 0.14 U/mg protein) at their respective
MTC values. Moreover, MDA concentrations for AS4 strain against all the HMs were
found to be comparatively higher especially for Pb(NOs)2 (0.02 £ 0.00 U/mg protein)
treatment at their respective MTC values than that of the control (0.00128 + 0.000256
U/mg protein) except for NaAsO: (0.00068 + 0.000148 U/mg protein). The figures of
stress enzyme activity of AS3 strain are presented in figure 58, 59, 60, 61, and 62.
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Figure 58. SOD activity of AS4 strain under HM treatments
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Figure 59. CAT activity of AS4 strain under HM treatments
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Figure 61. GPx activity of AS4 strain under HM treatments
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4.13.4. Activity of SOD, CAT, GR, GPx and MDA of AS11 strain

In AS11 strain, SOD activity was found to be comparatively lower than the
control (0.1637 = 0.0027 U/mg protein) in CdClz (0.1521 +0.0102 U/mg protein) and
NaszAsOa4 (0.1594 + 0.0019 U/mg protein) while higher in Pb(NOs). (0.1702 + 0.0078
U/mg protein) and NaAsO: (0.1661 + 0.0103 U/mg protein) treatment at their
respective MTC values. CAT activity of AS11 strain against Na;AsO4 (0.417 + 0.00
U/mg protein) and NaAsO: (0.422 + 0.00 U/mg protein) was similar to that of the
control (0.42 = 0.00 U/mg protein) while higher in the presence of Pb(NOs)2 (3.50 +
0.05 U/mg protein) and CdCl: (0.45 + 0.00 U/mg protein) at their respective MTC
values. Moreover, comparatively GR activity in AS11 strain was found to be higher
than control (0.0069 £ 0.0000 U/mg protein) against all the tested HMs in the order of
CdCl2 (5.45+0.01 U/mg protein), Pb(NOs)2 (4.21 = 0.04 U/mg protein), NaAsO- (3.51
+ 0.01 U/mg protein), and NasAsOa (3.26 £ 0.03 U/mg protein) at their respective
MTC values. Further, AS11 strain showed comparatively lower GPx activity in the
presence of all HMs at their respective MTC values as compared to the control
(4.21558 = 0.1674 U/mg protein) in the order of CdCl. (3.04 = 0.00 U/mg protein),
Pb(NOs)2 (1.96 = 0.49 U/mg protein), NasAsO4 (1.71 = 0.13 U/mg protein), and
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NaAsO: (1.58 £0.12 U/mg protein). MDA concentrations in the presence all the heavy
were found to be comparatively lesser than that of the control (0.142 = 0.016 U/mg
protein) in the order of NasAsOa4 (0.11 + 0.01 U/mg protein), NaAsO: (0.109 £+ 0.00
U/mg protein) and CdCl2 (0.102 + 0.00 U/mg protein) at their respective MTC values.
However, MDA concentrations was remarkably higher compared to the control in the
presence of Pb(NOs)2 (0.704 + 0.016 U/mg protein). The figures of stress enzyme
activity of AS11 strain are presented in figure 63, 64, 65, 66, and 67.
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Figure 63. SOD activity of AS11 strain under HM treatments
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4.14. Bioremediation potential of the selected strains

The bioremediation efficiencies of the tested HM ions by the selected bacterial
strains was determined through ICP-MS. Findings revealed that strain AS3 has higher
removal capacity for both As** (99.94 % =+ 0.005) and As>* (99.49 % =+ 0.59) whereas
for Cd** and Pb?" removal efficiency was found to be 87.53 % + 1.50 and 67.33 % =+
0.79, respectively.

In a similar manner, AS4 strain exhibited higher removal capacity for As>*
(95.67 + 3.43 %) and As®* (97.23 £ 2.69 %). Additionally, AS4 strain could able to
remove 97.31 +2.02 % and 88.18 +2.69 % of Pb*" and Cd*>" HM ions, respectively.

In the case of AS11 strain, removal of As>* (99.93 +0.02 %) was comparatively
higher than As3" (97.34 + 2.12 %) HM ions. Moreover, removal of Pb?>" was notably
higher (93.27 + 2.34 %) than that of Cd** (79.98 + 2.53 %) HM ions.

4.15. Estimation of Ammonia production by the selected bacterial strains

The qualitative estimation of ammonia based on the development of orange
coloration of the reaction mixture solution indicates the higher production of ammonia
by AS3 strain followed by AS4 and AS11 (Figure 68). Moreover, quantitative
estimation revealed that strain AS3, AS4, and AS11 could able to produced 73.06 +
4.61 pg/mL, 48.09 + 3.24 pg/mL, and 44.12 £+ 3.17 pg/mL of ammonia (Table 36).

A B C D

Figure 68. Ammonia production by (A) Control, (B) AS3, (C) AS4, and (D) AS11

strains
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Table 36. Estimated ammonia and TAA production by the selected bacterial strains

Bacterial Ammonia TAA production (ng/mL)
Strain production (ng/mL)
AS3 73.06+4.61 69.32 +£7.04
AS4 48.09 +3.24 61.77 £ 3.60
AS11 44.12 +3.17 13.75+3.83

4.16. Evaluation of IAA producing capability

Qualitative analysis indicated that AS3, AS4 and AS11 strain had IAA
producing ability (Figure 69). The dark colouration of the reaction mixture indicates
high production of IAA by the AS3 strain followed by pinkish colour of AS4 strain;
indicating medium production and finally dim pinkish colour of ASI1 strain;
indicating least production of IAA. Further, on quantification, IAA produced by AS3
was determined to be 69.32 + 7.04 pg/mL while for AS4 and AS11 strain, it was 61.77
+ 3.60 pg/mL and 13.75 £ 3.83 pg/mL, respectively (Table 29).

A B C D

Figure 69. IAA production by (A) Control, (B) AS3, (C) AS4 and (D) AS11 strains

4.17. Phytotoxicity assay of treated bacterial supernatant

In the phytotoxicity experiment, seed germination was observed in almost all
the treatments except in HMs consisting of As>* (62500 ppm), As>" (125000 ppm),
As’" (1562.50 ppm) and Cd** (1562.50 ppm), where none of the seeds could able to
germinate. The phytotoxicity assay was thus performed based on the remaining

treatments. The impact of different treatments i.e. only HMs, HMs along with
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individual bacterial strain, and with bacterial strain only, on the germination of Vigna
radiata seeds was investigated (Figure 70 and 71). This was done by analysing the
germination indices (GI) data, which involved assessing the results of RSG (%) and

RRL (%) at a significance level of P value < 0.05.

4.17.1. Determination of RSG %

The RSG (%) for seed samples treated with only AS3 strain, AS3 strain with
As>*, AS3 strain with As**, and AS3 strain with Pb?>" was determined to be 100 %
(Table 30). However, the RSG (%) decreased in AS3 strain with Cd** seed treated
samples (93.33%). In case of AS4 strain, the RSG (%) for seed samples treated with
only AS4 strain, AS4 strain with As>*, AS4 strain with As**, AS4 strain with Pb*" and
AS4 strain with Cd** was observed to be 100 % (Table 31). Likewise, AS11 strain also
had 100 % RSG (%) for all the treatments, i.e. with only AS11 strain, AS11 strain with
As>*, AS11 strain with As>*, AS11 strain with Pb>* and AS11 strain with Cd*" (Table
32).

However, in case of simply HM treatments, Pb>" treated seed samples (91.67
+ 14.43 %) had the highest RSG (%), followed by Cd** (58.33 + 14.43 %), and was
lowest for both As>* and As>* (50 %) treated seed samples (Table 33).

4.17.2. Determination of RRL %

In case of AS3 strain, the highest RRL (%) was observed in seeds treated with
only AS3 strain (349.16 + 137.12 %), followed by seeds treated with AS3 strain +
Pb?* (169.82 + 71.73 %), AS3 strain + As®" (99.20 + 40.02 %), AS3 strain + As>*
(96.44 + 7.34 %) and AS3 strain + Cd** (86.05 + 44.06 %) (Table 30). Likewise, in
case of AS4 strain, the RRL (%) was found to be highest with only AS4 strain (353.32
+ 145.50 %), followed by seeds treated with AS4 strain + As>" (224.38 + 67.99 %),
AS4 strain + As** (170.20 + 36.13 %), AS4 strain + Cd** (107.72 £23.69 %) and AS4
strain + Pb?" (154.30 £ 12.89 %) (Table 31). Further, in case of AS11 strain, the RRL
(%) was found to be highest with only AS11 strain (199.60 = 41.07 %), followed by
seeds treated with AS11 strain + Pb?" (197.35 + 59.18 %), AS11 strain + As** (157.57
+54.14 %), AS11 strain + Cd** (133.96 + 36.71%) and AS11 strain + As>" (124.74 +
69.85 %) (Table 32). Further in the case of only HM treatments, Pb>* (98.50 + 33.04
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%) had the highest RRL (%), followed by Cd** (43.98 + 17.79 %), As>" (41.32 + 14.27
%), and As** (30.22 + 6.97 %) (Table 33).
4.17.3. Determination of GI % and GVI

Seeds treated with only AS3 strain without any metallic treatments exhibited
the highest GI and GVI of 349.16 + 137.12 % and 13.84 £ 1.97, respectively (Table
37). Further, seeds treated with AS3 strain + Pb?" had the second highest values of GI
and GVI with 169.82 + 71.73 % and 5.81 + 1.21, respectively. This was followed by
seeds treated with AS3 strain + As>*, with a GI of 99.20 + 32.68 % and a GVI of 2.43
+0.75. Seeds treated with AS3 strain + As>* had a GI of 96.44 + 7.34 % and a GVI of
2.38 = 0.08. Lastly, seeds treated with AS3 strain + Cd*" had a GI of 83.43 +48.26 %
and a GVI of 1.811 £0.74.
Table 37. RSG, RRL, GI and GVI of AS3 strain in different treatments

Treatment  AS3 AS3 + As%"  AS3+As**  AS3+Pb*  AS3+ Cd*

RSG% 100.00 100.00 100.00 100.00 93.33
+11.55

RRL% 349.16 96.44 99.20 169.82 86.05
+137.12 +7.34 +40.02 +71.73 +44.06

Gl 349.16 96.44 99.20 169.82 83.43
+137.12 +7.34 +32.68 +71.73 +48.26

GVI 13.84 2.38 2.43 5.81 1.81
+1.97 +0.08 +0.75 +1.21 +0.74

In case of AS4 strain, the GI and GVI were found to be highest in seeds treated
with AS4 strain alone with a GI of 353.32 + 145.50 % and a GVI of 10.92 + 1.94
(Table 38). Seeds treated with AS4 strain + As>* had the next highest values, with a
GI 0f224.38 + 67.99 % and a GVI of 6.94 + 1.32. This was followed by seeds treated
with AS4 strain + As®*, with a GI of 170.21 + 36.13 % and a GVI of 5.31 + 0.44.
Further, seeds treated with AS4 strain + Cd*" had a GI of 144.39 + 25.06 % and a GVI
of 4.81 £ 0.51. Finally, seeds treated with AS4 strain + Pb>" had the least GI and GV1
of 107.72 + 36.13 % and 4.05 + 0.35, respectively.
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Table 38. RSG, RRL, GI and GVI of AS4 strain in different treatments

Treatment AS4 AS4+ As’"  AS4+As’T  AS4+Pb*  AS4+Cd*

RSG% 100.00 100.00 100.00 100.00 100.00
RRL% 353.32 + 224.38 170.21 107.72 154.30
145.50 +67.99 +36.13 +23.69 + 12.89
GI 35332+ 224.38 170.21 107.72 144.39
145.50 +67.99 +36.13 +23.69 +25.06
GVI 10.92 + 6.94 5.31 4.05 4.81
1.94 +1.32 + 0.44 +0.35 +0.51

In case of AS11 strain, GI and GVI were highest in seeds treated with AS11
strain alone with 199.60 + 41.07 % and 8.19 + 1.64, respectively (Table 39). Seeds
treated with AS11 strain + Pb?" had the second highest values for GI and GVI with
197.35 + 59.18 % and 5.6 + 0.56, respectively. This was followed by seeds treated
with AS11 strain + As*', with a GI and GVI of 157.57 + 54.14 % and 5.6 + 0.56,
respectively. Further, seeds treated with AS11 strain + Cd?" had a GI of 133.96 +36.71
% and a GVI of 4.58 + 0.59. Finally, seeds treated with AS11 strain + As>" showed a
Gl and GVI of 124.74 + 69.85 % and 4.68 + 1.82, respectively.

Table 39. RSG, RRL, GI and GVI of AS11 strain in different treatments

Treatment  ASI11 AS11 AS11 AS11 AS11
+ + + +

As™ As¥ Pb?* ca
RSG% 100.00 100.00 100.00 100.00 100.00
RRL% 199.60 124.74 157.57 197.35 133.96
+41.07 + 69.85 +54.14 +59.18 +36.71
Gl 199.60 124.74 157.57 197.35 133.96
+41.07 + 69.85 +54.14 +59.18 +36.71

GVI 8.19 4.68 591 5.60 4.58
+ 1.64 +1.82 +1.50 +0.56 +0.59

When the seeds were treated with only HMs, the GI value was found to be
highest for Pb>* (93.05 + 41.49 %), followed by Cd*" (25.91 + 11.99 %), As®* (20.66
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+ 7.14 %), and lastly As*" (15.11 + 3.48 %). The GVI was shown to be greatest for

Pb?" (2.26 £ 0.84), followed by Cd*" (1.18 £ 0.65), As** (0.76 £ 0.04), and lastly As>*

(0.72 £ 0.19) (Table 40).

Table 40. RSG, RRL, GI and GVI under different HM treatments

Treatment As™* As?* Pb?* Ca*
RSG% 50.00 £0.00 50.00£0.00 91.67 +14.43 58.33 + 14.43
RRL% 41.32+14.27 30.22+6.97 98.50+33.04 4398 £17.79
GI 20.66 +7.14 15.11+3.48 93.05+41.49 2591 +11.99
GVI 0.72+0.19 0.76 = 0.04 2.26 +£0.84 1.18 £ 0.65

Figure 70. Phytotoxicity assay of Vigna radiata seeds in the presence of (A) distilled
water only, (B) AS3 strain and As>*, (C) AS3 strain and As**, (D) AS3 strain and Pb?",
(E) AS3 strain and Cd?*, (F) only AS3 strain, (G), only As®*, (H) only As**, (I) only
Pb**, and (J) only Cd**
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Figure 71. Phytotoxicity assay of Vigna radiata seeds in the presence of (A) only AS4
strain, (B) AS4 strain and As>*, (C) AS4 strain and As**, (D) AS4 strain and Pb*", (E)
AS4 strain and Cd**, (F) only AS11 strain, (G) AS11 strain and As>*, (H) AS11 strain
and As*", (I) AS11 strain and Pb%*, and (J) AS11 strain and Cd**

4.18. Brine shrimp toxicity study

Findings of brine shrimp toxicity studies with HMs treatment revealing higher
mortality (%) of 90 + 10 %, 66.67 £ 5.77 %, 60 + 10 %, 46.67 + 15.28, 43.33 + 5.77
%, 40 + 10 %, and 33.33 + 5.77 % on exposure to As>* (125000 ppm), As>* (62500
ppm), As** (1562.50 ppm), As>* (15625 ppm), Pb?* (6250 ppm), As** (781.25 ppm),
and Cd** (1562.50 ppm) respectively. However, Cd?* (48.82 ppm) treatment exhibited
significantly reduced larvicidal activity (13.33 + 11.55) (Table 41). Presence of
bacterial strain viz. both AS3 + As*" and AS4 + As>" treatments exhibited similar
larvicidal activity of 23.33 & 5.77 %, while it was 20 + 10 % for AS3 + Cd>*. Further,
larvicidal activity was found to be lower in AS3 + As>* (16.67 + 15.28 %), AS4 + As**
(13.33 £ 5.77 %), AS4 + Pb*>" (13.33 £ 5.77 %), AS11 + As>* (13.33 + 11.55 %), and
AS11+Pb?" (13.33+£5.77 %), AS4 + Cd*" (10 %), and AS11 + As** (10 %). Moreover,
larvicidal activity decreased further to 3.33 + 5.77 % in the presence of AS3 +
Pb**which was even lesser than that of the control (6.67 + 5.77 %). Additionally, an
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exceptional no mortality was observed in the presence of only AS3, AS4 and ASI11

strains.

Table 41. Larvicidal activity of brine shrimp larvae under different HMs treatments

S1. No. Treatment Concentration of HM Average Mortality
(ppm) (%)

1. AS3 + As>* 62500 16.67 £ 15.28
2. AS3 + As* 781.25 23.33£5.77
3. AS3 + Pb** 6250 3.33+£5.77
4. AS3 + Cd** 1562.50 20.00 £ 10.00
5. AS3 0 0

6. AS4 + As™ 15625 23.33£5.77
7. AS4 + As* 1562.50 13.33£5.77
8. AS4 + Pb** 6250 13.33£5.77
9. AS4 + Cd** 1562.50 10.00 + 0.00
10. AS4 0 0

11. ASII + As>* 125000 13.33 £11.55
12. AS11+ As** 781.25 10.00 £ 0.00
13. ASI11 +Pb** 6250 13.33 £5.77
14. ASI1 + Cd* 48.82 23.33+5.77
15. AS11 0 0

16. Saline water 0 6.67+£5.77
17. As*t 62500 66.67 +£5.77
18. As>* 15625 46.67 £ 15.28
19. As 125000 90.00 + 10.00
20. As* 781.25 40.00 £+ 10.00
21. As** 1562.50 60.00 + 10.00
22. Pb** 6250 43.33+£5.77
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23. Cd** 1562.50 33.33+£5.77
24. Cd** 48.82 13.33 +11.55

4.19. Statistical analysis

All the experiments were checked for one-way ANOVA wherever applicable
and found as F greater than the critical value and thus found to be significant at p<0.05.
One-way ANOVA was performed to compare soil physico-chemical parameters (pH,
EC, Temperature, organic carbon, available N, P, and K, soil moisture, and HM
analyses) across the 6 sites of sample collection. Since, the site 1, 2, 3 were from
similar area, the analysis revealed no significant differences (p > 0.05) in soil pH, EC,
temperature, organic carbon, available N, P, and K, Soil Moisture. Likewise, it was
similar for Site 4, 5, 6. However, for HM analysis of soil, (p < 0.05) was observed for
all the sites.

The analyses showed a significant variation in MICs among the AS3, AS4 and
AS11 bacterial strains at p < 0.05. These results confirm that As-resistance levels differ
among the tested bacteria, with certain isolates exhibiting strong tolerance. Further,
growth kinetics and antibiotic susceptibility studies showed significant differences
among the three strains at p < 0.05.

One-way ANOVA was carried out to compare the production levels of biofilm,
siderophores, and EPS among the selected bacterial strains at p < 0.05. The analysis
revealed a significant variation in biofilm formation and siderophore production across
the selected bacterial strains.

Significant differences (p < 0.05) were observed in TPC, CAT, SOD, and GR,
GPx and MDA activities among the selected bacterial strains. However, there was
huge variation among AS3, AS4 and AS11 with respect to the enzyme activity
highlighting their different way of dealing with HM stress.

To compare the bioremediation potential of selected bacterial strains one-way
ANOVA was performed. At p < 0.05, the analysis showed significant variation among
the bacterial strains for different HMs. Likewise, ammonia and [AA production also
showed significant differences in terms of production ability at p < 0.05.

For assessing the phytotoxicity effects among the selected bacterial strains one-

way ANOVA was performed. The analysis at p < 0.05 revealed a significant variation
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in the degree of phytotoxic effects among the bacterial strains, suggesting differential
influence on plant growth parameters. Moreover, one-way ANOVA was also applied
to evaluate the larvicidal activity of selected bacterial strains. Results indicated a
significant difference (p < 0.05) among the groups tested, demonstrating that larvicidal

potential varied significantly across bacterial strains.
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5.1. Study area and sample collection

Nagaland, characterized by its hills and forests, is a state in Northeast India that
possesses immense mineral potential found within the Naga Hills. The natural
resources encompass forests, river systems, and coal deposits found in the
Mokokchung-Wokha belt and adjacent ranges. The Directorate of Geology and
Mining, Nagaland has listed numerous coal blocks with resources and described the
coal as non-coking, sub-bituminous, with high moisture along with different gross
calorific values (Directorate of Geology and Mining, Nagaland).

The Mokokchung district, located in central-northeast Nagaland,
predominantly features a plateau and hilly terrain, with coal deposits found along the
Changkikong/Tsurangkong ranges and adjacent ranges. The rivers in Mokokchung
district flow through the coal-bearing hills, with recent investigations indicating
unorganized small-scale mining activities in the Changkikong/Changkikong—
Tsurangkong ranges. The findings indicated a low pH alongside elevated metal
concentrations in areas downstream of mining activities (Vadeo et al., 2023).

Changki or Changkikong refers to certain village areas or blocks in
Mangkolemba sub-division of Mokokchung district. Changki Coal Blocks A and B
are designated as specific exploration blocks in the Government exploration reports
and Nagaland Directorate of Geology and Mining [Changki Block A: exploration
2014-2017 and Changki Block B: exploration reported 2017-2021 (Directorate of
Geology and Mining, Nagaland)]. Furthermore, as indicated by the topographic sheets
from the Survey of India cited in the official reports, the blocks are situated within the
Mokokchung sector (Directorate of Geology and Mining, Nagaland, n.d.).

Changki has experienced prolonged small-scale or rat-hole extraction by local
operators since 2000s, with an increase in intensity around the 2010s. The exploration
by government took place in phases from 2010-2014, 2014-2017 (Changki A) and
2017-2021 (Changki B) (Morung Express, 2016). Various primary field evidence for
HM contamination in Changki area has been reported by Semy and colleagues (Semy
and Singh, 2021). Prior records of Changki indicate the presence of HMs like Zn, Cd,
Ni and Cu in forest soil and river water around coal mines beyond permissible limit
(Semy and Singh, 2021a; Semy and Singh, 2021b). Due to its proximity to several

natural springs and fresh water streams, and heavy precipitation during the rainy
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season, the coal mine around the Changki are highly vulnerable to naturally occurring
acid mine drainage (NOAMD). There is a close relationship between acid mine
drainage (AMD) and HM pollution, which might be occurring in Changki. According
to the previous scientific investigations, NOAMD frequently contains hazardous HMs
like As, which increases the likelihood of arsenic pollution in the Changki area
(Morgante et al., 2015). The oxidation of sulfur-rich minerals due to mining generally
releases sulfuric acid, which lowers the pH of drainage water and increases the
mobility of metalloids or trace metals from rocks into dissolved form. One possible
geochemical mechanism connecting Changki coal mining to HM contamination in
AMD areas is the enhanced downstream transfer of dissolved metal ions caused by
this low pH (Kumar et al., 2024). Numerous regional and local studies have recorded
AMD in rivers originating from the Changki, Tsurangkong, and Changkikong ranges
(Semy and Singh, 2021b). Vadeo et al. (2023) observed that the spread of AMD from
mine tailings and the absence of adequate mitigating measures led in downstream
contamination of the Tzuong/Tsurang river system. Acidification, mining-related
landslides, and subsequent waterway contamination have been published by Morung
Express, a popular daily newspaper, at Changki (Morung Express, 2016). Hence,
occurrence or deposition of those HMs which are frequently associated with coal
mining will be maximum in the NOAMD effected areas. Further, HMs get dispersed
and contaminated the surrounding environment around point source to a greater extent
by means of runoff after heavy rain (Moghadam and Azadmehr, 2025) together with
NOMAD (Anekwe and Isa, 2023).

Severely HM contaminated environments are known to habitat of several
unique species of bacteria where they not only thrive and multiply but play a
significant ecological role in their biotic community (Filali et al., 2000; Tatung and
Deb, 2024; Abbas et al., 2025; Iimaa et al., 2025). Such bacterial species have
persistently evolved in response to HM exposure, thereby attaining resistance through
various mechanisms viz. through the regulation of metal resistance systems (Diba et
al., 2021), extracellular metal sequestration (Voica et al., 2016), biosorption (Sevak et
al., 2021), reduction of HM ions (Ukkund et al., 2021), morphological alterations
(Mathivanan et al., 2021b), etc. With reference to the background information, in the

present study soil samples were collected from both upside and downside of the coal
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mines that covers the NOMAD areas, with the goal to screen and isolate indigenous
HM metal resistance bacterial species inhabiting around mines of Changki hill.
Further, limited research investigation on the soil microflora has been carried out so
far in this region. Most of the available information are confined to the assessment of
soil (Semy and Singh, 2021a) or water (Semy and Singh, 2021b; Vadeo et al., 2023)
quality, however availability of previously published data on the microbiota are scarce.
Recently, HM resistant rhizobacteria that may demonstrate resistance against Cu, Cr,
Zn, Cd, Ni, Sb, and As were reported from coal mining area of Changki in a study
conducted by Tatung and Deb (2024). A study conducted by Semy and Singh (2021a)
reported the presence of Zn and Cd HMs beyond the standard limits in forest soil
around coal mines of Changki.

5.2. Physico-chemical characteristics of the collected soil samples

The pH values of the collected soil samples were in the range of 5.2-5.6
indicating slightly acidic soil. The reason behind this could be attributed to the dead
decaying biomass specially leaf litter which produces organic acids through
decomposition process along with leaching of base cations by rain water or percolating
water or due to long term pedogenesis of acidic bedrock (Motavalli et al., 1995;
Jobbagy and Jackson, 2003; Zhang et al., 2025).

Moreover, EC of the collected soil samples was present in the range of 2.4-5.7
mS, indicating moderate (Site 4-6) to high salinity (Site 1-3). The high salinity in Site
1-3 could be attributed to the inflow of groundwater or evaporation (Li et al., 2021).

The available total N was found to be in the range of 52.5-184.4 kg/acre,
indicating moderate to high N levels. P and K was found to be in low concentrations
possibly due to active leaching or turnover by fresh water streams (Mendes et al., 2016;
Gillespie et al., 2018; Krieg et al., 2021).

Furthermore, the soil moisture was found in the range of 19.4-22.1%,
indicating moderate soil moisture levels as present in forest areas, suitable for
microbial growth and decomposition of organic matter (Adams et al., 2019). The TOC
was also present in the range of 1.1-2.3% indicating low to moderate levels for soil
and microbial growth (Parvez et al., 2025).

The presence of As, Cd and Pb in the soil samples may be attributed to the

human agricultural practices involving fertilizers, mine tailings (Vadeo et al., 2023) or
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due to the whethering of parent rocks from where they have originated (Wuana and
Okieimen, 2011; Lukaszek-Chmielewska et al., 2025). Furthermore, the organic acids
by leaf litter can result in decreased soil pH, in turn increasing exchangeable cations
and increased HMs in the soil with due time (Zhang et al., 2024). Previous studies have
reported the contamination of soil and water with As and Cd HM by coal mine
activities in Changki Hills of Mokokchung district (Semy and Singh, 2021a; Tatung
and Deb, 2024).

5.3. Isolation, identification and screening of potential As-resistant bacteria

5.3.1. Isolation and identification of As-resistant bacteria

Finding bacterial species that are resistant to toxic HM ions specifically to As
was the key objective of the present study. A total of ten bacterial isolates were
obtained from the different soil samples using the enrichment culture technique where
culture medium was supplemented with NaAsO: and Na3AsOs salts. During the
process of isolation and screening, the enrichment culture method facilitates the
growth and multiplication of targeted microorganisms that possess the desired traits,
hence increasing the population of target species. Identifying organisms based on the
distinct metabolic abilities or adaptive features against certain toxic substance is a
straightforward approach to discovering new species (Gupta, 2023). In addition, the
enrichment culture method was performed not only to generate a population of bacteria
resistant to HMs, but also to eliminate the auxotroph (Roncero, 1984).

Through the combination of ribotyping techniques and routine biochemical
testing, the selected potential bacterial isolate AS3 and AS4 was identified as different
strains of Lysinibacillus species. Further, isolate AS11 was identified through whole
genome sequencing technique and found to be of Staphylococcus equorum species.
The bacterial strain AS3 was found to be 94% identical to Lysinibacillus sp. strain R2-
3-2 (Accession ID: MN696519) that had previously reported by Qianwen in 2019
(NCBI, 2019). The strain AS4 was found to be 90% identical to Lysinibacillus sp.
strain AS3 (Accession ID: 0Q202230), which was previously reported by Gogoi et al.
(2025) and 75% similar to Lysinibacillus sp. L1 (Accession ID: JX402789.1) which
was isolated by Vinod Shinde in 2012 (NCBI, 2012). The strain AS11 was found to
be having almost 92% phylogenetic similarity with Staphylococcus equorum subsp.

equorum Mu2 (Accession ID: CAJL00000000.1) which was previously reported by
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Irlinger and colleagues, isolated from a French smear-ripened cheese (Irlinger et al.,
2012).

As per our knowledge the present study reports on the first instance of
Lysinibacillus species from North-Eastern India and Nagaland that exhibit great
tolerance against HMs including As, Cd, and Pb ions. Several bacteria from the
Lysinibacillus genus have been documented to exhibit resistance to HMs, including
As, such as Lysinibacillus strain B1-CDA (Rahman et al., 2014), Lysinibacillus spp.
DMABS5 (Mandal et al., 2022), and L. boronitolerans P2I1Ib (Aguilar et al., 2020).
Moreover, Lysinibacillus species including L. fusiformis L13 (Ma et al., 2023) and L.
varians strain KUBM17 reported to exhibit resistance towards Cd>" ions (Pal and
Sengupta, 2019). In addition, L. varians strain KUBM17 also reported to exhibit
resistance to Pb>* HM ions (Pal and Sengupta, 2019).

Genus Staphylococcus also reported to exhibit the capacity to tolerate a number
of HMs. Pradel et al. (2013) reported a Cr resistant S. equorum with a MIC 750 mM
for Cr(VI) isolated from contaminated marine sediment. Rahman et al. (2019) reported
a Pb?>" HM resistant strain of S. hominis AMB-2 from Mandoli industrial area, Delhi,
India exhibiting the biosorption potential of Cd*" and Pb?>" HM ions. S. equorum and
S. warneri isolated from saffron soils of Kashmir have been reported to exhibit
tolerance against Pb?>* and could sequestrate Pb>* HM ions at varying MIC (Ugab et
al., 2020). S. equorum PU1 isolated from Pu-erh rhizosphere soil reported to be exhibit
high Cd?** tolerance with a MIC of 500 mg/L (Chen et al., 2023).

5.3.2. Screening of potential As-resistant bacterial strain

The capacity to the bacterium to proliferate at elevated concentrations of HM
was utilized to ascertain its tolerance threshold to a particular HM in the medium and
was also confirmed by measuring the bacterium's growth on the resulting higher
concentration. The capacity of strains to proliferate in severely HM-contaminated
liquid media indicates that they could flourish in substantially HM-polluted aquatic
settings, such as sewage channels or industrial effluents (Nnaji et al., 2024).
Piotrowska-Seget et al. (2005) mentioned that as the concentration of HMs in the
natural habitats grows, the prevalence of tolerant bacteria in metal-contaminated

environments escalates.
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The MIC values of AS3, AS4 and ASI11 bacterial strains against the tested
HMs were determined using LB broth. LB broth has been recommended by several
researcher due to its instantaneous preparation, convenience of repeatability,
affordability, and suitability for several HM assays (Hasselmann, 2003; Wiegand et
al., 2008; Agarwal et al., 2020). The MIC values recorded in the present study, as
presented in Tables 18, exceeded than those reported by previous researchers.
Typically, elevated levels of HMs correlate with diminished bacterial proliferation,
mostly due to compromised membrane functions and binding of metal ions to surfaces.
Nevertheless, HM-resistant strains typically endure harsh HM-rich environment by
means of various intrinsic mechanisms viz. synthesis of EPS, presence of efflux and
transporter proteins, metal adsorption on cellular envelopes, methylation, reduction to
less toxic forms, existence of multiple HM resistance genes and operons, and by
several other additional pathways (Haferburg and Kothe, 2010; Gogoi et al., 2023).

Furthermore, all the three strains exhibited higher MIC values for arsenate ions
compared to arsenite which suggests its lesser toxicity. These findings are quite
consistent with those other reports which are presented in the Table 42. According to
Abbas et al. (2014), such observation could be explained based on the greater solubility
of metal arsenite relative to metal arsenate. Moreover, the selected bacterial strains
also exhibited their efficiency to tolerate Pb?>" and Cd** ions with high MTC values
compared to previous reports (Table 43) which confirms their multi-metal resistance
capacity. Thus, signifying the prospect of employing the selected bacterial strains for
the bioremediation.
Table 42. Previously reported MICs of bacteria against As>" and As** HM ions

S1 Bacterial strains MIC MIC  Typeof Reference

No. against against  media

arsenate arsenite

ions ions
1. Serratia marcescens KG1D 2500 500  Minimal Roy etal.
pug/mL ug/mL salts (2024)

2. Alcaligenes faecalis PF14 1.8 mg/mL 0.6 medium
mg/mL  (MSM)
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3.  Alcaligenes faecalis MNZ1

4. Klebsiella pneumoniae
MNZ4

5. Klebsiella pneumoniae
MNZ6

6.  Sporosarcina luteola M10

7. Serratia marcescens TSU1

8. Bacillus cereus TSU3

9. Microbacterium

paraoxydans DSM 15019

10. Lysinibacillus sp.

70 mg/mL

52.15
mg/mL

31.20-
156.00
mg/mL
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300 Acetate  Abbas et
mg/mL  minimal al. (2014)
300 medium
mg/L broth
370
mg/L
1.3 Minimal Salam et al.
mg/mL  medium (2020)
broth
120 Nutrient Tatung and
mg/mL agar  Deb (2024)
840
mg/mL
4.80 Luria Mandal et
mg/mL  Bertani  al. (2024)
agar
1.95- Basal  Pandey and
3.90 Salt Keshavkant
mg/mL  Medium (2019)
(BSM)

Table 43. Previously reported MICs of bacteria against Pb?>" and Cd** ions

S1 Bacterial strains MIC MIC Type of  Reference
No. against  against media
Pb (1) Cd (I
ions ions
1. Lysinibacillus fusiformis _ 100 Luria Ma et al.
L13 mg/L Bertani (2023)
broth
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2. Lysinibacillus varians 0.45 0.15 Nutrient Pal and
strain KUBM17 mg/mL  mg/mL agar Sengupta
(2019)
3. Lysinibacillus sp. GY3 0.625 _ Luria Lietal.
mg/mL Bertani (2021)
broth
4.  Lysinibacillus fusiformis 0.7 _ Nutrient ~ Agarwala
strain P6 mg/mL broth et al.
(2024)
5. Staphylococcus equorum B 0.5 B Chen et al.
PU1 mg/mL (2023)
6. Staphylococcus equorum 0.7 _ Mueller  Nazir et al.
mg/mL Hinton (2020)
Broth
7. Staphylococcus hominis 3.5 mg/L 0.04 Luria Rahman et
strain AMB-2 mg/L Bertani al. (2019)
agar

5.4. Growth kinetics

Based on the findings, it was clear that metallic stress developed on the selected
bacterial strain when grown along the tested HMs and the same could be simply seen
in their growth curves patterns. However, growth behaviour of each bacterial strain on
different HMs i.e. As, As, Cd, and Pb are quite distinct from one another. Even notable
variations in the growth pattern among the bacterial strains with HM were also
observed. In the presence of HMs, bacterial strains showed prolonged lag phase. For
instance, AS3 and AS11 strain took over twelve hours to adjust to the stress in the
presence of As>* HM ions. According to Cristani et al. (2012), extended lag phase is
mostly due to physico-chemical interaction that occurs between the bacterial cells and
the metals, a lengthy process that occurred when bacteria multiplies in the presence of
metals. Unambiguously, the extended lag phase and late exponential phase of the
growth curve shows that the strains were under metallic stress or deliberately starts to

oxidize As** as a defensive mechanism (Bachate et al., 2012; Bertrand, 2019).
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Additionally, studies also reveal that As damages the bacterial cell wall, causing the
bacteria to respond towards As stress with an extended lag phase during which cells
strive to adjust to their new surroundings (Abbas et al., 2014). However, growth
pattern in the presence of As>" ions in certain strains was comparable with that of the
control, suggesting that the bacteria were not under much stress.

Moreover, prior research indicates that bacteria exposed to Cd can also exhibit
a longer lag phase. The rapid growth that occurs after 10—-12 h may be explained by
the acclimatization process, which activates detoxification mechanisms that include
efflux pumps, sequestration, or the process of repairing damaged biomolecules that
used to occur before the initiation of normal division (Roberts, 1983; Nnaji et al.,
2024). It has been reported that HM causes cell damage when a bacterium is introduced
into a fresh culture that contains them. Under such condition, bacterium utilize more
of its energy to repair the cellular damage and adjust its enzymatic route to the altered
environment (Gikas et al., 2009). Furthermore, in the presence of Pb>" HM ions, the
early exponential phase may indicate the initiation of lead-binding protein synthesis
(Pal and Sengupta 2019), or the activation of the metal efflux pump (Shaw and Dussan,
2018), that allows the bacteria to initially resist the deleterious effects of Pb ions. In
addition, the recurrence of exponential phase demonstrated that the strains had fully
recovered from the stress and was able to proliferate, which was a clear sign of its great

tolerance to the exposed metallic treatments (Neidhardt et al., 1990; Koch, 1997).

5.5. Antibiotic susceptibility and MAR index

Among the tested 14 different antibiotics, all the strains were sensitive to
chloramphenicol (30 mcg), ciprofloxacin (5 mcg), clarithromycin (15 mcg) and
amoxicillin (10 mcg), which are belonged to broad spectrum antibiotics. However, the
strains were found to be resistant against two broad spectrums i.e. tetracycline (30
mcg) and ampicillin (10 mcg) and one narrow spectrum antibiotics i.e. penicillin (0.6
mcg). In addition, strain AS3 showed further resistance against few other broad-
spectrum antibiotics viz. streptomycin (10 mcg), cephalexin (30 mcg) and
azithromycin (15 mcg) while sensitive to two broad spectrum antibiotics viz.
norfloxacin (10 mcg) and erythromycin (15 mcg). Likewise, strain AS4 was further

found to be resistant against three broad spectrum antibiotics viz. kanamycin (5 mcg),
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norfloxacin (10 mcg) and erythromycin (15 mcg) and sensitive to three other broad-
spectrum antibiotics i.e. streptomycin (10 mcg), cephalexin (30 mcg) and azithromycin
(15 mcg). Additionally, strain AS11 showed further resistance against three major
broad-spectrum antibiotics i.e. cephalexin (30 mcg), azithromycin (15 mcg) and
erythromycin (15 mcg). In general the resistance exhibited by a bacterium against an
antibiotic indicates its adaptive capability (Motta et al., 2015) to survive and grow in
the presence of that antibiotic and is attained by inheriting certain mechanisms such as
producing enzymes (Coculescu, 2009), presence of certain efflux pumps (Schindler
and Kaatz, 2016), altered targets (Walsh, 2000) and certain changes in the membrane
permeability (Nikaido, 2001).

The present study employed environmental samples taken from the immediate
vicinity of an open coal mine located in the rugged landscape of Changki. This location
is inhabited by a substantial number of human populations near the top of the hill.
Hence, it is apparent that the pharmaceutical antimicrobial medications can be spread
from human-populated places to lower sections of hills by the washing of sewage
water via rainwater runoff or natural waterways (Pan et al., 2023). According to Spain
and Alm (2003), microorganisms that are both tolerant of metals and resistant to
antibiotics seem to have been selected for resistance traits at the same time when they
were exposed to metal-contaminated environments. Sabry et al. (1997), Ramteke
(1997), Hassen et al. (1998), and Soltan (2001) have documented that isolates from
environmental sources that can tolerate metals also exhibit resistance to a broad range
of antibiotics, indicating a possible connection between HM tolerance and antibiotic
resistance. A recent study conducted by Chen et al. (2019) demonstrated that bacteria
in ecosystems polluted with HMs can develop resistance to both HMs and antibiotics
concurrently. This phenomenon has also been observed in habitats affected with other
types of pollutants (Cen et al., 2020). These studies clearly rationalize the necessity of
avoiding the build-up of toxic metals in the soil and water bodies.

Metal-tolerant bacteria have developed several methods to resist and eliminate
metals (Ledrich et al., 2005). The pathways associated with HM resistance are encoded
in the chromosomal DNA or, more commonly, in plasmids of varying sizes that have
the ability to be transferred to other bacteria by conjugation. These plasmids carry

genes that confer resistance to metals (Piotrowska-Seget et al., 2005). At molecular
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level, previous studies have proven a connection between exposure to HMs and the
development of antibiotic resistance. This occurs through various mechanisms,
including co-resistance (where different resistance factors are present on the same gene
elements), cross-resistance (where genes encode resistance to both HMs and
antibiotics), and shared regulatory responses to trace elements of environmental
concern and antibiotic exposure. One example of a shared response is the induction of
biofilm formation (Baker-Austin et al., 2006). The simultaneous occurrence of HMs
and antibiotic resistance is a potentially significant health issue that affects both human
and animal well-being. This might also impose economic hardships on the livestock
industry (Spain and Alm, 2003; Al Salah et al., 2022). Furthermore, HM pollution is a
persistent, pervasive, and resistant selection pressure that has therapeutic and
environmental significance and may aid in continuing to spread and maintain of
antibiotic resistance elements. Hence, a further detailed study is necessary to better
understand the precise mechanisms that regulate antibiotic resistance.
5.6. Biofilm production by the bacterial strains

The analysis revealed a significant variation in biofilm formation across the
strains. Further, findings indicate substantial strain-to-strain variation in biofilm
forming ability, highlighting their differential potential in stress adaptation and
bioremediation. Within active bacterial biofilms, it has been reported that both
biosorption and bioaccumulation processes occur concurrently (Kumar et al., 2007).
By employing the biofilm as a protective coating, bacterial cells may proliferate
effectively in a variety of HM-stressed environments. EPS provides the protective
layer of the biofilm and improves the immobilization and subsequent sequestration of
the HMs (Ianeva, 2009; Priyadarshanee and Das, 2021). By means of electrostatic
attraction, the positively charged cations readily adsorb on the negatively charged
functional groups of the biofilm from the surrounding environment. Gupta and Diwan
(2017) studied and verified such electrostatic interactions and identified a variety of
biofilm producing bacterial strains that could be use as adsorbents for various HMs.
Apart from the removal of HMs from the environment, biofilm have also been valued
for a number of other bacterial-dominated processes (Balan et al., 2021; Haque et al.,
2021).When exposed to As, Pavez et al. (2023) observed that Exiguobacterium strains,

a Gram-positive HM resistant bacterium isolated from a highly As-contaminated
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environment in Chile, formed biofilms more readily. This study suggests that biofilm
plays arole in the bacterium's resistance to As. Teitzel and Parsek (2003) and Koechler
et al. (2015) reported that bacteria in biofilms are 2-600 times more resistant to HMs
than individual cells. According to Chien et al. (2013), Pseudomonas spp. forms
biofilms and could thrive in medium polluted with Cd at concentrations of 2 nM.
Teitzel and Parsek (2003) noted that biofilm generated by P. aeruginosa offered
resistance against Pb, Zn, and Cu ions. According to Nocelli et al. (2016) strain
Sinorhizobium meliloti was capable of generating biofilm to withstand a variety of
substantially elevated levels of As and Hg elements. Gruji¢ et al. (2017) found that the
biofilm of Rhodotorula mucilaginosa increased the effectiveness of metal removal
from 91.71 to 95.35 %. According to Van Houdt and Michiels (2010), interactions
among bacterial cells, substrates, and the environment are generally necessary for the
development of bacterial biofilms. Active biofilms have been shown to be successful
in removing HMs from both actual industrial and municipal effluents (Gadd, 2009;
Kotrba et al., 2011). Moreover, under the stress of HMs, plants grew more when
biofilm-forming microorganisms were present (Sharma, 2022).
5.7. Siderophore production by the bacterial strains

Siderophore often facilitate the transform iron that is attached to proteins or
water-soluble substances into a form that bacteria may access (Timofeeva et al., 2022).
Primarily, siderophore acts as a chelating agent for metals, producing soluble
metallophores that can solubilize and mobilize metals from the soil (Gaonkar and
Bhosle, 2013; Gomes et al., 2024). The finding reveals a significant heterogeneity in
siderophore production among the selected strains, underscoring their distinct
capabilities in stress tolerance and bioremediation. In the present study, the increase in
siderophore production in the presence of As®>" and As>" ions can be attributed to the
high resistance of the bacterial strain to As. These findings are consistent with previous
investigations that have shown a correlation between siderophore production and
increased arsenic resistance (Drewniak et al., 2008; Ghosh et al., 2015). The reduced
production of siderophore in the presence of Pb and Cd HM ions may be attributed to
the abiotic stress caused by these ions. This observation is in accordance with a study
conducted by Gaonkar and Bhosle (2013), that similarly observed a decrease in

siderophore production in the presence of Pb and Cd HM ions. Bacteria have been
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seen to synthesize siderophores, which aid in the remediation of HM contaminated
environments through many mechanisms, including enhancing the bioavailability of
HMs and metalloids (Gaonkar and Bhosle, 2013; Roskova et al., 2022). The presence
of microorganisms that produce siderophores has often been associated with the
bioremediation of HM ions and was established by AAS analysis in a study conducted
by Sarvepalli et al. (2023). Previous studies point out that HM ions can attach to
siderophores, such as those found in Pseudomonas azotoformans, which are capable
of binding As (Retamal et al., 2018). Naik and Dubey (2011) demonstrated the
effectiveness of the siderophore generating strain P. aeruginosa 4EA in the
remediation of Pb, Cd, and Zn. Sheng et al. (2008) conducted a study that identified
two strains, Microbacterium spp. G16 and P. fluorescens G10, which have the ability
to produce siderophores and may be used to remediate Pb. The work conducted by
Dimkpa et al. (2008; 2009) and Retamal et al. (2018) demonstrated that siderophores
from Streptomyces acidiscabies and S. tendae has the capacity to bind Cd and Ni,
making them suitable for bioremediation purposes.

Additionally, siderophore can reduce the toxicity of HMs, serve as protective
agents for plants against microbial pathogens, and stimulate the synthesis of indole-3-
acetic acid (IAA) in the presence of HMs to promote plant growth (Rajkumar et al.,
2010). A meta-analysis study done by Zhang et al. (2023) found that siderophore-
producing bacteria had a stimulating impact on both plant growth and germination rate
in a mixed-effect model.

5.8. EPS production by the selected bacterial strains

The study evaluated the effect of HMs on EPS generated by the AS3, AS4 and
AS11 strains, taking into account their biological and agronomic importance. Results
demonstrate considerable variability in EPS production among strains, underscoring
their distinct capabilities in stress tolerance and bioremediation abilities. Selected
bacterial strains demonstrate a notable production of EPS (dry weight of EPS) in
absence of HMs, however the concentration of carbohydrate in the EPS was enhanced
when exposed to HM ions such as Pb%*, As’", As**, and Cd*". Pb?>" HM ions showed
an enrichment of carbohydrate concentration of 47.32 % and 51.36 % in the EPS
produced by AS3 and AS4 strains, respectively relative to untreated controls.

Likewise, As** HM ions exhibited an enhancement of 58.3 % in carbohydrate content
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in the EPS of AS11 strain compared to the untreated control. The other HMs also
showed similar enhancements in carbohydrate content in all the strains.

The observed stimulating effect on EPS production by As is coincidence with
the previous reports of Tournay et al. (2023), where they reported an enhancement in
EPS production by Rahnella laticis PD12R, an endophytic bacterium, in response to
As’" and As*" exposure. Additionally, it was observed that Cd*" had the lesser
stimulating effect on carbohydrate generation activity in the strains. EPS function as
the initial barrier across the microbial cell and its surrounding environment; it is
believed that metal stress circumstances would stimulate bacterial EPS synthesis to
inhibit metals from interacting with essential cellular components (Sheng et al., 2005).
Poli et al. (2011) reported that bacterial EPS synthesis serves as a shield for survival
in harsh environments, notably during HM poisoning. Zeng et al. (2020) showed that
toxic Cd*", Cr*", and Cu?' ions induced the release of EPS in Bacillus spp. S3,
markedly improving the adsorption and detoxifying efficacy of HMs. When present in
excessive quantity, the metal ions penetrate the cells where their toxicity can be
prevented by intracellular complexing or reduction to a less hazardous oxidation state
(Nies, 1999). Mathivanan et al. (2021a) found that the production of EPS by B. cereus
KMS3-1 strain augmented under metallic stress that confers increased thickness and
rigidity to the bacterial cell enabling it to withstand the damage caused by metals. The
strain transforming the absorbed toxic metal ions, specifically Cd**, Cu?*, and Pb**,
into less soluble and less toxic sulfides or oxides, such as CdS, CuS, and PbO,
respectively, suggesting a role of EPS in the detoxification process.

The primary components of EPSs released by bacteria include polysaccharides,
proteins, and nucleic acids. The EPS matrix contains negatively charged functional
groups like carboxyl, hydroxyl, sulphate, phosphate, and amine groups. Therefore,
chelating metal cations and avoiding direct cell-to-toxic metal contact are made
possible by the total negative charge of bacterial EPS (Sheng et al., 2010; Wu et al.,
2019). The role of EPS, which has negatively charged functional groups in addition to
the proton-active sulfthydryl groups, was emphasized by Kenney and Fein (2011) in
relation to the development of Cd binding and metal absorption onto bacterial cell
walls. According to Bravo and Braissant (2022) the electrostatic interaction between

Cd*"ions and negatively charged reaction sites on the bacterial cell wall or the
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generated EPS facilitate the bioadsorption of Cd?*ions by bacterial biomass. Xu et al.
(2017) documented the secretion of EPS by the Enterobacter cloacae TU strain in Cd-
supplemented culture media, noting that the generated EPS binds to Cd in both the
supernatant and on the cell surface, in addition to its intracellular accumulation.
Moreover, bacterial cell’s EPS, that comprises of polysaccharides, lipids, lipopeptides,
glycolipids, and neutral lipids, may facilitate in bioleaching since they have significant
surface activity to interact with HMs (Yang et al., 2018). Due to its binding capability,
EPS has been proposed as a viable adsorbent for metal pollutants. The binding capacity
and the specificity of metal adsorption on EPS, however, can vary depending on the
its composition (variations in side chain length, functional group arrangement, and
polymeric chain length), bacterial growth phase, as well as some external variables
including pH, temperature, adsorbent and adsorbate concentrations (Wei et al., 2016;
Bravo and Braissant, 2022). Determining the role of EPS in bacteria when exposed to
toxic metal amended condition and finding the interaction occurs between EPS and
metal ions is need to be explored. Understanding the optimal conditions for enhance
metal adsorption by EPS would assist in bringing the adsorption process into
application in a way that is more practical and profitable.
5.9. Oxidation and reduction potential of selected bacterial strains

Silver arsenate, which is primarily expressed in the presence of As**, indicates
that bacterial strains are able to secrete the "arsenite oxidase" enzyme in the periplasm.
Due to its oxidizing capabilities, bacteria are able to detoxify As** from its highly
lethal state into a less hazardous As>" state. When bacteria have the innate capacity to
oxidize, they often use it to extract energy for growth, defence, or both. Although
individuals of several bacterial species have arsenite oxidase enzyme, it was initially
identified from the oxidant Alcaligenes faecalis (Roy et al., 2024). AgNOs also
indicates that the bacterial strains have the innate capacity to synthesize "arsenate
reductase," an enzyme in the periplasm that catalyses the reduction of As> to As** in
the presence of As>" (Poddar et al., 2021). Following the transformation of As>* to
As’", arsenate reductase enzyme aids in the extrusion of As** from the cell. According
to earlier reports of Gladysheva et al. (1994) and Del Giudice et al. (2013), arsenate
reductase has been found to be identified in Saccharomyces cerevisiae, Escherichia

coli, E. coli R7773, and Thermus thermophilus HB27.
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5.10. SEM-EDX analysis of bacterial strains

An attribute common to HM-resistant bacteria is the ability to adsorb metal
ions on their surfaces, which can be established by the findings of SEM-EDX. SEM-
EDX investigation clearly establish the ability of the selected bacterial strains to adsorb
metal ions that includes As>", Pb?>", and Cd*" on their surfaces and confirming their
multi-metal resistant capability. In a study conducted by Pandey and Bhatt (2015)
obtained similar outcomes with As>" ions adsorption on bacterial surfaces. However,
in the present study As** HM ion was not detected in all the tested samples of bacterial
strains. Lack of As®" ions adsorption in the present study suggest that bacterial strains
may have evolved with other adaptation mechanism, such as the extrusion of As**
metal ions or the presence of efflux channels that allow the clearance of As** metal
ions (Gogoi et al., 2023). The alterations in surface structure clearly show an adaptive
characteristic either to adsorb more HMs ions or as a consequence of response against
hazardous metallic environment. These observations are consistent with the previous
results reported by Rani et al. (2009), Zolgharnein et al. (2010), Banerjee et al. (2011),
Shakya et al. (2012), and Pandey and Bhatt (2015).

5.11. FTIR analysis of bacterial biomass

FTIR spectroscopy is an important analytical tool in the field of biological
research that offers a detailed information about the molecular composition of
biological samples (Al-Kelani and Buthelezi, 2024). The variations in IR spectra seen
in comparison to the control are most likely caused by metal chelation, the process by
which metals bind to ligands present on the surface of bacteria. Interactions with metal
ions establish the involvement of functional groups in metal binding (Bueno et al.,
2008; Singh et al., 2016). The shifts in peak regions suggest the presence of biosorption
activity when metal ions interact with negatively charged groups on the cell wall
through a variety of mechanisms, such as electrostatic interactions, van der Waals
forces, and covalent bonds.

With the exception of the Cd?* treatment, peak shifting to higher wavenumbers
in the IR spectrum was seen in AS3 strain, possibly due to the conjugation effect. (Dai
et al., 2023). Such changes were seen in samples treated with As, which suggest that

the AS3 strain metabolized As (Watanabe and Hirano, 2013). Peak shifting to a higher
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wavenumber in the Pb-treated samples of the AS4 strain was the same as that of the
AS3 strain, which may be because of a similar conjugation effect. However, for As>*
and As** peak values were shifted to lower wavenumbers and for Cd** treated samples
no such prominent peak was observed in the mentioned range. No discernible variation
in the wavenumber has been noted in AS11 strain.

When comparing AS3 treatments to the control, there was no apparent change
in the stretching variation within the 3000-2800 ¢cm™! range. However, in AS4 strain
stretching vibrations corresponding to —CHj3, —CH;, and —CH in membrane
amphiphiles along with amphiphilic lipids was absent in HMs treatment, indicating its
disintegration in presence of HMs (Shi et al., 2020; Sohlenkamp and Geiger, 2016).
No comparable change in stretching vibration was observed in the AS11 strain.

A change to higher wavenumbers in the AS3 strain peak at 1647 cm! (control)
corresponded to N-H bending and C=0 stretching vibrations (Xu et al., 2021; Usoltsev
et al., 2019; Kassem et al., 2023). Further, peak value 1546 cm!' in control that
corresponds to N-H bending or CN stretching vibration was found to shift to a lower
wavenumber in HM treatments samples except for Cd?* treatment where it was absent.
In comparison to control, the peak corresponding to N-H bending in AS4 strain
changed to higher wavenumbers in As*" and Cd?*' treatments and to lower
wavenumbers in As>* and Pb?" treatments. Further, N-H in-plane bending or the CN
stretching vibration in AS4 strain at 1546 cm' (control) was shifted in presence of
HMs (Usoltsev et al., 2019; Xu et al., 2021; Gupta et al., 2022; Kassem et al., 2023).
Peaks at 1550-1670 cm! in AS11 are absent in As’>" and Cd** HM treatments but
moved to higher wavenumbers in As>" and Pb>* HM treatments. Further, peaks at 1546
cm’! in control were shifted to lower wavenumbers in As>" and As** treated samples,
whereas it was shifted to higher wavenumbers in Pb>* and Cd** treatments. Such
variations in N-H bending, C=0O stretching and CN stretching vibration possibly
suggest the influence of HMs on the degree of protein synthesis process.

In AS3 strain peak around 1400 cm™! are indicative of capsular peptidoglycans
(Saraeva et al., 2023). Moreover, the intensification of peak to higher wavenumbers
Pb?** and Cd?*" treatments compared to control and could indicate the increased
production of peptidoglycan in the presence of HMs. However, such observation was

not notable in As>" and As’* treatments. Similarly, in AS4 strain peak around 1400
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indicates increased production in presence of all HMs but was lower in Pb>* HM ions,
which indicate possible disintegration of capsules in bacterial cells (Saraeva et al.,
2023). Further, similar increase in the capsular peptidoglycans, in presence of all HMs
was observed in AS11 strains.

As compared to control, Pb, and Cd treatments, AS3 strain showed many peaks
about 1236-1240 cm’!, which correspond to P=O asymmetric vibrations. However,
AS** and AS** treatments did not show these vibrations. Only the control showed P=0O
asymmetric vibrations in AS4 strain, whereas none of the HMs treatments showed
them. These peaks are often related with phosphodiester, phospholipids,
lipopolysaccharide, nucleic acids, and ribose molecules and are associated with the
production of bacterial membranes, nucleoid, and ribosomes (Parikh and Chorover,
2006; Quiles et al., 2010). Additionally, both control and HMs treated AS4 strain
showed peaks around 1305 cm™! which corresponds to phospholipids and RNA in the
bacterial cell (Maity et al., 2013). The presence of As’>" HM ions in the AS11 strain
peaks around 1200-1305 cm™! decreased slightly, while As>* and Cd?** treatments did
not appear, probably as a result of stress. However, peaks got enhanced in presence of
Pb?" HM ions, possibly indicating less stress imposed on the bacterial cells.

Glycosidic bond vibrations of cellulose are represented by the peaks in AS3
about 1000-1200 cm™!, which were seen in both the control and HMs-treated AS3 and
AS4 strains (Makarem et al., 2019; Atykyan et al., 2020). Moreover, it was unchanged
in Pb treatment in AS3 strain. These peaks were found to be higher in all of the HMs
that were tested for AS11, indicating active interactions with HM.

The ribose skelet (ARN), which is linked to the synthesis of ribosomes (Quiles
et al., 2010), was identified in peaks around 993 ¢cm' in AS3 strains under control,
Pb?" and Cd** treatments, but not in AS™ and AS™ treatments. In AS4 strain peaks
around 993 ¢cm™! were observed in all HMs treatments but not notable in AS11 strain.

Further, peaks around 730-930 ¢cm! in AS3 and AS4 strains indicate the
presence of active As-O bending vibrations (Fan and Zhang, 2019) in presence of As>*
and As** HM ions. However, such peaks were not notable in the treated AS11 strains.
Peaks around 515-690 cm’! in the treated AS3 and AS4 strains may be the result of
C—Br stretching, which mostly originates from KBr utilized in FTIR analysis.

5.12. TEM-EDX analysis of bacterial strains
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The appearance of As in the EDX spectra of the control samples for both AS3
and AS4 strains might be because of delayed efflux mechanisms, residual stored As,
or inherent As that both bacterial strains had previously absorbed from the
environment (Muller et al., 2007). Moreover, the appearance of As in all HM treated
strains indicate bioaccumulation of intracellular As®* HM ions. The intracellular
uptake of As has been observed in a number of bacteria such as Bacillus subtilis
(Vishnoi et al.,, 2015), Paenibacillus macerans (Vishnoi et al.,, 2015) and
Exiguobacterium spp. (Pandey and Bhatt, 2015). Moreover, Pb*" and Cd**
accumulation have also been reported in bacterial strains such as Staphylococcus
epidermidis AS-1 (Kumar et al., 2024), Cupriavidus metallidurans CH34 (Hajdu and
Slaveykova, 2012) and Pseudomonas aeruginosa strain DR7 (Zhang et al., 2024). This
accumulation of HMs by bacterial strains is a part of their detoxification mechanisms
which commonly takes place during the conversion of highly toxic forms to a less
toxic form via inherent mechanisms possessed by the As-resistant bacterial strains
(Gogoi et al., 2023).

The presence of Pb and Cd HM ions in the TEM-EDX study of both AS3 and
AS4 signifies their intracellular bioaccumulation. Numerous studies have documented
intracellular bioaccumulation by bacterial strains, including Lactobacillus plantarum
MF042018, which demonstrates bioaccumulation of Cd and Pb for bioremediation
(Ameen et al., 2020); Exiguobacterium sp., Klebsiella variicola sp., and Enterobacter
sp., which exhibit biosorption of Cd HM ions (Feria-Caceres et al., 2022).
Furthermore, findings from Lysinibacillus and Staphylococcus species demonstrate the
bioaccumulation of Cd, specifically Lysinibacillus boronitolerans QD4 (Gu et al.,
2025); Cd and Pb HM ions by Staphylococcus epidermidis AS-1 (Kumar et al., 2024);
and Cd HM ions by Staphylococcus devriesei MS (Shabaan et al., 2025). Thus, the
accumulation of HMs in the selected bacterial strains indicate their potentiality as
effective bioremediators of HMs contaminated environments.

5.13. Stress enzyme activities in the bacterial strains in the presence of HMs

In general, an increase in the metal concentration is accompanied with an
inhibition of the protein synthesis (Mounaouer et al., 2014). However, in the present
study the TPC in presence of tested HMs was found to be higher in the selected

bacterial strains which might be due to the synthesis of certain proteins in response to
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HM stress viz. heat shock proteins (HSPs) (Nover, 2022) and metal-binding proteins
(MBPs) (Sharma et al., 2021). Nonetheless, the TPC observed in the presence of the
tested HMs was relatively lower for the AS11 strain, potentially due to the adverse
effects of HMs on the protein synthesis process (Mounaouer et al. 2014). The primary
antioxidant enzymes that counteract superoxide and H>O» are SOD and CAT,
respectively (Halliwell and Gutteridge, 2015). Increased levels of oxidative damage,
such as membrane lipid peroxidation, protein carbonylation, and DNA breakage, are
frequently linked to decreased SOD activity (Yang et al., 2007; Wang et al., 2018).

In AS3 strain, SOD activity in the presence of Pb(NOs)2 (0.159 £ 0.003 U/mg
protein) was lowest indicating high chances of oxidative damage which was also
evident from MDA levels in Pb(NO3)2 (0.672 + 0.019 U/mg protein), which showed
highest activity as compared to control. MDA content is regarded as a reliable marker
of cellular stress and damage. Elevated generation of MDA in bacterial cells in
presence of HM reflects the degree of membrane damage (Zhang et al., 2022). Further
lower SOD activity was also seen in the presence of CdCl; and NaAsO; confirming
the development of oxidative stress in AS3 strain

The production of CAT was relatively lesser in the presence of NasAsO4 and
Pb(NOs): compare to control, suggesting development of inconsequential stress in
AS3 strain. However, in the presence of NaAsO; and CdCl, content of CAT in AS3
strain was significantly higher compared to control which suggests that the enzyme
was well protected and preserves its functional activity in the presence of these metals
(Lima e Silva et al., 2012). This protection is important because in the absence of this
enzyme H>0O> accumulates and may become lethal to bacteria. Higher activity of CAT
in the presence of NaAsO: and CdCl. indicates their defence mechanism against the
reactive oxygen species. An adaptive antioxidant response to counteract the higher
H>O: level could possibly be the cause of such elevated CAT activity (Behera et al.,
2014). The results are in accordance with Crapart et al. (2007) and Gupta et al. (2012)
where almost all the Exiguobacterium spp., Bacillus weihenstephanensis strain 1A 1
and Exiguobacterium aestuarii strain CE1, exhibit positive catalase activity on
exposure to HMs. Wu et al. (2021) observed positive correlations between catalase
activity and HMs (Cd, Cu, Hg, Pb, and Zn) in soil bacteria, indicative of a response to

the oxidative stress induced by metals.
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GPx and GR are important Reduced glutathione (GSH)-related enzymes and
have an important role in Reduced glutathione (GSH)/ Oxidised glutathione (GSSG)
maintenance which is crucial for cellular redox status (Bianucci et al., 2012). The
increase in the activity of GPx and GR in response to metals (As, Cd and Pb) might be
probably due to the alterations in the cellular thiol redox balance as a result of decrease
in the GSH levels in the bacterial strain (Saikia, 2015). However, reduced GPx activity
in presence of NasAsOa indicates that there was optimum GSH levels in the bacterial
strain which prevented the changes in the cellular thiol redox balance, thus indicating
the bacteria was able to tolerate the high concentration of NasAsOa (62,500 ppm).

The results from MDA content indicates that HMs might have affected the lipid
peroxidation and plasma membrane permeabilization, leading to an increase in MDA
(Hassan et al., 2008). The fact that the susceptibility of fatty acids to lipid peroxidation
increases with the degree of fatty acyl chain unsaturation (Stohs and Bagchi, 1995)
indicates a possible link with our results. Furthermore, metals, such as Pb(NO:s)2, are
known to be capable of inducing free radical production and promoting oxidative stress
through their redox-cycling activity (Hassen et al., 1998). However, decrease in MDA
levels in NaAsO,, CdCl;, and NasAsO. could indicate that AS3 strain was able to
protect itself from the oxidative damage by HM ions, resulting from activation of the
antioxidant enzyme system (Ajmal et al., 2022).

In the strain AS4, the increase in TPC production indicates that the strain might
have produced certain vital proteins to tackle HM stress as discussed for AS3 strain.
Moreover, the small decrease in SOD activity in the presence of Na3AsO4 and NaAsO;
compared to the control could be attributed to the oxidative damage leading to various
damages as discussed for AS3 strain. However, Pb(NOs). and CdCl» exposure stress
caused higher SOD activity which in turn encourages a rise in the amount of defence
enzymes linked to oxidative stress (Steunou et al., 2020). Besides, the slight decrease
or similar values for CAT activity in AS4 strain suggests that the bacterium was able
to sustain the treatments and keep the integrity of the CAT enzyme in presence of the
metals. However, the decrease in CAT activity as well as increase could also be
attributed to the similar reasons as discussed for AS3 strain. Furthermore, the elevated
activity of GR and GPx enzymes could be attributed to the decline in GSH levels as

discussed for AS3 strain. However, reduced GPx activity in presence of CdCl.
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(1,562.50 ppm) might indicate that the strain was able to maintain the necessary GSH
levels to tolerate the concentration of Cd?" ions. Results indicate that, except for
NaAsO, all the other treatments imposed oxidative stress particularly by Pb(NOs). on
the AS4 strain which led to elevated activity of MDA.

In the strain AS11, the reduction of TPC in the presence of all the HMs might
be due to the retardation in protein synthesis process under stressful conditions as
discussed in AS3 strain. Due to the relatively increased oxidative damage caused by
Na3AsO4 and CdClz, might result in the decreased SOD activity. Further, increased
SOD activity in the presence of NaAsO: and Pb(NOs). might be due to the rise in
antioxidant enzymes activity under metal stress condition as a means to combat HM
ions. Likewise, in order to combat higher H2O: level, there was rise in CAT activity
particurly in Pb(NOs). while similar CAT activity with control suggests that the
functional activity of the enzyme was intact in presence of NaAsO;, CdCl,, and
NaszAsOa. This indicates that strain was resistant to the respective HM ions which was
evident from lower MDA levels compare to control. In strain AS11, the increased GR
activity against all the HMs indicates the decrease in the GSH levels as discussed for
AS3 and AS4 strain. Further, reduced GPx activity in presence of all HMs indicated
optimum GSH levels for cellular thiol redox balance, indicating the bacteria was able
to tolerate the treatments without significant damages. The decrease in MDA levels
compared to the control could be attributed to the lesser damages to the cellular
membrane except for Pb(NOs): , where MDA content was found to be the maximum.
5.14. Bioremediation potential of the selected strains

The high removal efficiencies of all the three selected strains indicate their
potential role as bioremediating agents. Till date, several species of Lysinibacillus have
been reported to exhibit resistance to HMs. For example, Lysinibacillus strain B1-
CDA, isolated from cultivated land in Chuadanga district, Bangladesh, demonstrated
50 % remediation of As>* HM ions (Rahman et al., 2014); Lysinibacillus spp. DMABS5
isolated from Asanpara village (Bhagobangola I block) of Murshidabad district,
demonstrated 32.33 %, 31.29 %, and 31.20 % bioremediation in the presence of 2 ppm,
10 ppm, and 50 ppm, respectively of As** HM ions (Mandal et al., 2022); and
Lysinibacillus boronitolerans P2I1Ib, isolated from soil of a gold mining area in

Paracatu, Brazil, demonstrated 69.38 % and 85.72 % bioremediation of As*" and As>"
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HM ions, respectively (Aguilar et al., 2020). Additionally, Lysinibacillus species have
been used for Cd bioremediation. For example, Lysinibacillus fusiformis 1.13 isolated
from farmland soil in the mining areas of Pingdu and Qingdao City, China, was able
to remediate 38 % of Cd?>* HM ions (Ma et al., 2023), and Lysinibacillus varians strain
KUBM17 demonstrated a removal of >33 % of Cd** HM ions (Pal and Sengupta,
2019). A number of Lysinibacillus species also have been reported to be able to remove
Pb?" HM ions. For example, L. varians strain KUBM17 was found to be able to remove
26 % of Pb>* HM ions (Pal and Sengupta, 2019).

Furthermore, various strains from Staphylococcus species have demonstrated
effective removal of HM ions, including Staphylococcus epidermidis AS-1, which
achieved a sequestration rate of 90.89 % for Cd and 94.8 7% for Pb (Kumar et al.,
2024). Another investigation conducted by Rahman and colleagues and demonstrated
that the Staphylococcus hominis strain AMB-2 achieved nearly 88 % removal of Pb
and 66 % removal of Cd (Rahman et al., 2019). A recent investigation revealed that
Staphylococcus equorum PUI, sourced from Pu-erh tea rhizosphere soil, can remove
nearly 58.7% of Cd (Chen et al., 2023). Results of the present investigation hence
further suggest that the selected strains are effective bioremediating agents against
As’", As’", Cd?*', and Pb>" HM ions. Additionally, because the strains contain
siderophores, EPSs, and biofilm capacity, thereby aid in the effective bioremediation
of the mentioned toxic HMs.

5.15. Ammonia production by the bacterial strains

The ability of bacterial cells to produce ammonia is a crucial plant growth
promotion (PGP) characteristic because it offers plants the required quantity of
nitrogen, a crucial macronutrient for biomass and plant growth (Fanai et al., 2024).
Additionally, more ammonia in the rhizosphere can elevate the pH of the soil,
suppressing certain phytopathogens and eventually promoting plant development
(Fanai et al., 2024). Therefore, investigating the degree of ammonification in HM-
tolerant bacteria can aid in gaining a better understanding of how certain bacterial
strains support plants in sustaining their nitrogen metabolism under a HM stress
environment (Gupta et al., 2024).

The elevated ammonia production observed in the AS3 strain, along with the

moderate levels produced by the AS4 and ASI1 strains, suggests its potential
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application as PGP by addressing nitrogen needs, thereby contributing to improved
growth in the plants. A number of studies indicate ammonia production by different
strains of Lysinibacillus which aid in HM remediation such as- Lysinibacillus
Sfusiformis 5B (Jibrin et al., 2020), Lysinibacillus fusiformis 5.1 and Lysinibacillus
xylanilyticus 4.3 (Leeprasert et al., 2022), and Lysinibacillus sp. GY3 (Li et al., 2022).
Similar kind of study was conducted by Gohil et al. (2022) where Bacillus sp. PG-8, a
HM resistant bacterial strain, was found to be enhance growth in groundnut plant
through the production of ammonia. Moreover, other species such as Azotobacter
salinestris ASM and Bradyrhizobium spp. have also been associated with enhanced
growth of plants such as tomato and chickpea with ammonia production (Khoso et al.,
2024). Nonetheless, the existing scientific literature on Lysinibacillus is relatively
sparse, particularly regarding their traits associated with PGP when compared to well-
established genera of PGP-rhizobacteria (PGPR), including Acinetobacter,
Agrobacterium, Arthobacter, Azotobacter, Azospirillum, Burkholderia,
Bradyrhizobium, Rhizobium, Frankia, Serratia, Thiobacillus, Pseudomonads, and
Bacillus (Cordero et al., 2023). In the context of Staphylococcus species, strains
including Staphylococcus pasteuri RR1 and RR2, along with Staphylococcus sp.,
exhibited ammonia production, demonstrated HM resistance, and displayed enhanced
PGP traits (Roychowdhury et al., 2017). Furthermore, urease activity has been
documented in Staphylococcus epidermidis and Staphylococcus aureus, which is
essential for the conversion of ammonia from urea (Vandecandelaere et al., 2017).
Thus, studied bacterial strains particularly AS3 followed by AS4 and AS11 have great
utility in further enhancing plant growth.
5.16. IAA production by the bacterial strains

The selected strains showed the capacity of IAA production which is an
indicator of its utility as PGP microorganism. The production of indole-acetic acid
(IAA) by bacteria in response to HM stress is frequently linked to increased root
growth branching, which enhances the capacity of plants to absorb essential nutrients
and withstand toxic HMs. For instance, IAA-producing PGPR have demonstrated a
reduction in Cr stress in Brassica juncea, accompanied by improved growth and
siderophore production (Rajkumar et al., 2005; Kangsopa et al., 2025). Furthermore,

IAA has been linked to decreased oxidative damage and an increase in antioxidant
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enzyme activity in Sorghum bicolor, leading to improved physiological performance
(Bibi et al., 2025). Bacterial strain AS3 and AS4 showed very good IAA production
while strain AS11 showed a limited IAA production. In contrast to PGP features found
in Staphylococcus aureus K1, the minimal [AA generation in Staphylococcus equorum
AS11 may be explained by a separate mechanism for HM detoxification, such as
biotransformation and antioxidant regulation in the presence of HM stress (Zeng et al.,
2020). Furthermore, there is not enough scientific literature that links Staphylococcus
strains to IAA production and stimulated plant growth, whereas several studies have
showed evidence of enhanced plant biomass and stimulated plant growth when
amended with Lysinibacillus species, for instance Lysinibacillus sphaericus ZA9
(Sahu et al., 2018). Previous reports on Lysinibacillus species such as L. fusiformis B-
CM18 showed beneficial role as PGPR in Chickpea (Cicer arietinum L.) plants (Singh
et al., 2013). In another report, L. fusiformis EI20 showed several PGPR traits in
ginseng (Panax ginseng) plant (Vendan et al., 2010).

Empirical studies have further highlighted the importance of HM tolerant
bacteria isolated from different HM contaminated areas, exhibiting increased IAA
synthesis, in presence of HMs such as As, Cd, Pb, Cu and Ni, thereby indicating IAA
production as an adaptive mechanism for survival and plant growth promotion (Carlos
et al., 2016). The present investigation thus confirmed the strains' adaptability to the
HMs by demonstrating their capacity to reduce HM stress caused by As, Cd, and Pb.

Therefore, bacterial strains particularly AS3 followed by AS4 and AS11 have
great utility in enhancing their plant growth through secretion of IAA which is a vital
hormone for plant growth and development. Findings of IAA production capacity
among the strains was found to be similar with the production of ammonia.

5.17. Phytotoxicity assay

Seed phytotoxicity tests are bioassays that are used to assess the toxicity of
chemicals, waste, or industrial effluents by analysing the germination and
development of plant seeds. This approach is often employed in ecotoxicology
research (Bae et al., 2014; Balestri et al., 2019; Luo et al., 2019; Martinez-Cruz and
Rojas-Valencia, 2024). The current study evaluated the toxicity of selected HMs on

Mung bean seeds using phytotoxicity assays. The results showed that the inclusion of
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the bacterial strains, AS3, AS4 and AS11 had a stimulating impact, whereas treatment
with HMs alone had an inhibitory effect.

The phytotoxicity assay findings showed that the highest levels of GI and GVI
were observed exclusively in the samples treated with bacterial strains. In addition, the
use of chosen HMs in conjunction with bacterial strain resulted in greater values for
both GI and GVI, in comparison to samples treated with only HMs. This suggests that
the addition of the AS3, AS4 and AS11 strains have a beneficial effect on the growth
of Mung bean seedlings. It also helps to reduce stress caused by HMs, leading to higher
values for the GI and GVI.

A number of investigations on Lysinibacillus spp. have demonstrated its
positive impact on plant growth and development. The observed stimulating effect of
Lysinibacillus spp. strain AS3 strain may be attributed to its inherent hydrolytic
enzymes, which aid in mitigating abiotic stress caused by HMs. This phenomenon was
also observed in a study where L. sphaericus ZA9, which contained hydrolytic
enzymes like cellulases, chitinases, and proteases, was able to increase the length of
shoots in Tomato and Cucumber seeds. As a result, it had a stimulating effect on seed
germination and vigour (Naureen et al., 2017). Another possible factor might be the
capacity to synthesize IAA, as seen in L. pakistanensis PCPSMR15, which promoted
the development of Mung bean plants (Lelapalli et al., 2021).

The present investigation also demonstrated the substantial contribution of
siderophores in facilitating plant growth and development. Several studies on
Lysinibacillus spp. strains that produce siderophores have reported consistent findings,
such as the finding of L. xylanilyticus strain GIC41 (Ahsan et al., 2021) and L.
sphaericus ZA9 (Naureen et al., 2017). The presence of biofilm can also upsurge the
growth of Mung bean plants by reducing the harmful effects of HMs and promoting
overall plant growth and productivity. Similar kind of findings were reported by Ahsan
et al. (2021) and Rafique et al. (2024).

Further, several strains of Staphylococcus species have also been reported to
enhance growth in seedlings affected with HM stress. In a study by Zeng et al. (2020),
the introduction of S. aureus K1 to wheat (Triticum aestivum) plants under chromium
(Cr) stress resulted in increased root and shoot growth, dry biomass, and decreased

oxidative stress in the seedlings, all of which were evidence of lessened Cr toxicity. In
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another study by Ravisankar et al. (2024), it was reported that co-cultivation of
Staphylococcus saprophyticus with Napier grass (Pennisetum purpureum) and cotton
(Gossypium sp.) in Cr contaminated soil resulted in enhanced root and shoot length as
well as biomass. Previous studies involving Lysinibacillus and Staphylococcus species
have shown enhanced growth in plants when these bacterial strains were introduced to
plants under HM stress. The current findings represent the very first evidence from
Nagaland, India, demonstrating that both bacterial species can stimulate growth in
sprouts.

5.18. Brine shrimp toxicity study

The results indicate absence of mortality of shrimp larvae when treatments of
only bacterial strain were added. Further, when bacterial strains and HMs amended
treatments were used the mortality percentage were lesser as compared to HM treated
samples. Further, highest mortality percentages were recorded for As>* HM ions,
followed by As’*, Pb*" and Cd?". This might be due to the harmful effects of HMs
which was recorded by Duan et al. (2021), where it was observed that Pb and Cd
exposure impart negative effects on the intestinal health of the shrimp, Litopenaeus
vannamei. Moreover, As-induced mortality could also be due to the toxicity imposed
by As on the brine shrimps, which was observed in a study of acute toxicity in white
shrimp, L. vannamei when exposed to As (Valentino-Alvarez et al., 2013).

Moreover, the decrease in mortality percentage in bacterial strain amended
treatment alone, or with HMs might be due to the metal detoxification mechanisms
acquired by the bacterial strains through the generation of EPS, siderophore, biofilm
or biotransformation of toxic arsenite to lesser toxic forms as evident from the results
of biofilm, siderophore, EPS as well presence of arsenite oxidase and arsenate
reductase studies. Findings of the present study are found to be consistent with the
observations of previous investigations which were reported by a number of
researchers where they have established that adding beneficial probiotic bacteria
enhanced the shrimp survival against pathogens by boosting immunity (Pooljun et al.,
2020; Wang et al., 2020; Fernandes et al., 2021). However, no studies have been
reported as from North-East India till date that showed enhanced survival of shrimps
against exposure to As, Cd and Pb when amended with HM resistant bacterial strain.

5.19. Statistical analysis
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The experiments were conducted in replicates of > 3, and found to be
significant at p<0.05 indicating that the observed results were unlikely to have
occurred by random chances. Thus, indicating that the treatments had a significant
impact on the studied variables.

The significance at p<0.05 further legitimates the findings as it reflects <5 %
probability of committing Type I error (i.e. rejecting a null hypothesis when it is
actually true), which aligns with accepted threshold for biological and experimental
research, proving meaningful differences between groups. Even though, statistical
findings support the validity of results, future studies are also pivotal for larger sample

sizes or with field conditions.
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6.1. Summary

The ongoing unsustainable levels of human exploitation of natural resources
led to the seek for alternate methods for treating wastewater tainted with HMs. The
goal of the present study was to explore indigenous bacterial species from natural
stream lines of Changki range of Nagaland, India using an in vitro setting that was
enriched with As, Cd, and Pb HM. The potential bacterial species based on the their
obtained MTC and MIC values against the selected HMs viz. As**, As>*, Cd*" and Pb**
were selected and identified as Lysinibacillus sp. AS3, Lysinibacillus sp. AS4 and
Staphylococcus equorum AS11. The bacterial strain AS3 showed to be resistant to
As’, As>*, Cd**, and Pb*" up to 1562.50 pg/mL, 125000 ug/mL, 3125 pg/mL, and
12500 pg/mL, respectively. While, AS4 showed to be resistant to As®*, As>*, Cd**,
and Pb> up to 3125 pg/mL, 15625 pg/mL, 1562.50 pg/mL, and 6250 pg/mL,
respectively. Further, AS11 showed to be resistant to As’", As>*, Cd**, and Pb>* up to
1562.50 pg/mL, 250000 pg/mL, 97.64 ug/mL, and 12500 pg/mL, respectively.
Additionally, co-selection of antibiotic resistance has also been noted in the selected
bacterial strains; which might be the outcome of the process called co-selection in the
selected strains for HM tolerance. The bacterial strains demonstrated resistance to a
number of broad and narrow spectrum antibiotics with a MAR value of 0.476, higher
than the normal value of 0.2. Further, additional research is required to clarify the
precise resistance mechanisms. The physiological profile of strains, which includes
their capacity to form biofilm, siderophore production, and EPS secretion, conferring
adaptations for their survival under stressful and unfavourable circumstances and
establish the potential adaptability to the strains in the toxic HM polluted
environments. Studies on the oxidation and reduction potential of As showed that the
strains had the ability to release the enzyme arsenite oxidase, as well as arsenate
reductase for detoxification of As HM. Interaction of As?*, As>, Cd**, and Pb*" HM
ions with bacterial strains was confirmed by SEM-EDX, TEM-EDX and FT-IR
analysis of the bacterial biomass, indicating adsorption and bioaccumulation of
respective HM ions. The expression of stress-induced enzyme that provide resistance
against HM toxicity was verified by a stress enzyme assess that includes SOD, CAT,
MDA, GPx, and GR. The strains further demonstrated significant removal potential

for As*, As>", Cd*, and Pb*" under in vitro setting, indicating its utility for
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bioremediation. An inhibitory effect was seen when HMs were used alone in the
phytotoxicity experiment on Mung seeds, however the presence of the bacterial strain
reduced the toxicity of As**, As>*, Cd**, and Pb** HM ions along with boosting plant
growth suggesting their possible application in the bioremediation of HM polluted
agricultural fields. Similar behaviour with reduced mortality on exposure to As**, As>”,
Cd?**, and Pb?>" HM ions together with bacterial strains were noted in larvicidal
experiment with brine shrimp larvae, indicating the possible application of bacterial

strains in reducing HM toxicity in aquacultures.

6.2. Future perspectives

Although the selected bacterial strains were found to be resistant to the tested
HM significantly. Most of the experiments were conducted in laboratory scale
conditions under optimum temperatures, pH, agitation, and other controlled
environment with necessary nutrients and amendments for the proper growth of the
bacterial strains. However, such conditions may not fully replicate the natural
conditions, affecting external validity. Apart from the abiotic factors, behaviour of
bacterial strains in natural habitat in the presence of other biotic and abiotic factors and
their interactions with the pre-existing microbial populations will define their
effectiveness. Capacity of the bacteria to overcome the stress caused by HM-
contaminants can be measured by different biochemical pathways that bacteria
employed which is under the control of different genes or operon systems. There are
several natural stimuli called triggering factor, that lead to the activation of genes and
their subsequent enzyme/protein driven biochemical reaction, are need to be studied
for an insight understanding. Moreover, such genetic controlled differs with the
bacterial species or strains. Additionally, certain strains may be employed for
functional gene analysis, which can assist in determining the genes and mechanisms
behind HM resistance. These investigations will contribute to better understanding
about the various operon systems that are inextricably linked to HM-resistant bacteria,
as well as their detoxification processes.

Certain metabolite viz. oxidation-reduction potential of As ions, EPS,
siderophore production, biofilm production etc. are some of the major routes through

which bacteria find a way to overcome or reduce the HM stress. However, to determine
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their environmental application viz. bioremediation, factors associated with effective
metabolite production need to be optimized. Further their ecological role in the
environment apart from HM toxicity also required to be studied for a better
understanding of their adaptive features.

Though, the association of the selected bacterial strains in the presence of test
plant species is found to be have positive interaction and was supported by a number
of PGP traits viz. IAA production, ammonia production, siderophore production,
biofilm formation etc., but the actual mechanism behind the reduced phytotoxicity in
the presence of test HMs compared to control need to be understand. Moreover, the
interaction of the selected bacteria in the field condition required to be understand in
order to determine their capacity to establish in the presence of pre-existed microflora.
Besides establishing a stable population, interaction between selected bacterial with
other commercially important crops needs to be evaluated in order to establish their
bioremediation potentiality. Further influence of the physicochemical profile of
rhizospheric environment on the selected bacterial strains required to be assessed to
validate their ability to promote plant development. Determining the traits of the
selected strain that promote plant growth and experimenting with commercially
significant crop species to determine their potential use as growth enhancers in
agricultural land effected by HMs could be another crucial component of future study.
Although removal efficiency of selected HM by the bacterial strains were found to be
significant. However, field trials experiment is critical in order to determine the
efficiency for possible bioremediation application. In a similar manner, selected
bacterial strains found to be non-toxic to brine shrimp larvae, and reduced the mortality
in the presence of HM treatments. However, the mechanisms through which bacteria
reduced the metallic stress in the larvae is need to be studied to establish their eco-
benign nature. Further, their response towards other organisms also need to be studied
to conform their ecological compatibility. Thus, future studies could pave a way to
address mentioned limitations and prove the practical applicability of selected

bacterial strains.
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APPENDIX-I

REAGENTS AND CHEMICALS USED
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A. Reagents, Solutions and Buffers

(i) Molybdate Reagent
SI. No. | Ingredient Composition per litre
1. Ammonium molybdate 10g
2. Concentrated sulphuric acid (H2SO4) | 250 mL
3. Distilled water Adjustedto 1 L

Preparation of the reagent

The molybdate reagent was prepared by dissolving 10 g of ammonium
molybdate in about 400 mL of distilled water. To this solution, 250 mL of concentrated
sulphuric acid was slowly added with constant stirring (acid to water). After cooling,
the volume was made up to 1 litre with distilled water, mixed thoroughly, and stored

in a clean reagent bottle.

(ii) EDTA (Ethylenediaminetetraacetic acid)

SI. No. | Ingredient Composition per litre

l. EDTA disodium salt (Na2EDTA-2H-0) | 186.1 g

2. Sodium hydroxide (NaOH) As required (for pH adjustment)
3. Distilled water Adjusted to 1 L

Preparation of the EDTA solution

EDTA solution was prepared by dissolving 186.1 g of disodium EDTA in about
800 mL of distilled water with continuous stirring and gentle heating. Sodium
hydroxide pellets or solution are added gradually to adjust the pH to 8.0, which
facilitates complete dissolution of EDTA. After the EDTA is fully dissolved, the

volume was made up to 1 litre with distilled water, mixed thoroughly, and sterilized.

(iii) TBE (Tris-Borate-EDTA) buffer

Sl No. | Ingredient Composition per litre
1. Tris base 10.8 g

2 Boric acid 55¢

3. EDTA (0.5 M, pH 8.0) | 2 mL

4 Distilled water Adjusted to 1 L
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Preparation of the TBE buffer

TBE buffer was prepared by dissolving 10.8 g of Tris base and 5.5 g of boric
acid in approximately 800 mL of distilled water. To this, 2 mL of 0.5 M EDTA (pH
8.0) was added and mixed thoroughly. The volume was adjusted to 1 litre with distilled

water, and the buffer was stored at room temperature for use.

(iv) Bacterial Lysis buffer for total protein extraction

SI. No. | Ingredient Final concentration (per litre)
1. Tris—HCI (pH 7.5-8.0) 50 mM

2. NaCl 150 mM

3. EDTA 1 mM

4. SDS 1 % (w/v)

5. Triton X-100 1% (v/v)

6. Protease inhibitor cocktail | As required

7. Distilled water Adjustedto 1 L

Preparation of the bacterial lysis buffer

Bacterial lysis buffer was prepared by dissolving Tris—HCI, sodium chloride,
and EDTA in about 800 mL of distilled water. SDS and Triton X-100 are then added
slowly with gentle stirring to ensure uniform mixing. After complete dissolution, the
volume was adjusted to 1 litre with distilled water. Protease inhibitor cocktail was

added freshly before use, and the buffer is stored at 4 °C.

(v) Loading buffer for gel electrophoresis

Ingredient Concentration (%) Volume for 10 mL
Bromophenol blue 0.25 0.025 ¢
Xylene cyanol FF 0.25 0.025¢g
Glycerol in water 30 3.0 mL

Preparation of bromophenol blue dye (loading dye)
Bromophenol blue loading dye was prepared by dissolving bromophenol blue
(0.25%, w/v) in a buffer containing 40 % (v/v) glycerol and 50 mM Tris—HCI (pH 7.5).

The solution was mixed thoroughly until complete dissolution and stored at 4 °C until
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use. The dye was added to samples prior to electrophoresis to increase sample density

and to monitor the progress of migration during gel running.

(vi) PCR (Polymerase Chain Reaction) master mixture

Reaction Mixture Quantity (uL)
PCR buffer (10x) 5.0 uL

dNTPs mixture 5.0 uL

Taq DNA polymerase 1.0 uL
Forward primer (20 p mol/ pL) 2.0 uL
Reverse primer (20 p mol/ pL) 2.0 uL

Sterile distilled water 31.0 uL
Template DNA (100 pg/1 pL) 2.0 uL

MgCl; (25mM) 2.0 uL

Total PCR mix volume 50.0 uL

(vii) PCR reaction scheme for 16s rRNA sequencing

Step Temperature (° C) | Duration

I (Initial denaturation) | 94 5 minutes

IT (Denaturation) 94 1 minute

IIT (Annealing) 55 1 minute

IV (Extension) 72 1 minute 30 seconds
V (Final extension) 72 7 minutes

Holding 4 o0

(viii) Phosphate-Buffered Saline (PBS, 1X)

Sl No. | Ingredient Composition per litre
1. Sodium chloride (NaCl) 8¢g

2 Potassium chloride (KCl) 02¢g

3 Disodium hydrogen phosphate (NaHPO.) | 1.44 g

4. Potassium dihydrogen phosphate (KH2PO4) | 0.24 g

5 Distilled water Adjusted to 1 L

6 pH 7.4+0.1
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Preparation of PBS

To prepare PBS, 8 g of sodium chloride was dissolved with 0.2 g of potassium
chloride, 1.44 g of disodium hydrogen phosphate, and 0.24 g of potassium dihydrogen
phosphate in about 800 mL of distilled water. The pH was adjusted to 7.4 using HCl
or NaOH if needed. Then, the volume was made up to 1 litre with distilled water and

mixed thoroughly. The solution was sterilized by autoclaving at 121 °C for 15 minutes.

(ix) Crystal violet (0.1%) solution

To prepare 0.1% crystal violet solution, 1 g of crystal violet dye was dissolved
in about 800 mL of distilled water with continuous stirring until fully dissolved. Then,
the volume was adjusted to 1 litre with distilled water and mixed thoroughly. The

solution was stored in a dark, tightly closed bottle at room temperature to prevent

photodegradation.
(x) CAS reagent
SI. | Ingredient Composition
No. per litre
1. | Chrome Azurol S (CAS) 60.5 mg
2 Ferric chloride (FeCls-6H-0) 10 mg
3. | Hexadecyltrimethylammonium bromide (HDTMA / CTAB) | 72.9 mg
4 Distilled water Adjustedto 1 L

Preparation of CAS reagent

To prepare CAS reagent, 60.5 mg of Chrome Azurol S was dissolved with 10
mg of ferric chloride in 50 mL of distilled water. In a separate container, 72.9 mg of
HDTMA (CTAB) was dissolved in 40 mL of distilled water. Slowly HDTMA solution
was mixed with the CAS—FeCls solution while stirring. The final volume was adjusted
to 100 mL with distilled water. The solution was stored in a dark bottle at room

temperature.

(xi) Preparation of 1mM silver nitrate (AgNO3) solution
To prepare 1 mM AgNOs solution, 0.1699 g of silver nitrate was dissolved in

approximately 800 mL of distilled water with stirring until fully dissolved. The volume
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was made up to 1 litre with distilled water and mixed thoroughly. The solution was

stored in a brown (amber) bottle away from light to prevent photodecomposition.

(xii) Potassium pyrophosphate buffer

Sl No. | Ingredient Composition per litre

1. Dipotassium hydrogen pyrophosphate | 0.2 M (= 44.1 g)
(K2H2P207)

2. Potassium dihydrogen phosphate (KH2PO4) 02M(=27.62)

3. Distilled water Makeupto 1L

4. pH Adjusted to 7.8-8.0

Preparation of the Buffer

To prepare potassium pyrophosphate buffer, 44.1 g of K2H2P-0O- and 27.6 g of
KH2POs4 was dissolved in about 800 mL of distilled water with stirring. The pH was
adjusted to 7.8-8.0 using 1 M HCl or I M KOH as needed. Then, the volume was made
up to 1 litre with distilled water and mixed thoroughly. The buffer was stored at room

temperature or 4 °C for long-term use.

(xiii) Nessler’s reagent

SI. No. | Ingredient Composition per litre
1. Potassium iodide (KI) 10g

2 Mercuric chloride (HgClz) 2g

3. Sodium hydroxide (NaOH, 10%) | 25 mL

4 Distilled water Adjustedto 1 L

Preparation of the Nessler’s reagent

To prepare Nessler’s reagent, first 2 g of mercuric chloride was dissolved in
about 50 mL of distilled water. In a separate container, 10 g of potassium iodide was
dissolved in 50 mL of distilled water. After that, the two solutions were mixed
carefully; a brown precipitate may form initially. The precipitate was dissolved by

adding 25 mL of 10% sodium hydroxide slowly with constant stirring. Then, the final
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volume was made upto to 1 litre with distilled water, mixed thoroughly, and stored in

a dark glass bottle at room temperature.

(xiv) Preparation of L-Tryphtophan (100 mg/mL)

To prepare a 100 mg/mL L-Tryptophan stock solution, at first 10 g of L-
Tryptophan was weighed and dissolved it in approximately 80 mL of distilled water
with constant stirring. If needed, the pH was adjusted to about 7.0 using 1 M NaOH or
HCl to aid dissolution. The final volume was made up to 100 mL with distilled water
and mixed thoroughly. Then, the solution was sterilized by filtration through a 0.22 pm

membrane filter and store in an amber bottle at 4 °C to prevent degradation.

(xv) Salkowski reagent

SIL. No. | Ingredient Composition per litre
1. Concentrated Sulfuric Acid (H2SO4) 50 mL

2. Ferric chloride (FeCls) solution (0.5 M) | 1 mL

3. Distilled water Adjustedto 1 L

Preparation of the reagent

Salkowski reagent was prepared by carefully adding 50 mL of concentrated
sulfuric acid to about 950 mL of distilled water with constant stirring (acid to water).
Then, 1 mL of 0.5 M ferric chloride solution was added slowly with mixing. The

reagent was stored in a dark, tightly closed bottle at room temperature.

(xvi) MTT reagent
SI. No. | Ingredient Final concentration / Notes
l. MTT powder 5 mg/mL in PBS or culture medium
(without phenol red)
2. Phosphate-buffered saline Adjusted to desired volume
(PBS) or cell culture medium
3. Storage Protect from light; store at 4 °C

Preparation of the reagent
To prepare MTT reagent, 50 mg of MTT powder was weighed and dissolved

in 10 mL of sterile PBS to make a 5 mg/mL solution. It was mixed gently until fully
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dissolved. The solution was filter sterilized using a 0.22 pum membrane filter if

required. The reagent was stored at 4 °C for short-term use (usually up to 1-2 weeks).

(xvii) Hydrogen peroxide solution for catalase test

3 % hydrogen peroxide solution: 3 mL of 30 % (v/v) H202 in 27 mL of distilled water.

(xviii) Molisch’s reagent for carbohydrate test

Molisch's test is a universal assay for all carbohydrates. Molisch’s reagent is
prepared by dissolving 3.75 g of a-naphthol in 99 % (v/v) ethanol. Concentrated
sulfuric acid converts the specified carbohydrate into furfural or its derivatives.
B. Microbiological media

(i) Composition of Luria Bertani Broth medium

SI. No. | Ingredient Composition per litre
1. Tryptone 10 g

2 Yeast extract 5¢g

3. Sodium chloride 10g

4 Distilled water Adjustedto 1 L

Preparation of the medium:

Luria—Bertani broth was prepared by dissolving 10 g of tryptone, 5 g of yeast
extract, and 10 g of sodium chloride in approximately 800 mL of distilled water. The
solution was mixed thoroughly, the volume was made up to 1 litre with distilled water,
and the pH was adjusted to 7.0 if required. The medium was then sterilized by

autoclaving at 121 °C for 15 minutes and allowed to cool before use.

(ii) Composition of Luria Bertani Agar

SI. No. | Ingredient Composition per litre
1. Tryptone 10g

2. Yeast extract 5¢g

3. Sodium chloride | 10 g

4. Agar I5¢

5. Distilled water | Adjustedto 1L

Preparation of the medium:
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Luria—Bertani agar was prepared by dissolving 10 g of tryptone, 5 g of yeast
extract, 10 g of sodium chloride, and 15 g of agar in about 800 mL of distilled water
with continuous heating and stirring. The volume was adjusted to 1 litre with distilled
water and the pH was set to 7.0 if required. The medium was sterilized by autoclaving
at 121 °C for 15 minutes, cooled to about 45-50 °C, and then poured into sterile Petri

plates under aseptic conditions.

(iii) Composition of Nutrient Broth medium

SI. No. | Ingredient Composition per litre
1. Peptone 5¢g

2 Beef extract 3g

3. Sodium chloride | 5 g

4 Distilled water | Adjustedto 1 L

Preparation of the medium:

Nutrient broth was prepared by dissolving 5 g of peptone, 3 g of beef extract,
and 5 g of sodium chloride in approximately 800 mL of distilled water with gentle
heating and stirring. The volume was adjusted to 1 litre with distilled water and the pH
was adjusted to 7.2—7.4 if required. The medium was then sterilized by autoclaving at

121 °C for 15 minutes and cooled before use.

(iv) Composition of Mueller—Hinton (MH) agar

S1. No. | Ingredient Composition per litre

1. Beef extract 2g

2 Acid hydrolysate of casein | 17.5 g

3 Starch 15¢g

4. Agar 17¢g

5 Distilled water Adjustedto 1 L
Preparation of MH agar

MH agar was prepared by dissolving beef extract, acid hydrolysate of casein,
starch, and agar in approximately 900 mL of distilled water with continuous stirring.

The pH was adjusted to 7.3 + 0.1 if needed. The volume was made up to 1 litre with
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distilled water. The medium was sterilized by autoclaving at 121 °C for 15 minutes,
cooled to about 45-50 °C, and poured into sterile Petri plates under aseptic conditions.

Plates were allowed to solidify and stored at 4 °C until use.

(v) Composition of Tryptic Soy Broth (TSB)

SI. No. | Ingredient Composition per litre

1. Tryptone 17 ¢

2 Soy peptone 3g

3 Dextrose (glucose) 25¢g

4. Sodium chloride (NaCl) 5¢g

5 Dipotassium phosphate (K-HPOs4) | 2.5 g

6 Distilled water Adjustedto 1 L
Preparation of TSB

Tryptic Soy Broth was prepared by dissolving tryptone, soy peptone, dextrose,
sodium chloride, and dipotassium phosphate in approximately 800 mL of distilled
water with continuous stirring. The volume is then adjusted to 1 litre with distilled
water. The pH was checked and adjusted to 7.3 £ 0.2 if necessary. The medium was

sterilized by autoclaving at 121 °C for 15 minutes and cooled before use.

(vi) Composition of peptone broth

SI. No. | Ingredient Composition per litre
l. Peptone 10 g

2 Sodium chloride (NaCl) | 5 g

3. Distilled water Adjusted to 1 L

4 pH 7.0-7.2

Preparation of the peptone broth medium

Peptone broth was prepared by dissolving 10 g of peptone and 5 g of sodium
chloride in approximately 800 mL of distilled water with gentle stirring. The pH was
adjusted to 7.0-7.2 if required. The volume was then made up to 1 litre with distilled
water and mixed thoroughly. The medium was sterilized by autoclaving at 121 °C for

15 minutes and allowed to cool before use.
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(vii) Indole Test (Tryptone Broth)

SI. No. | Ingredients Composition per litre
1 Tryptone 10
2 Sodium Chloride 5

Preparation of the medium

Each component was dissolved in distilled water, and the final volume was set
up to 1 L. The medium underwent sterilization via autoclaving at 121 °C for 15
minutes. After incubating the test organisms, Kovac’s reagent was introduced to

identify indole production.

(viii) Methyl Red (MR) Test

SI. No. Ingredients Composition per litre
1 Peptone 7
2 Glucose 5
3 Dipotassium phosphate 5

Preparation of the medium

Each component was solubilized in distilled water, and the final volume was
set up to 1 litre. The medium underwent sterilization via., autoclaving at 121 °C for
15 minutes. After incubating the test organisms, methyl red indicator solution was
introduced, which was made by dissolving 0.04 g of methyl red in 300 mL of 95 %

(v/v) ethanol and thereafter diluting to a final volume of 500 mL with distilled water.

(ix) Voges—Proskauer (MR-VP) Medium

SI. No. | Ingredients Composition per litre
1 Peptone 7
2 Glucose 5
3 Dipotassium phosphate 5

Preparation of the medium
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Each component was solubilized in distilled water, and the final volume was
set to 1 litre. The medium underwent sterilization via autoclaving at 121 °C for 15
minutes. In the Voges—Proskauer (VP) test, after incubation, Barritt’s reagents were
introduced: Reagent A, consisting of 5 g of a-naphthol dissolved in 100 mL of pure
ethanol, and Reagent B, comprising 40 g of potassium hydroxide dissolved in 100

mL of distilled water.

(x) Citrate Utilization Medium (Simmons’ Citrate Agar)
g

SI. No. Ingredients Composition per litre

1 Sodium citrate 2

2 Ammonium dihydrogen phosphate 1

3 Dipotassium phosphate 1

4 Sodium chloride 5

5 Magnesium sulfate 0.2

6 Bromothymol blue 0.08

7 Agar 15

Preparation of the medium

Each component was solubilized in distilled water, and the final volume was
set up to 1 litre. The pH of the medium was calibrated to 6.9 + 0.2, and the media was
sterilized using autoclaving at 121 °C for 15 minutes. The liquid was thereafter

dispensed into tubes and permitted to harden at an inclined angle.

(xi) Motility Test Medium

SI. No. Ingredients Composition per litre
1 Peptone 10
2 Sodium Chloride 5
3 Agar 4
4 pH +0.2

Preparation of the medium
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Each component was solubilized in distilled water, and the final volume was
setup to 1 litre. The pH of the media was modified to 7.3 + 0.2. The produced medium
was subsequently sterilized via., autoclaving at 121 °C for 15 minutes. The medium

was formulated as a semi-solid to enable the movement of motile bacteria.

(xii) Hydrogen Sulfide (H.S) Test — SIM Medium

SI. No. [Ingredients Composition per litre
1 Peptone 30
2 Beef extract 3
3 Ferrous ammonium sulfate 0.2
4 Sodium thiosulfate 0.025
5 Agar 3

Preparation of the medium

Each component was solubilized in distilled water, and the final volume was
set up to 1 litre. The medium's pH was calibrated at 7.3 £ 0.2 and sterilized using
autoclaving at 121 °C for 15 minutes. The SIM medium was formulated as a semi-
solid to facilitate concurrent assessment of hydrogen sulfide generation, indole

synthesis, and motility.
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I. Abbreviations of units/symbols

SI No. | Units/symbols Abbreviations
1 g Gram
2 mL Millilitres
3 + Plus—Minus Sign
4 rpm Revolutions Per Minute
5 w/vV Weight Per Volume
6 mg Milligrams
7 N Normal
8 % Percentage
9 °C Degree Centigrade
10 cm Centimetre
11 pL Microliter
12 pm Micrometre
13 ng/L Microgram Per Litre
14 X Multiplication
15 + Addition
16 = Equals
17 kg/ha Kilogram Per Hectare

18 v/cm Volts Per Centimeter
19 ppm Parts Per Million

20 v/v Volume Per Volume
21 U/mL Units Per Millilitre
22 U/mg Units Per Milligram
23 bp Base Pairs

24 < Less Than Equals To
25 HM Heavy Metal

26 EPS Exopolysaccharides
27 SOD Superoxide Dismutase
28 MDA Malondialdehyde
29 GR Glutathione Reductase
30 GPx Glutathione Peroxidase
31 CAT Catalase

32 MBPs Metal Binding Proteins
33 SDGs Sustainable Development Goals
34 GM Genetically Modified
35 As Arsenic

36 Cd Cadmium

37 Pb Lead

38 Hg Mercury

39 Cr Chromium

40 Ni Nickel
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I1. FASTA sequence of Lysinibacillus sp. strain AS3 (16s rRNA sequencing)
>0Q202230.1 Lysinibacillus sp. strain AS3 16S ribosomal RNA gene, partial
sequence
TTTTGTTCGTGGAAGGGGAGTACCAGATACCTGCAAGTCGTGCGAAGCGT
AGCCAAGTAACTTGCTCCTTTGACGTTAGGCGGCGGACGGGTGAGTAACA
CGTGGGCAACCTACCTTATAGTTTGGGATAACTCCGGGAAACCGGGGCTA
ATACCGAATAATCTGTTTCACCTCATGGTGAAATATTGAAAGACGGTTTCG
GCTGTCGCTATAGGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAAC
GGCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCA
CACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGG
AATCTTCCACAATGGGCGAAAGCCTGATGGAGCAACGCCGCGTGAGTGAA
GAAGGATTTCGGTTCGTAAAACTCTGTTGTAAGGGAAGAACAAGTACAGT
AGTAACTGGCTGTACCTTGACGGTACCTTATTAGAAAGCCACGGCTAACTA
CGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTA
TTGGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCC
ACGGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGA
AGAGGATAGTGGAATTCCAAGTGTAGCGGTGAAATGCGTAGAGATTTGGA
GGAACACCAGTGGCGAAGGCGACTATCTGGTCTGTAACTGACACTGAGGC
GCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCG
TAAACG

ITI. FASTA sequence of Lysinibacillus sp. strain AS4 (16s rRNA sequencing)
>0Q202231.1 Lysinibacillus sp. strain AS4 16S ribosomal RNA gene, partial
sequence
TTTTTTTGATGCGGCCTTGCATGATACGTGGCAAGGTCGAGCGAAGCGATA
GCCAAGTAACTTGCTCCTTCGGACGTTAGCGGCGGACGGGTGAGTAACAC
GTGGGCAACCTACCTTATAGTTTGGGATAACTCCGGGAAACCGGGGCTAAT
ACCGAATAATCTGTTTCACCTCATGGTGAAACACTGAAAGACGGTTTCGG
CTGTCGCTATAGGATGGGCCCGCGGCGCATTAGCTAGTTGGTGAGGTAACG
GCTCACCAAGGCGACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCAC
ACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGA
ATCTTCCACAATGGGCGAAAGCCTGATGGAGCAACGCCGCGTGAGTGAAG
AAGGATTTCGGTTCGTAAAACTCTGTTGTAAGGGAAGAACAAGTACAGTA
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GTAACTGGCTGTACCTTGACGGTACCTTATTAGAAAGCCACGGCTAACTAC
GTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAATTATT
GGGCGTAAAGCGCGCGCAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCAC
GGCTCAACCGTGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAA
AGGATAGTGGAATTCCAAGTGTAGCGGTGAAATGCGTAGAGATTTGAGGA
ACACCAGTGGCGAAGGCGACTGTCTGGTCTGTAACTGACACTGAGGCGC
GAAAGCGTGGGGAGCAAACAGGAT

I'V. List of databases, tools and software used

SI. No. Name of Tools/Software

1. NCBI BLAST

MEGA software (version 11.0)

Origin 2021

Microsoft Excel 2021

Microsoft PowerPoint 2021

SPSS

Google Earth Pro Version 7.3

o N | | R W

https://scholar.google.com/
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ABSTRACT

The present study focused on 1solating arsenic (As) resistant bactenia from acid mine tailings of Changla, Nagaland
and evaluating their bioremediation potenfial The isolation was performed using ennch culture approach and
was further charactenzed using standard procedures. The obtained b 1al stramn AS3 was found to be resistant to
As™ and As* ions up to 1562 pg/mL and 125000 ug/ml, respectively. The 16S rRNA gene sequence of the strain
was found to be idenfical to Lysinibacillus sp. The growth behaviour of the strain in the presence of selected heavy-
metals (FMs) showed a prolonged lag phase, especially in As%. M . the strain appeared to be resistant to
several antibiotics. SEM and EDX analyses, revealed the presence of HM ions on the outer surface of AS3 stramn.
Available fimctional groups on the surface of the AS3 strain cells engaged mn the metal-binding process were iden-
tified using FTIR, suggesting their active participation in adsorption. AAS showed that the strain had the potential
to remove As™ and As** ions with removal efficiencies of 99.94% and 99.49% respectively. Based on the findings,
strain exhibits infriguing biotechnol 1 1al for HM bi di
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ions. Further, it was observed that employmg AS3
stramn on ¥ radiata seeds showed stinmlating effect on
d:egwwd:oftheseedlmgsalbutwstnss,along
with enhanced growth of the seedlings as compared to

ABSTRACT
Tlnssmdymﬂwabxmﬂmbsmbaﬂlmsp
AS3 which was previously found resistant to

(As). Theslxmwassmd;edfu

(EPS), biofil h Indole-3-acetic acid

(IAA)podImgahlnympamofm(As")
and arsemite (As*) heavy metal (FIM) ions, which
would help to deternune its plant growth promoting
activity. The study was done through both qualitative
zndqumﬁuﬁvezsmmtoobsavethesigniﬁm
changes mexp toAs HMs. \ , phytotox-
icity assay was performed on Vigna radiata seeds m
presence of the both the HM ions. The results ndicat-
ed enhanced production of biofilm, IAA and EPS m
presence of both HM 1ons. While, reduced production
of siderophore was ded 1 of As™ HM
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control. Thus, present study shows that this AS3 stran
could be a potent stran m agniculture applications.

Keywords Heavy metal, Arsenic, Bacterium,

Siderophore, Bioremediation, Exopolysacchandes
(EPS), Biofilm.

INTRODUCTION

Arsenic (As) contamination is a persistent environ-
mental 1ssue affecting globally humans, plants ami-
mals and microbes. This metalloid, once if it enters
mto the ecosystems through human activity or natural
ongmscancmesngnﬁczmdmagestoholopul
functions m different Iiving organisms (Fatoki and
Badmms 2022). In plants, it is often reported to
hinder useful biochemical pathways (Martinez-Cas-
tillo er al. 2022), reduced growth and development
(Emamverdian et al. 2023) or mduce oxidative stress
(Sharma 2012). While, in humans chronic exposure
to arsenic can been to cause severe health 1ssues such
as cancer and damages to the organs (Speer er al
2023). Addressing arsenic pollution, requires human
mterventions and among many techmques to tackle as
pollution, utilizing arsenic-resistant bactenial isolates
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(12) PATENT APPLICATION PUBLICATION 121) Application No. 20243 HM5240 A
(15) DA
{22) Date of filing of Application ;12062024 (43) Publication Dabe ; 212024

(54) Title of the inventivn : Bacierial Nanecellulese Green Adsorbent Matrix using Distillery Wastes for Dye Eemoval and Waste Management

(71 Name of Applicant @
1 Nagaland University
Adddress of Applicant :Nagalarad University, Lumami, Zunbichon. 798627,
Magalamd, [mdin Zunhehoto -
MName of Applicant : NA
Aldress of Applicant : NA

L
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. £ ay o Address of Applicam Applied Enviranmental Microbial Biotechnology
(56) ET;;;’;‘J;’I Application Mo :: Laboratary, Department of Enviranmental Science, Nagaland Universaty, Lumami,
(87} Imternatsonal Publicaton No tNA lunhuf_mln-'-"?&ﬁl'.'. Nu_u,.lland. buli Zumhebolo
{61y Patent of Addition s Application Hlshiva '“'"" Mhu“ PR i i
Number A Adhdress of Applicant :Apgplied Environmendal Microbial Biolechaelgy
i A Laboratary, Depariment of Environmental Science, Nagaland University, Lumami,
Filing Cate Funhebolo- 798627, Magaland, India Zunbebobs e oo
(62) Divisianal to Application Number  “NA 4Bk dey Gopoi
Filing Dute A |Bhkugyuday Gugod

Address of Applicam Applied Enviranmental Microbial Biotechnology
Laboratary, Department of Enviranmental Science, Nagaland Universaty, Lumami,
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Adhdress of Applicant :Apgplied Environmendal Microbial Biolechaelgy
Laboratary, Depariment of Environmental Science, Nagaland University, Lumami,
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Address of Applicam Applied Enviranmental Microbial Biotechnology
Laboratary, Department of Enviranmental Science, Nagaland Universaty, Lumami,
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{57) Abstmct

The invention is usge of rice beer stillage as a carbon source to produce bacterial nanocellubose (BNC)L A methed of production of Bacterial Manocellulose (BNC)
comprising the steps of: preparation of carban seurce from rice beer stillage; and productian and purification of BNC. The BNC made using rice beer stillage has
excellent thermastabality fup ta 380 *C), a dense nanp-fibrous network with cellubose [ vpe propenties, amd a high erystallimity mdex (86.23%). It demonstrated a high
waler-halding capacity (97.53 g g- 1 }and a robust benale sinength (68,044 MPa). BNC also demonsimbed its recyclable natare by going through several cycles of
sorpiion and desorption. According o this invention, waste distillery stillage may be efficsently used as o susiainable raw matenial o produce BNC that is safie for the
environment and has a wide range of uses.

Mo of Pages - 25 N, of Chims : 7

The Patent Office Journal No. 25/2024 Dated 21/06/2024 55704

249 |Page



{12) PATENT APPLICATION PUBLICATION
{19) INDIA
122) Dase of filing of Application -2806:2024

(21) Application No.202431049557 A

(43) PubBcation Date : 05072024

{54) Title of the inventicn : Bio-fabrication of Bacterial Nano-Cellulose {BNC) /Graphene Oxide (GO) Nano-Biocomposite

crystallinity (74.21%), and o porous structure with

('II)!\m-lA'ﬁun'
versity
N 31U y, Lumami Head Zanheb
district, Nagaland Zunheboto weeeei coanee
Name of Applicant : NA
Address of Applicant : NA
(72)Name of Inventor :
l)ludnplenllq
A&mof Ao -Applied E 1 Microbial Bictechnok
(51) Imermaticoal goo‘zmmsmn.cnmwomm. of Envi | Science, Pughnd Lmvnw Lumami,
R 20001250000, BO130020280000, iy PRy o
classification 79@6"7 Indea
BO1X0020260000 2)Pranjal Bharali =
(86) Imermaticoal NA r -Applied E T B I Y PR TR
Agplication No = Ao of Applcaat Aol VA :
Filing Date NA asiment of B o :Slam Nagaland University, Lumami,
(87) Imernational ) MDJM 7. India e
Publication No :NA Jﬁﬁ\“\lﬂmrjﬂ .
(61) Patent of Additicaso ,AML of ,‘." Apphd._ ¢
Application Nowitier 'A Labocatory, pe: olf n Summ Mphmlevu\nrv Lumami,
Filing Date NA 798627 India Z i
(62) Divisiceal 10 B Ampyndey Gopel A —
: NA Address of Applicant :A| gy
"PW&‘:“‘" NA Laboeatocy. D of E | Science, Nagakind University, Lumami,
& Zunhcboto-798627. Nagaland, India Zunheboto weee o caniaacs
S)Alemeoshi
Address of App :Apphied | Microbial Bictechnology
Laboeateey, Dep of Envi | Science. Nagalnd University, Lumami,
Zunhcboto-798627. Nagaland. India Zunheboto «eeces
6)Viphrezolic Sorhie
Address of Applicant :Applicd E | Microbial Bictechnok
1 y. Dy E | Science, Pughnd Lmvnw Lumami,
Zusihcboto- 798627, Nagaland. India Zunheb,
(57}Abancl
In this i a time-d d h is used 10 thy Bactenal N clluk sraphene Oxide Nano-Biocomposites (BNC.GO-NBCs) by

Komagatacibaciessoccharivorans NUWBI. The dried BNC-GO-NBC exhibied great easile sirength (8472 MPa). mhn:d thermostability (up 10 380°C). high

ficant

adsoeption capacity for cationic dyes is shown by the N2 ad:

and shown

noa-cytotoxic gualities in tests for stress. cell

dye

No. of Pages : 20 No. of Claims : 7

bedded GO layers, o structure with a signi
7 d uahtm Addi lly. the sube d d the ability 1o
idaty scity, and I activity. IhuuﬂdupmmlnBNC(}O-NBC‘swlmpomulfu

The Patent Office Journal No. 27/2024 Dated 05/07/2024

59070

250 | Page




APPENDIX-1V

CONFERENCES/WORKSHOPS/SEMINARS
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Lists of Conferences/Seminars/Webinars/Workshop Attended

(i) Oral Presentations:

1. Isolation and characterization of arsenite (As*") and arsenate (As>") resistant
bacteria from Changki, Nagaland; “Interational Conference on “Bioresources and
Bioeconomy (ICBB-2022)”, Department of Botany, Nagaland University, HQ:
Lumami, Nagaland, September 19-21, 2022.

2. Characterization of an arsenic resistant bacterial strain and its susceptibility against
antibiotics; National Conference on “Reviving Traditional Knowledge for Biodiversity
Conservation”, Department of Zoology, Nagaland University, HQ: Lumami,
Nagaland, 31% March, 2023.

3. Antibiotic susceptibility of an Arsenic Resistant Bacteria from Changki,
Nagaland; International Conference on “Challenges and Prospects of Bioresource
Conservation in Eastern Himalaya- with special reference to UN-Sustainable
Development Goals”, Department of Zoology, Gauhati University, Assam, India, 3-4
May, 2023.

(ii) Workshops webinar and certifications

1. Participated in the workshop ‘Research Ethics, Paper Writing & IPR’ organized by
Department of Botany and Advance Level Institutional Biotech Hub, Nagaland
University, Lumami on November 14-15, 2019.

2. Participated in the International Webinar on ‘Application of Molecular and
Bioinformatics tools in Crop Protection’ organized by the Department of Plant
Pathology, AAU, Jorhat on 1-3 March, 2021.

3. Completed E-Shodh Sindhu Web of Series Certification Series on June 15, 2020.
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1,
/2 NMHS SPONSORED NATIONALGONFERENGE 77355
{n. REVIVING TRADITIONAL KNOWLEDGE FOR &
BIODIVERSITY CONSERVATION (R7gc-23)

i CERTIFICATEIORFARTICIZATION 3

Ths s to certify that l'nyf/Dn/;b‘f(/}n. Ol Linii

of

. participated/presented a paj

(Key Note Talk/Invited Talk/ o P IR T
I A R L R I T R S A S
okl = ¢ (L

in the NMHS sponsored National Conference on

4
“Reviving Traditional Knowledge for Biodiversity Conservation” organized by the Department of Zoology,
Nagaland University, Lumami, Nagaland held on 31" March 2023.

Ko wiof - %, )
Dr. LobenoMozhui Prof. M. S.[Rawat Prof. Bendang Ao

Organizing Secretary Dean
RTKBC-2023

Convener
School of Sciences RTKBC-2023

International Conference on ‘Bioresources & Bioeconomy’ (ICBB-2022)

Organized By
Department of Botany, Nagaland University, Lumami 798627, Nagaland, India
In Collaboration With
81 Forest Project, D of

Forest and Climate Change, Govt. of Nagaland, India.
September 19-21, 2022
CERTIFICATE OF PRESENTATION
This is to certify that
Mr./Miss/Dr. Bhagyudoy Gogoi of Nggaland University, India
has presented a paper (Oral/pester) titled
tion of Arsenite (As3+) and Arsenate (As5+) Resistant Bacteria from
Changki, Nagaland’
in the ICBB-2022 organized by the Department of Botany, Nagaland University, Lumami 798627,

Charact

India, held on 19-21, 2022.
,M? g =z ‘
(Prof. M. S. at) (Prof. Chitta Ranjan Deb)

Dean, School of Sciences Convener cum Organizing Secretary

‘ 108822 ‘

7

S i S et 0
International Conference
on

" Challenges & Prospects of Bioresource Conservation in Eastern
Himalaya
-with special reference to UN-Sustainable Development Goals

( i
Certificate of Participation
This is to certify that

Prof./Dr./Mr./Ms. ___Bhagyudoy (1080

has successfully presented (Oral/ Poster)/ participated in the International Conference on
Challenges & Prospects of Bioresource Conservation in Eastern Himalaya -with special
reference to UN-Sustainable Development Goals held on 3-4 May, 2023 at Department of Zoology,
Gauhati University, India. The Conference has been organized by the Department of Zoology, GU in ‘\‘

collaboration with Pollution Control Board Assam, Assam Science Technology & Environmental Council, '\

Aaranyak & Zoological Society of Assam. . \
E { Q(‘(“‘ Lo
(\ = — / ~
Prof. Pratap Jyoti Handique Prof. Jogen Chandra Kalita Dr. Malabika Kakati Saikia /
Vice Chancellor President Convenor /
Gauhati University ICCPBC ICCPBC /




