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PREFACE

In the field of nanotechnology, the synthesis of nanoparticles holds immense promise
for numerous applications ranging from biomedical to environmental sectors. Selenium, a trace
element, plays a crucial role in various biological processes, including antioxidant defence
mechanisms, stress tolerance and nutrient metabolism. In recent years, selenium nanoparticles
have garnered considerable attention due to their unique physicochemical properties and
potential applications in biomedicine, environmental remediation, agriculture and
nanotechnology. The study deals with the isolation and screening of marine bacteria for
selenium nanoparticle synthesis involving a multifaceted approach encompassing

microbiology, nanotechnology, and environmental science.

The work on selenium nanoparticles synthesized by marine bacteria indicates promises
of discovery, innovation, and sustainable solutions. It promises biotransformation of toxic
selenite to non-toxic elemental Se. Thus, assuring the potential of strains to be used for
bioremediation in contaminated marine and estuarine environments. Furthermore, it also
demonstrates the formation of selenium nanoparticles concurrently with their promising
environmental applications in agriculture through seed priming highlighting its potential to
address key challenges facing modern agriculture, including food security and environmental
sustainability. It is my sincere hope that this preface explodes curiosity and inspires readers to

enlighten exploration of this fascinating field, contributing to the advancement of knowledge.
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ABSTRACT

Nanoparticle ranges in size from one to one hundred nanometers. Selenium (Se), a vital
micronutrient, is found in various forms in the environment, including inorganic, unstable,
water-soluble, selenite, and elemental water-insoluble forms. It is considered an essential trace
element (< 40 pg/day) for living forms. Se nanoparticles (SeNPs) have numerous applications
in electronics, agriculture, food, feed, environmental bioremediation, and medicine, with a
particular focus on medicine due to their critical biological role, specificity, selectivity,
bioavailability, and low toxicity. Marine microorganisms are known to reduce toxic selenite to
elemental Se using various mechanisms and simultaneously produce nanoparticles. In the
present study, selenium-resistant bacterial isolates were isolated from the various
marine/estuarine habitats of Goa, India. Among these isolates, bacterial strain PMVW3; was
selected based on its ability to tolerate up to 380 mM of selenite in Zobell Marine Broth (ZMB).
This strain was identified to be Pseudoalteromonas sp. (24C110_519 2) using 16S rRNA gene
sequencing. Yet another strain PMChW2, exhibiting MTC of 70 mM for selenite showed
Extracellular Polymeric Substance (EPS) formation among all and thus was also selected for
further studies. This strain was identified as Shewanella sp. (24C110_520 3) using 16S rRNA
gene sequencing. The strain PMV W3 could produce stable SeNPs within 48 h under optimized
growth conditions (pH 7, 2 mM sodium selenite and temperature of 28 °C). UV—visible
spectrum was used to initially characterize SeNPs showing a peak at 265 nm along with the
formation of brick red coloration in the growth medium. SEM analysis of harvested SeNPs
revealed rod-shaped morphology and EDX analysis further confirmed SeNPs. Additionally, X-
ray diffraction (XRD) analysis also revealed the presence of crystalline SeNPs. For
biosynthesis using strain PMChW2 similar synthesis of SeNPs was assured however this strain
could synthesize two morphotypes namely Se rods and nanospheres. Further, four antibiotics

showed sensitivity against Pseudoalteromonas sp. and Shewanella sp. Moreover, biogenic

xiii



SeNPs showed the highest antibiofilm activity against E. coli. SeNPs also showed excellent
dose-dependent anti-oxidant potential at 100 pg/mL using DPPH. The EPS composite SeNPs
when tested for plant growth promotion demonstrated higher plant growth promotion
compared to EPS or sodium selenite (Na>SeOs) treated seeds alone. Thus, the study highlighted
the potential of marine bacteria in reducing toxic selenite to elemental form suggesting its

bioremediation potential with concurrent SeNPs biosynthesis ability.

KEYWORDS

Marine bacterium, Selenium nanoparticles, Pseudoalteromonas sp., Shewanella sp.,

Antibiofilm, Extracellular polymeric substance, Bioremediation.
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CHAPTER 1

INTRODUCTION



1.1 BACKGROUND

Nanotechnology has developed as a rising multidisciplinary area of global
interest, with a key impact on agriculture, the environment, food, biology and
pharmaceuticals (Shi et al., 2021). The prefix 'nano' is derived from the Greek word
dwarf, which is one billionth of a meter. Richard Feynman discussed the core concept
of nanotechnology in his 1959 lecture "There's Plenty of Room at the Bottom" at the
American Institute of Technology. Nanotechnologies generate nanomaterials with a
very small scale of 1 to 100 nm, which may present as any of the following nano forms:
nanoparticles, nanofibers, nanotubes, nanowhiskers, fullerenes, and nanosheets

(Cushen et al., 2012).

Nanoparticles (NPs) are generally classified into organic and inorganic
nanoparticles. Organic nanoparticles include nanoparticles formed of proteins,
polysaccharides, lipids, polymers, or any other organic substance (Pan and Zhong,
2016). Dendrimers, liposomes, micelles, and protein complexes such as ferritin are the
most well-known examples of this class. These nanoparticles are normally non-toxic
and biodegradable (Joudeh, N., and Linke, D. 2022). They are susceptible to thermal
and electromagnetic radiation, such as heat and light (Ealia and Saravanakumar, 2017).
Furthermore, they are frequently produced by non-covalent intermolecular interactions,
which makes them more labile and provides a route for removal from the body (Ng and
Zheng, 2015). Composition, surface shape, stability, carrying capacity, and other factors
all influence the possible field of application of organic nanoparticles. They are now
mostly used in biomedicine for targeted drug delivery (Ealia and Saravanakumar, 2017)

and cancer therapy (Gujrati et al., 2014).



Metal and ceramic are common examples of inorganic nanoparticles that are
composed of inorganic components. Metal nanoparticles are composed entirely of
metal precursors and can be monometallic, bimetallic, or polymetallic (Toshima and
Yonezawa 1998; Nascimento et al., 2018). Bimetallic nanoparticles can be produced
from alloys or in multiple layers (core-shell) (Toshima and Yonezawa 1998). These NPs
have distinct optical and electrical properties due to their localized surface plasmon
resonance features (Khan et al., 2019). Furthermore, some metal nanoparticles have
distinct thermal, magnetic, and biological properties (Ealia and Saravanakumar, 2017).
As a result, they are becoming increasingly essential materials for the development of
nanodevices that can be utilized in a wide range of physical, chemical, biological,
biomedical, and pharmaceutical applications (Mody et al., 2010; Fedlheim and Foss,

2001).

1.1.1 SYNTHESIS OF NANOPARTICLES

Nanoparticles are broadly synthesized using two approaches viz. bottom-up and
top-down. The bulk material is broken down externally using microscopic devices in
the top-down technique to achieve the required form and size. In contrast, in the bottom-
up technique, atoms or molecules are combined to create nano-dimensions using

various chemical and biogenic procedures.



1.1.2 PHYSICAL and CHEMICAL PROCESSES TO SYNTHESIZE

NANOPARTICLES

Despite being invisible to the human eye, nanoparticles can behave differently
from their larger-than-life counterparts in terms of both physical and chemical

Processes.

Physical methods mainly encompass laser ablation, inert gas condensation,
spray pyrolysis, electrospray, electron beam nanolithography and combustion flames
(Kammler et al., 2001; Lamas et al., 2003; Amendola and Meneghetti, 2009; Adhikari
et al., 2010; Kang et al., 2011; Pimpin and Srituravanich, 2012). Inert gas condensation
is the oldest and most widely used process, in which metals (gold/palladium) are
evaporated in high vacuum chambers filled with inert gas. Following this, the
nanoparticles are formulated when the evaporated metals condense into small

nanocrystals via coalescence and Brownian motion.

Laser ablation (top-down technique) creates nanoparticles by immersing bulk
materials in a liquid solution and focusing a laser on it. As a result of the ablation,
plasma plumes are formed, which condense to produce nanoparticles. The physical
mechanism results in an excellent size distribution of nanoparticles. However, several
of these methods require the use of hazardous precursors, and the reactions are typically
multistep, which may result in the formation of particles with unfavorable surface
chemistry. It also demands the use of high-temperature and pressure devices, as well as

the formation of poisonous by-products, limiting its application (Vaigankar, 2020).

The chemical methods mainly involve reduction, sol-gel, solvothermal,
hydrothermal, reverse-micelles and co-precipitation (Adschiri et al., 2001; Nahar and

Arachchige, 2013). Frequently, a reducing agent (Sodium borohydride, sodium citrate,



hydrazine, Polyethylene glycol, and formaldehyde), metal/metalloid salt precursor, and
surfactant or stabilizers (SDS, PVP) are used to prevent aggregation in the chemical
reduction technique. Furthermore, heat or catalyst can be used to speed up the reaction
and synthesis process, and solvents are employed to stabilize the metal salts (Hu et al.,

2015).

Reduction permits the production of huge numbers of nanoparticles with precise
control over size and form. However, the method is expensive and involves the use of
hazardous precursors, reducing agents, and capping agents. It also requires the use of
high-temperature equipment and also generates poisonous byproducts. Because of its
low biocompatibility and high toxicity, the use of hazardous stabilizing agents

diminishes its potential to be used in the biomedical field (Vaigankar, 2020).

1.1.3 BIOLOGICAL PROCESSES TO SYNTHESIZE

NANOPARTICLES

Even though chemical and physical methods are frequently used, the drawbacks
associated with them limit their applications, thus suggesting a need to design desirable
alternatives that are environmentally friendly and safe. Interestingly, the structural
components of the living being are in nano-dimensions. Additionally, Deoxyribonucleic
acid (DNA), protein (ferritin, serrapeptase, phytochelatins, and glutathiones), and viral
particles (Tobacco mosaic virus) have been studied for the generation of nanoparticles
(Douglas et al., 1995; Brelle et al., 1999; Shenton et al., 1999; Ravindra, 2009; Anil

Kumar et al., 2007).

Microbes can produce a variety of nanomaterials, including nanoparticles.

Inorganic minerals are used in the microbial process and converted into complex or



simpler forms either intracellularly (Baesman et al., 2007; Muthukannan and
Karuppiah, 2011) or extracellularly (Oremland et al., 2004; Kathiresan et al., 2010). To
accomplish intracellular nanoparticle formation, cells are typically cultured in media
supplemented with metal/metalloid salts. Intracellular processes involve the synthesis
of NPs within cells, these nanoparticles are typically isolated using either physical or
chemical methods, such as cell wall disruption with Triton X-100, SDS, or lysozymes,
followed by centrifugation to remove cell debris and subsequent purification of

nanoparticles (Kalimuthu et al., 2008; Nangia et al., 2009).

Microbial synthesis of nanoparticles is advantageous due to its cellular-level
metabolic process and its role in the biogeochemical cycling of metals, metalloids, and
minerals. It is a flexible, organized, and effective process occurring under controlled
conditions. Microbial biosynthesis is crucial for applications in biology and medicine,

as it does not produce or use external toxic substances.

The marine environment is a unique habitat that is characterized by harsh
conditions and retains a vast microbial diversity. It has been observed that these bacteria
have unique methods for tolerating high salt concentrations, severe pH, pressure, and
high quantities of certain hazardous metals and metalloids (Vaigankar, 2020). However,
these marine microorganisms have not been thoroughly explored for nanoparticle
production. Therefore, it would be interesting and imperative to study and explore the

capability of these metalloid-resistant marine bacteria for synthesizing nanoparticles.



1.1.4 SELENIUM NANOPARTICLES (SeNPs)

Selenium (Se) is a micronutrient necessary for life and it belongs to group 16
(XVI A) of the periodic table, with atomic number 34. In the environment, it exists as
elemental water-insoluble selenium (Se’), water-soluble selenite (SeOs %), selenate
(SeO4 %) and inorganic, unstable selenide (Se*). Selenocysteine and selenomethionine
are organic forms. Jacob Berzelius discovered selenium (Se) in 1818. At low
concentrations, this element can be regarded as a necessary trace micronutrient for
living things; but, at higher doses, it becomes toxic and harmful. The range of dietary
deficiency (< 40 pg/day) and excess (> 400 pg/day) is fairly narrow (Fordyce. 2013).
Moreover, its excess (less than 400 pg/day) results in selenosis, and its deficiency
produces "Keshan disease." (Chen, 2012; Morris and Crane, 2013). However, 40 ng/mL
of Se is regarded as safe in drinking water as per WHO guidelines (WHO, 2011).
Selenium has been recognized as an important cofactor for enzymes including
glutathione peroxidases and thioredoxin reductases in animals thereby reducing

oxidative stress (Wang et al., 2018).

Selenium in nano-dimensions has received a great deal of attention due to its
numerous applications in electronics, agriculture, food, feed, environmental
bioremediation, and medicine, with a particular emphasis on medicine due to its critical
biological role even at low concentrations (Shirsat et al., 2015). Even though SeNPs
have several applications, research on marine bacteria synthesizing SeNPs is limited.
SeNPs are one of the most attractive prospects for biomedical applications due to their
specificity, selectivity, bioavailability, and low toxicity. They play a functional role in
numerous oxidoreductive reactions because they are bioactive and biologically

accessible. They also have a variety of regulatory effects that promote the body's (both



plants and animals) healthy functioning and have numerous health benefits (El-Ramady

et al., 2016; Schrauzer 2000; Skalickova et al., 2017).

1.2 AIM and OBJECTIVES

1.2.1Aim
Biosynthesize and characterize selenium nanoparticles from marine bacteria to be
used for various applications in biology and the environment.

1.2.2 OBJECTIVES

Isolation of selenium nanoparticles producing bacteria from the marine environment.
Identification of selected potential strains synthesizing selenium nanoparticles.
Characterization of biosynthesized selenium nanoparticles.

Applications of biosynthesized Selenium nanoparticles.

1.3 HYPOTHESES

Marine bacteria possess the inherent capability to reduce metals/metalloids into
their elemental form which can be exploited to simultaneously synthesize nanoparticles

to be explored for potent biological and environmental applications.

1.4 SCOPE

This investigation involves the systematic isolation and characterization of
marine bacterial strains capable of selenite reduction, along with the screening of
selenium nanoparticle synthesis and its optimization. Characterization techniques such
as scanning electron microscopy and X-ray diffraction will be employed to assess the

physicochemical properties of biogenic selenium nanoparticles. Furthermore, the



biotechnological applications of selenium nanoparticles, including biomedical and
environmental will be explored. The research will also consider the environmental
implications of nanoparticle synthesis and assess the sustainability of the proposed
approach. Overall, this investigation seeks to advance the scientific understanding of
microbial nanobiotechnology, contribute to the development of sustainable
nanoparticle synthesis methods, and explore innovative applications in healthcare,

environmental remediation, and nanotechnology.



CHAPTER 2

LITERATURE REVIEW



2.1 LITERATURE REVIEW

Amongst actinobacteria, cyanobacteria, yeast, and fungi, bacteria are the best
choice for the synthesis of nanoparticles (Srivastava and Mukhopadhyay, 2015), due to
their fast growth rate, easy handling, low cost, and high productivity (Srivastava and
Mukhopadhyay, 2013). Marine microbes such as Citrobacter fruendii strain KP6,
Streptomyces  sp.,  Lysinibacillus sp., Bacillus  amyloliquefaciens,  Bacillus
paramycoides SP3, Shewanella sp, Bacillus subtilis BSN313, Pseudomonas
aeruginosa, Bacillus subtilis AS12, Halomonas venusta and Streptomyces sp. are
known to produce selenium nanoparticles and are reported to have specific mechanisms
to tolerate high salt concentrations, extreme pH and high levels of different toxic metals
and metalloids (Samant et al., 2018; Bharathi et al., 2020; Keskin et al., 2020;
Ashengroph and Hosseini, 2021; Borah et al., 2021; Ho et al., 2021; Ullah et al., 2021;
Shakeri et al., 2022; Saad et al., 2022; Vaigankar et al., 2022; Sumithra et al., 2023)

(Table 2.1).

The shape and size of nanoparticles can be influenced by controlling pH,
temperature, and substrate concentration in the growth medium along with the
concentration of metal/metalloid substrates (Gericke and Pinches, 2006). Furthermore,
to create homogeneous-sized and shaped nanoparticles, the above conditions must be
carefully controlled and monitored. Apart from cell-free supernatant and whole-cell
biomass, bacterial metabolites, which mostly contain polysaccharides, proteins,
enzymes, and pigments, have also been employed as reducing agents for biosynthesis.
For instance, Bacillus subtilis MSBN17 has been reported to create polysaccharide
bioflocculant, which is responsible for the generation of silver nanoparticles in reverse
micelles (Sathiyanarayanan et al., 2013). Metal microbial interactions can result in

nanoparticle formation, which is governed by several parameters, including the nature
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and solubility of metal/metalloid ions, as well as the sort of interactions involved
(Haferburg and Kothe, 2007). Adsorption, or the attachment of these metals/metalloids
to bacterial surfaces, initiates metal/metalloid interactions. Following adsorption, these
metals/metalloids are either carried into cells by wvarious transporters or
reduced/oxidized by various microbial components, primarily enzymes, proteins,
thiols, and other microbial components. Diverse microorganisms, such as bacteria and
fungi, show detoxifying ability when exposed to toxic selenite by converting it to
insoluble and less toxic elemental selenium (Ike et al., 2000; Li et al., 2014). In addition,
selenide or organic selenium also develops along with elemental selenium (Tan et al.,
2018). Bacterial reductions of selenate or selenite occur both anaerobically and
aerobically, by non-enzymatic or enzymatic mechanisms. In a study by Ullah et al.,
(2021) SeNPs were successfully produced using the Bacillus subtilis BSN313 through
a biosynthetic approach. In yet another study, by Morahem and coworkers, a marine
strain of Bacillus amyloliquefaciens was isolated and characterized for its ability to

convert selenite to SeNPs under aerobic conditions (Ashengroph and Hosseini. 2021).

Additionally, a study using Halomonas eurihalina SeNPs reported the synthesis
of SeNPs with a spherical shape having an average particle size of 260 nm (Shakeri et
al., 2022). Moreover, SeNPs by Halomonas venusta using marine bacteria were

reported with a diameter in the range of 20-80 nm. (Vaigankar et al., 2022).
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Table 2.1: National and international status of research

Bacteria

Citrobacter fruendii
strain KP6

Bacillus sp.

Lysinibacillus sp.

Bacillus
amyloliquefaciens

Bacillus
paramycoides SP3

Shewanella sp.

Bacillus subtilis BSN313

Pseudomonas
aeruginosa

Bacillus subtilis AS12

Halomonas venusta

Streptomyces sp.

45 -70

20-50

130

45.4-
68.3

120-170

30-6

530

260

77

20-80

50-70

Samant et al.,
2018

Bharathi et al.,
2020

Keskin et al.,
2020

Ashengroph,
M., and
Hosseini, S. R.
2021

Borah et al.,
2021

Ho et al., 2021

Ullah et al.,
2021

Shakeri et al.,
2022

Saad et al.,
2022

Vaigankar et
al., 2022

Sumithra et al.,
2023



2.2 MECHANISMS INVOLVED IN THE BIOSYNTHESIS OF SELENIUM

NANOPARTICLES

2.2.1 Transport of selenate [Se (VI)]

The first phase in selenium metabolism is transport, which includes reduction,
methylation, and assimilation. The sulfate ABC transporter complex expressed by the
cysAWTP operon transports Se (VI) in Escherichia coli (E. coli) was studied by Turner
et al., (1998). Comamonas testosteroni strain S44, an obligate aerobic bacterium,
appeared to assimilate Se (VI) via the same sulfate transport pathway as E. coli (Tan et

al., 2018) because of the molecular closeness of Se (VI) to sulfate

2.2.2 Selenate reduction to selenite

Respiratory Se (VI) reductases have been characterized in Gram-negative
Thauera selenatis (T. selenatis) and Gram-positive Bacillus selenatarsenatis (B.
selenitireducens) strain SF-1 under anaerobic conditions by Kuroda et al., in 2011 and
Krafft et al., in 2000. Other bacteria, including Rhodobacter sphaeroides (R.
sphaeroides) and Escherichia coli, have shown in vitro Se (VI) reduction activity, using
potassium selenate and potassium tellurite as electron acceptors (Sabaty et al., 2001).
Se (VI) reduction via the sulfate dissimilatory pathway as a detoxifying mechanism
could be a widespread mechanism of Se (VI) reduction in aerobic species. The
respiratory Se (VI) reductases SerABC and nitrite reductase in 7. selenatis can mediate
Se (VI) and Se (IV) reduction to SeNPs independently or synergistically (Sabaty et al.,
2001). Additionally, cytoplasmic selenium deposits were formed during respiratory
reduction, suggesting two mechanisms. It's unknown if bacteria directly reduce Se (VI)

to Se (0) beyond Se (IV).



2.2.3 Transport of selenite [Se (IV)]

In contrast to Se (VI), no particular Se (IV) uptake channel has been identified.
Se (IV) may be transported by the sulfate permease in E. coli strain K-12, but the Km
value indicating substrate affinity to Se (IV) was around 50-fold and 6-fold higher than
that to sulfate and Se (VI), implying that the sulfate permease affinity to Se (IV) was
lower than that to sulfate and Se (VI) (Lindblow-Kull et al., 1985). Furthermore,
repressing sulfate permease expression did not entirely block Se (IV) absorption,

indicating the presence of other yet undiscovered transporters (Turner et al., 1998).

2.2.4 Selenite reduction to elemental selenium and selenide

Recent studies have emphasized Se (IV) reduction, with various bacteria
involved in dissimilatory reduction to generate SeNPs and selenide intracellularly or
extracellularly. The reduction typically occurs in the periplasm and cytoplasm, while
extracellular reduction occurs when reductive substances are generated and excreted by
bacteria (Dwivedi et al., 2013). Se (IV) can be anaerobically reduced to selenium
nanoparticles by respiratory Se (IV) reductase Sr»ABC (sulfite reductase reactivation
ABC transporter), FccA (fumarate reductase) and Nir (nitrite reductase) in the
periplasm (Wells et al., 2019). Se (IV) can be aerobically reduced to SeNPs by multiple
reductases in the cytoplasm, and/or by thiols such as GSH (glutathione reductase) and
bile salt hydrolase (Wang et al., 2019; Piacenza et al., 2019). and aerobically reduced
to SeNPs in the periplasm by fumarate reductase and selenite reductase (SerT). In the
presence of sulfate and Se (IV), a mixture of Se8— nSn nanoparticles could be produced

extracellularly through yet unknown pathways (Wang et al., 2022).
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2.2.5 Export

SeNPs have been found in the periplasm, cytoplasm, and exterior of bacterial
cells. Most SeNPs generated by microorganisms are spherical, with diameters ranging
from 11 to 700 nm (Wadhwani et al., 2016). It is unclear how SeNPs efflux occurred if
they were generated intracellularly. Direct secretion, vesicular secretion, and cell lysis

are all possible mechanisms.

2.3 CHARACTERIZATION OF SELENIUM NANOPARTICLES

The characterization of metalloid NPs is needed to correlate their
physicochemical properties to their biological effects and toxicity. The initial
physicochemical characterization of these NPs is carried out by using a myriad of
routine lab techniques to analyze their shape, size and size distribution, porosity, surface
chemistry, crystallinity, and dispersion pattern (Kapur et al., 2017). The most widely
used techniques include UV-visible (UV-Vis) spectroscopy, luminescence spectroscopy
(LS), scanning electron microscopy—energy dispersive X-ray spectroscopy (SEM-
EDX), transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD). XRD confirms the presence of NPs and
determines their lattice structure, crystallinity and crystallite size. Electron microscopy
techniques, such as TEM and SEM, enable the study of NP shape and size to deduce
their size distribution along with elemental composition (EDX) (Estevam et al., 2017).
According to Kapur et al., magnified field emission scanning electron microscopy
(FESEM) images provide information about the nature and composition of the NPs
(Kapur et al., 2017). The FTIR is an efficient technique that provides reproducible

analyses used to reveal the presence of functional groups at the NP surface. These



groups may be involved in the reduction of the metal ions and/or the NP capping that
ensures colloidal stability (Wadhwani et al., 2017; Rahman et al., 2019). In addition to
determining the surface charge (z-potential) of the NPs, dynamic light scattering (DLS)
provides the NP hydrodynamic diameter and good insight into their
stability/aggregation by measuring their Brownian motion (Kapur et al., 2017). Atomic
force microscopy (AFM) provides quantitative information about the length, width,
height, morphology, and surface texture of NPs through a tridimensional visualization

(Dhanjal and Cameotra 2010).

2.4 APPLICATION OF SELENIUM NANOPARTICLES

SeNPs are one of the most attractive prospects for biomedical applications due
to their specificity, selectivity, bioavailability, and low toxicity. Selenium nanoparticles
play a function in numerous oxidoreductive reactions because they are bioactive and

biologically accessible.

2.4.1 Selenium nanoparticles as antioxidant agents

Antioxidants prevent and scavenge free radicals in plants and animals. There
are numerous studies on the antioxidant potential of Selenium nanoparticles. The higher
concentration of reaction intermediates such as superoxide and hydrogen peroxide are
responsible for cellular damage (Devasagayam et al., 2004; Gutteridge, 1994).
Selenium nanoparticle plays a role in the reduction of free radicals to protect cells from
damage by regulating reactive oxygen species (ROS) and glutathione peroxidases
(GPx). For instance, SeNPs fabricated from Emblica officinalis fruit extract, have
shown antioxidant activity in DPPH and ABTS assays. These nanoparticles can also

scavenge DPPH and reduce ferric acid, demonstrating their potential as antioxidants
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(Kokilaetal., 2017). In yet another study antioxidant activity of SeNPs by Streptomyces
sp. against DPPH free radicals was reported to increase with increasing concentrations
of SeNPs (Sumithra et al., 2023). Similarly, SeNPs reported good antioxidant activity
in terms of DPPH and ABST scavenging action at a concentration of 150 pg/mL, with
no significant differences between the 24 and 48-hour incubation periods (Ullah et al.,

2021).

2.4.2 Antimicrobial effect of selenium nanoparticles

Microbial infections cause diseases in humans and animals, leading to antibiotic
resistance. Multidrug-resistant bacteria are highly infectious, making antibiotics
ineffective. Selenium nanoparticles have been used as a therapeutic agent as it is
effective in the growth inhibition of pathogenic microbes. Some studies have revealed
that the antimicrobial activity of these nanoparticles is due to the generation of reactive
oxygen species, but more studies are needed to clarify their antimicrobial mechanisms
(Huang et al., 2016). In one of the studies by Sumithra and coworkers, it has been
reported that SeNPs synthesized by Streptomyces sp. exhibited broad-spectrum
antibacterial activity, with a maximum zone of inhibition of 31.3 + 0.4 mm against
Pseudomonas aeruginosa. (Sumithra et al., 2023). Additionally, SeNPs synthesized by
Bacillus amyloliquefaciens exhibited significant antibacterial activity against
Staphylococcus aureus compared to chloramphenicol, a broad-spectrum antibiotic

(Ashengroph and Hosseini. 2021).

2.4.3 Antibiofilm effect of selenium nanoparticles

Biofilms, encompassing complex microbial communities in a self-produced
extracellular matrix, pose a formidable challenge in healthcare settings, as they are

notoriously resistant to conventional antimicrobial treatments. SeNPs, with their unique
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physicochemical properties and biocompatibility, offer a novel approach to disrupt
biofilm formation and eradicate established biofilms (Gomez-Gomez et al., 2019). The
sensitivity of biofilm-associated microorganisms to antimicrobial agents is
considerably decreased. This is due to multiple factors such as the inability of
antibiotics to cross the EPS layer; overproduction of efflux pumps; enzymatic
modification of the antimicrobial compound; alteration of the membrane lipids
preventing entry of the drug into the cell; and the presence of persisters or dormant cells
that slow down or shut down metabolism and no longer offer target site/molecules for
the action of the antibiotics (Singh 2017; Yu et al., 2020). These attributes render the
multidrug-resistant (MDR) status of the biofilms, and the treatment of chronic
infections with antibiotics ineffective (Hasani et al., 2021). SeNPs by Streptomyces sp.
showed inhibitory effects on biofilm formation by Pseudomonas aeruginosa at
concentrations higher than 25 pg/ml by Sumithra et al., in 2023. Biogenic SeNPs by
Halomonas venusta exhibited excellent dose-dependent antioxidant potential at 50

pg/mL as studied by Vaigankar et al., (2022).

2.4.5 Agricultural

SeNP could be an excellent fertilizer ingredient, as it is not easily leached from the
soil and dissolves in water or aqueous solutions (Sergey et al., 2020). The addition of
SeNPs to soil increases fruit, rice, and tea leaf harvests, selenium content, and quality
of blueberries (El-Basiouny et al., 2024). This improved uptake of selenium for crop
fertilization may have positive effects on the economy and environment. Soil selenium
content significantly impacts dietary intake and plasma selenium levels. Fertilizers
containing selenium can normalize selenium content. Se can reduce cell membrane
damage, enhance photosynthetic activity, and upregulate antioxidant defense systems,

supporting overall defense against ROS's tissue-damaging effects (Hasanuzzaman et



al., 2020). The use of SeNPs as a supplement to regular Se fertilizers to boost crops has
become a feasible alternative to traditional Se fertilizers as innovative, cutting-edge,
and developing technologies, such as nanotechnology, advance. Vaigankar and
coworkers conducted a study on rice seeds (var. Jyoti) via seed priming reporting
enhanced plant growth potential of SeNPs primed seeds they also demonstrated the
antagonistic potential of SeNPs when treated with arsenic stress (Vaigankar et al.,

2022).
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CHAPTER 3

METHODOLOGY
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3.1 SAMPLING OF SELENITE-RESISTANT MARINE BACTERIA

Samples of surface water and sediment were taken in sterile polycarbonate
bottles and zip-lock bags, respectively, from different marine and estuarine ecosystems
in Goa, India (Fig. 3.1). Various physiological measures were recorded, including

temperature, pH, latitude, and longitude (Sumithra et al., 2023).
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Fig. 3.1: Sampling sites selected for collection of water and sediment

samples.

3.2 ENRICHMENT, ISOLATION and SCREENING OF SELENITE-

RESISTANT MARINE BACTERIA

Enrichment of the samples was carried out by adding 1mL of water sample
and/or 1 g of sediment sample to 50 mL Zobell Marine Broth (ZMB) supplemented
with 0.5 mM sodium selenite (Na>SeO3) these were then incubated at 28 +£ 2 °C on a
shaker at 100 rpm for 48 h. Isolation of selenite-reducing bacteria was carried out by

dilution plating of the enriched sample on Zobell marine agar (ZMA) plates amended
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with 2 mM Na;SeOs3 and plates were incubated at 28 + 2 °C for 24 - 48 h. The selected
bacterial colonies were sub-cultured on ZMA plates containing 2 mM Na;SeO3 and

incubated at 28 + 2 °C for 24 - 48 h (Borah et al., 2021).

3.3 GROWTH and MAINTENANCE CONDITIONS

Selected bacterial isolates were sub-cultured using a sterile wire loop on ZMA slants
for short-term storage. The slants were incubated at 28 + 2 °C for 24 - 48 h and stored
in the refrigerator at 4 °C. The purity of the cultures was checked by performing Gram

staining and microscopic observations.

3.3.1 Colony characteristics of the selected colonies

a) Size- Measured by scale in millimeters.

b) Shape- Varies from round to irregular.

¢) Colour- Pigmentation of colonies (white, cream, yellow, brown,etc).

d) Elevation- How high is the colony above the agar.

e) Margin- The colony was observed under the microscope for fine observation of the
margin (raised/convex/flat/umbonate/crateriform).

f) Opacity- The colony was observed and tested for opacity viz. opaque, translucent,
transparent.

g) Consistency- The colony was picked and observed for consistency

(consistent/mucoid/butyrous).

3.3.2 Gram staining

The selected bacterial isolates were grown on ZMA plates and were incubated at
28 °C for 24 h. A thin bacterial smear was prepared on a clean grease-free glass slide.

It was air-dried and heat-fixed. The slide was flooded with crystal violet kept for 2



minutes and later rinsed with distilled water. This was followed by treatment with
Gram’s iodine for 1 minute. Alcohol was added continuously to the slide for 30 to 45
seconds. The slide was counter-stained with safranin for 2 minutes. It was then rinsed
under running distilled water followed by air drying and was visualized under an oil

immersion lens.

3.4 DETERMINATION OF MTC MAXIMUM TOLERANCE
CONCENTRATION) and MINIMUM INHIBITORY CONCENTRATION

(MIC) OF SELENITE

Bacterial isolates were selected and spot-inoculated on ZMA plates with
increasing concentrations of Na>SeOs (0-360 mM). These plates were incubated at 28
°C for 24 h and were checked for the appearance of colonies. The maximum
concentration of selenite at which visible colonies were obtained was designated as
MTC. For MIC bacterial isolates were selected and inoculated in ZMB with increasing
concentrations of Na>SeOs (0-360 mM). These were incubated at 28 °C for 24 h and
were observed for growth. The minimum concentration of selenite at which growth did

not appear was designated as MIC (Samant et al., 2016).

3.5 PHENOTYPIC ANALYSIS OF EXTRACELLULAR POLYMERIC

SUBSTANCE (EPS)

Extracellular polymeric substance (EPS) production was assessed by
cultivating the strains on Congo Red Agar (CRA) using a method modified by (Freeman

etal, 1989). The medium was prepared by adding 0.08 % of the Congo red dye in ZMA.
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The selected bacterial isolates were spot inoculated on Congo Red Agar plates,
incubated at 28 °C for 24 h and checked for colonies that appeared black and opaque

(Saad et al., 2017).

3.6 BIOCHEMICAL CHARACTERIZATION OF THE BACTERIAL

ISOLATES

The selected isolates viz. strains PMVW3; and PMChW> were biochemically and
morphologically characterized and identified using Bergey s Manual of Determinative

Bacteriology.

a. Catalase

The bacterial isolate was tested for the presence of catalase activity by adding a
drop of hydrogen peroxide (H20O:) solution on a glass slide containing bacterial strains

PMVW3; and PMChW, and was observed for effervescence.

b. Hugh Leifson’s test

The bacterial cultures were stabbed on Hugh Leifson’s medium with, one set
overlaid with sterilized paraffin oil. The next day both, the aerobic as well as anaerobic

tubes were checked for any change in the color of the medium.

c. Oxidase

Selected isolates were grown for 24 h in nutrient broth and the oxidase discs were

immersed in the same and a change of color was observed within 10 seconds.

d. Motility
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The motility of the cultures was checked by stabbing the culture on a semi-solid

agar medium. The growth of the culture was observed after an incubation of 24 h.

e. Fermentation of sugars

The cultures were inoculated in a medium containing 0.5% of various sugars like
glucose, maltose, lactose, and sucrose followed by incubation for 24 h. The medium
was observed for a change of color from orange to yellow and the production of bubbles
in Durham’s tubes. 10% stock solutions of the sugars were prepared and sterilized for

10 minutes at 15 psi.

f. IMViC

Indole

The selected cultures were inoculated in tryptophan broth and incubated for 24 h.
After incubation 4-8 drops of Kovac’s reagent were added and observed for the

development of a ring with a cherry red color.

Methyl red and Voges Proskaeur (MR-VP)

The cultures were inoculated in MR-VP broth and incubated for 24 h. The next day
the cultural broth was divided into two test tubes. In one methyl red was added and the
other Barrit’s reagents A and B were added and incubated for 1 h and checked for the

presence of red coloration.

Citrate

The cultures were streaked on Simmon’s citrate slant and incubated for 24 h. It was

then checked for color change from green to deep blue.
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g. Nitrate test

The cultures were inoculated in nitrate broth and incubated at room temperature (28
+ 2 °C), the next day equal amount of alpha-naphthyl amine and sulphanilic acid was

added and checked for red coloration.
h. Phenylalanine decarboxylase test

The cultures were grown on media containing phenyl pyruvic acid (PPA) on

slants. The next day 2% ferric chloride was added and checked for green coloration.
i. Triple Sugar Iron Agar test (TSIA)

The cultures were inoculated in TSIA by stabbing the butt and then streaking on
the slant and incubating for 24 h at room temperature (28 + 2 °C). It was then checked
for the color change where yellow indicates acid production and red indicates alkali

production in media. The tubes were also checked for H>S and other gas production.
J. Extracellular polymeric substance (EPS)

Extracellular polymeric substance (EPS) production was assessed by spot-
inoculating the strains on ZMA containing 0.08 % of the Congo red dye followed by
incubation at 37 °C for 24 h. The plates were checked for the appearance of blackening

around the colonies (Saad et al., 2017).

3.7 ANTIBIOTIC SUSCEPTIBILITY OF SELECTED BACTERIA

The sensitivity of selected selenite-resistant bacterial isolates PMVW3 and
PMChW; to various antibiotics was determined on Muller Hinton agar (MHA) by the

Kirby-Bauer disc diffusion test (Bauer et al., 1966). Bacterial cultures grown overnight
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were spread and placed on MHA plates to obtain uniform bacterial lawns subsequently,
the antibiotic discs (Himedia, India) were retained on them. The Petri plates were then
incubated for 24 h at 28 °C and the zone of clearance due to antibiotics was recorded

and compared to the Kirby-Bauer chart (Boyle et al., 1973).

3.8 SEM-EDX ANALYSIS OF SELECTED BACTERIAL STRAINS

The selected bacterial isolates PMVW3; and PMChW; were grown in ZMB
supplemented with (2 mM) and 0 mM NaxSeO; (control) and kept for 48 h under
constant shaking at 100 rpm and 28 °C. A thin smear of bacterial cells was prepared on
a slide and this was then fixed with 2.5 % glutaraldehyde. The cells were washed with
PBS (phosphate buffered saline) followed by dehydration using different
concentrations of acetone (10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, 90 %
and 100 %) for 10 min each. The samples were then gold coated using Blue Quorum
Model SC720 and viewed using ZEISS EVO 18 scanning electron microscope and

electron dispersive spectroscopic analysis (Quanta FEG 250).

3.9 MOLECULAR IDENTIFICATION OF THE SELECTED

BACTERIAL ISOLATES

3.9.1 Extraction of genomic DNA

Genomic DNA extraction of the selenite-reducing bacterial strains was carried
out using Dneasy® Blood and Tissue Kit (Qiagen, Hilden, Germany). The cultures were
grown in nutrient broth (NB) and incubated at 28 °C for 24 h. Upon centrifuging, cells

were resuspended in PBS followed by the addition of proteinase K, Buffer AL, and



ethanol. The mixture was then pipetted into a DNeasy Mini spin column and
centrifuged at 4500 rpm for 1 minute. The column was then placed in a new 2 ml
collection tube, to which 500 pl of Buffer AW1 was added and centrifuged for 3
minutes at 4500 rpm (BR -70 BL). The spin column was then transferred to a new 2
ml microcentrifuge tube. The DNA was eluted by adding 200 ul of Buffer AE to the
center of the spin column membrane and incubated for | minutes at room temperature
(28 £ 2 °C). The DNA sample was electrophoresed using 0.8% agarose gel and

visualized by transilluminator (BC- UV-365).
3.9.2 PCR amplification phylogenetic analysis

The bacterial 16S rRNA gene was used as a target and the amplification was
carried out using the universal primers 16S27F (5°-CCA GAG TTT GAT CMT GGC
TCA G-3’) and 16S1492R (5’-TAC GGY TAC CTT GTT ACG ACT T-3’) (Weisburg
et al. 1991). The amplified PCR product was further purified by salt precipitation.
Agarose gel electrophoresis was carried out to determine the quality of PCR amplicons
as well as post-purification of the PCR products. Purified amplicons were then
subjected to cycle sequencing using BDT v3.1 chemistry and subsequently sequenced

on an ABI 3500XL Genetic Analyzer (Himedia, Mumbai India).
3.9.3 Bioinformatic analysis of amplified 16S r RNA gene

The DNA sequence was analyzed by BLAST (Altschul et al., 1990) and
submitted to GenBank. The neighbor-joining method was used for the construction of
a phylogenetic dendrogram using MEGA11 (Molecular Evolutionary Genetic Analysis,

version 11) software (Tamura, Stecher, and Kumar 2021).
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3.10 BIOSYNTHESIS OF SELENIUM NANOPARTICLES

3.10.1 To determine the ability of PMVW; and PMChW2 strain to

biosynthesize SeNPs during growth phase

The potential of the strains PMVW3 and PMChW2 to synthesize selenium
nanoparticles (SeNPs) was studied by inoculating the culture inoculum in ZMB
supplemented with 2 mM of Na>SeOs followed by incubation at 28 °C + 2 at 100 rpm
for 24 h. The culture broth after incubation was centrifuged at 4500 rpm, for 20 min at
4 °C. The brick-red colored cell biomass was then lysed in PBS (0.1 M) using a
sonicator PRO-650 (Vibronics, 0.5 pulses for 10 min with 5 min intervals) and
centrifuged at 4000 rpm for 20 min twice. The resulting supernatant obtained was then
scanned in the range of 200-700 nm in UV-Vis spectrophotometer (Shimadzu- UV-
1780). The flask containing culture without Na;SeO3 and uninoculated media served as

controls (Vaigankar. 2020).

3.10.2 To evaluate the ability of PMVW3; and PMChW2 strain to

biosynthesize SeNPs using cell-free culture supernatant

The culture was inoculated in ZMB medium and incubated on an incubator shaker (100
rpm), at 28 °C for 48 h. The fully grown cultures were centrifuged at 4500 rpm, 4 °C
for 20 min and the cell-free supernatant was collected into a fresh flask without
disturbing the pellet. The supernatant was added to 2 mM of Na>SeO3(1:1) and
incubated at 28 °C for 48 h. Subsequently, the aliquots (1 mL) were withdrawn and
scanned in the range of 200-700 nm using UV-Vis spectrophotometer (Vaigankar.

2020).
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3.11. OPTIMIZATION OF MEDIA PARAMETERS FOR SeNPs

SYNTHESIS

3.11.1 Varying Sodium selenite concentration

The effect of sodium selenite (Na>SeOs) on selenium reduction and nanoparticle
synthesis was evaluated by inoculating the bacterial strains PMVW3 and PMChW: in
ZMB flasks with varying Na,;SeOs concentrations (1, 2, 3,4, 5 and 6 mM) and incubated
at 28 °C, 100 rpm. A nanoparticle containing supernatant was extracted and monitored

at 265 nm using UV-Vis spectrophotometer.

3.11.2 The effect of pH

To study the effect of pH on the biosynthesis of SeNPs by strains PMVW3 and
PMChW,, the pH of the media was adjusted to 5, 6, 7, 8, 9 and 10 using 1 N HCI and
IN NaOH solutions. Bacterial cells were incubated on a shaker (100 rpm) at 28 °C
amended with 2 mM NaxSeO;. A nanoparticle containing supernatant was extracted

and monitored at 265 nm using UV-Vis spectrophotometer.

3.11.3 The effect of temperature

The strains PMVW3 and PMChW: were inoculated in ZMB flasks with 2 mM
Na»SeOs concentration, pH 7 and incubated at various temperatures, namely, 28 °C, 32
°C and 37 °C, 100 rpm and nanoparticles containing supernatant were extracted, and

monitored at 265 nm using UV-Vis spectrophotometer.
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3.12. GROWTH BEHAVIOUR OF STRAIN PMVW;3; IN PRESENCE

OF NazSeOs3

SeNPs synthesis during the growth phase of strain PMVW3 was carried out
under optimized conditions obtained from (3.11). The reaction mixture was withdrawn
after a specific time interval and was monitored between 200-800 nm using a UV-Vis

spectrophotometer (El-deeb et al., 2023).

3.13. HARVESTING OF BIOSYNTHESIZED SeNPs

To obtain SeNPs, the strain PMVW3 was harvested by centrifugation at 4500
rpm for 20 min and the resultant brick red colored pellet was washed thrice with 0.1M
PBS. The cell pellet was re-suspended in methanol: chloroform (2:1 v/v) and sonicated
(0.5 pulses for 10 min with 5 min intervals). After cell lysis, the suspension was
subjected to centrifugation at 4000 rpm for 20 min, the supernatant obtained was
retained and the pellet containing cell debris was discarded. The brick-red colloidal
suspension obtained was further harvested at 4500 rpm for 30 min and the pellet
obtained was subsequently washed twice with distilled water and ethanol. The pellet
was dried at 60 °C using an oven to get SeNPs and pulverized to obtain the fine powder

using agate mortar (Vaigankar. 2020).



3.14. CHARACTERIZATION OF BIOGENIC SeNPs

3.14.1 UV-Vis spectroscopic analysis

The biogenic SeNPs were suspended in methanol: chloroform solvents (2:1 v/v)
and absorbance was recorded in the range of 200- 700 nm with methanol: chloroform

(2:1 v/v) as blank (Ullah et al. 2021).

3.14.2 Scanning electron microscopy (SEM) and Energy dispersive x-ray

(EDX)

A thin layer of dried powder of SeNPs nanoparticles was placed on copper stubs
and coated with gold using a high vacuum evaporator. It was then analyzed by SEM

coupled with EDX using Quanta FEG 250 (Samant et al., 2016).

3.14.3 X-ray diffraction analysis (XRD)

X-ray diffraction pattern for biosynthesized SeNPs was obtained by scanning
the dried powder of biogenic SeNPs. This was further used to make a film on a glass
slide for XRD analysis using Bruker D8 Advance X-ray diffractometer (Samant et al.,

2016).
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3.15 BIOMEDICAL APPLICATIONS OF BIOSYNTHESIZED

SELENIUM NANOPARTICLES

3.15.1 Antimicrobial activity SeNPs

The agar well diffusion method was employed to determine the antimicrobial
action of synthesized SeNPs against different clinical isolates namely Staphylococcus
aureus, Escherichia coli, Salmonella sp. and Bacillus sp. A stock solution of 50 mg/mL
of SeNPs in methanol was prepared and 100 pL of previously grown pathogenic
cultures were spread-plated on Muller-Hinton agar plates. Sterile tips of 0.8 mm were
used to bore wells in the plates after half an hour of standing time. Different
concentrations (25, 50, 75 and 100 pg/mL) of suspended SeNPs (100 uL) were loaded
onto the wells keeping appropriate controls (Chloroform: Methanol (2:1)). This was
followed by incubating plates at 37 °C for 24 h and zone of inhibition was determined
which was the measure of antimicrobial activity. The activity was carried out in

triplicates and the standard deviation was determined (Sumithra et al., 2023).

3.15.2 Antibiofilm Potential of SeNPs

The anti-biofilm activity of biogenic SeNPs against potential human pathogens
was studied using a modified crystal violet assay in a 96-well sterile polystyrene
microtiter plate as described previously (Baygar and Ugur, 2017). Initially, 2 mL of
nutrient broth was added into a sterile polystyrene microtiter plate to which 12 h old
pathogenic bacterial cultures viz. Staphylococcus aureus, Escherichia coli, Salmonella
sp. and Bacillus sp. were inoculated separately along with four different concentrations
of biogenic SeNPs (25, 50, 75 and 100 pg/mL). Un-inoculated nutrient broth and
pathogens grown in nutrient broth without NPs were maintained as controls. The

microtiter plate was incubated at 37 °C for 48 h under static conditions. Subsequently,



the microtiter plate was drained and washed gently with sterile 0.1M PBS and distilled
water to remove unbound cells, followed by drying for 30 min. Crystal violet (0.2 %
w/v) was added (2 mL) to each well and was further incubated at 28 °C for 30 min. The
excess dye was gently washed with sterile distilled water. Methanol (2 mL) was added
to the dried wells and absorbance was measured at 600 nm keeping methanol as a blank.

The anti-biofilm effect was estimated using the following formula:

% Anti-biofilm activity = [(Absorbance of control - absorbance of the

sample)/absorbance of control] * 100

The absorbance of control corresponds to the bacterial cells grown in nutrient
broth without NPs. The anti-biofilm assay was carried out in triplicate and the standard

deviation was determined.

3.15.3 Free-radical scavenging activity of biogenic SeNPs

DPPH (1, 1-diphenyl-2-picryllhydrazly) radical scavenging activity of biogenic
SeNPs was investigated using the method described by Turlo et al. (2012) with minor
modifications. In the presence of the antioxidant purple DPPH changes into a yellow
stable compound and the hydrogen donating capacity of the antioxidant determines the
extent of the reaction (Niki et al., 2010). Different concentrations of biogenic SeNPs
(25, 50, 75 and 100 pg/mL) were mixed with 1 mL of freshly prepared 0.2 mM DPPH.
The tubes were mixed and incubated in the dark for 30 min followed by measuring the
absorbance at 570 nm using ascorbic acid as standard and methanol as blank. The

percent of free radical scavenging activity was determined by the formula:

% Inhibition = [(Control OD—Sample OD)/ Control OD] x100.
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3.16 AGRICULTURAL APPLICATIONS

3.16.1 Production of EPS

3.16.1.a Alcian blue staining for EPS-producing bacterial isolate

Alcian stain is used to stain acidic polysaccharides. Extracellular
polysaccharides or extra polymeric substances (EPS) produced by the bacterial isolate
PMChW; were visualized and stained with alcian blue dye. The culture was grown in
nutrient broth (NB) with a sugar substrate (1% of glucose) for 24 h at room temperature
(28 °C + 2). The culture was centrifuged at 4500 rpm for 20 minutes. A thin smear of
the supernatant was made on a clean grease-free glass slide. The slides were stained
with alcian blue dye for 15 minutes followed by washing with distilled water. The cells
were observed for the presence of EPS under a microscope at 40X objective (Sohm et

al., 2011).

3.16.1.b Extracellular polymeric substance (EPS) production

The selected isolate PMChW> was grown in NB along with 1% of the glucose
and incubated at 28 °C + 2 for 48 h. Then, the broth was centrifuged at 4500 rpm for
20 min. The supernatant was mixed with anhydrous ethanol (1:3). Then, the mixture
was stored at 4 °C for 48 h and checked for EPS precipitate formation (Z. Wang et al.

2023).

3.16.1.c EPS extraction

The selected isolate PMChW;, was grown in NB along with 1% of the glucose
and incubated at 28 °C + 2 for 48 h. Then, the broth was centrifuged at 4500 rpm for
20 min. The supernatant was mixed with anhydrous ethanol in ratio (1:3). Then, the

mixture was stored at 4 °C for 48 h. The EPS precipitate formed was centrifuged at
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4000 rpm for 40 min and then dissolved in distilled water. The EPS solution was freeze-

dried at -20 °C for 48 h by using a deep freezer (RQV-400 PLUS) (Z. Wang et al. 2023).

3.16.1.d Preparation of EPS composite SeNPs

To study the effect of EPS composite SeNPs, a stock solution of 25 mg/mL of
EPS solution in distilled water (DW) was prepared and a SeNPs solution (2.5 mL) was

added to this EPS solution. (Z. Wang et al. 2023).

3.16.2 Effect of EPS composite SeNPs on the plant using seed priming

The seed priming technology was employed to study the effect of EPS composite
SeNPs on rice crop var. Jaya and mung bean Vigna radiata L. Before seed priming, an
equal number of seeds (10) were surface sterilized using 0.1 % sodium hypochlorite
solution for 1 min followed by washing with distilled water. The seeds were then dried
and treated with various treatments of SeNPs, Na>SeOs3;, EPS composite SeNPs (25 and
75 ng/mL) and distilled water for 24 h (Table 1). Treated seeds were then transferred to
sterilized petri plates containing sterile absorbent cotton, incubated for up to 10 days
under aseptic conditions and a regular amount of water was added every day. After the
fifth and tenth days of incubation, the seedlings were used to measure germination

index, root length, shoot length and wet biomass (Vaigankar. 2020).



Table 3.1: Various treatments used for rice and mung seeds

1. S + Distilled water (Control)
2. S + SeNPs (25 pg/mL)

3. S + SeNPs (50 pg/mL)

4. S + SeNPs (75 ug/mL)

5. S + SeNPs (100 pg/mL)

6. S + Na»SeOs (1 mg/mL)

7. S + EPS (1 mg/mL)

8. S + SeNPs-EPS (25 pg/mL)
9. S + SeNPs-EPS (75 pg/mL)

Key: S: - seed

3.16.2.a Determination of final germination percentage, root and shoot length, and

seedling wet biomass

The seedlings were kept on a clean glass plate and root length and shoot length
were measured using the scale. The germination percent was measured using a formula
(Ellis and Robert, 1981). The wet biomass of the seedlings was also measured using a

weighing balance.
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CHAPTER 4

RESULTS



4.1. SAMPLE COLLECTION

40

Water and sediment samples were collected from the different marine and

estuarine ecosystems in Goa, India in low tide, with respective codes (Fig.4.1) and

checked for various physiochemical parameters (Table 4.1). A total of 9 sampling sites

were selected from which 9 water samples and six sediment samples were collected.

The pH of water and sediment samples were almost neutral except in Campal waters

which showed alkaline while the temperature ranged from 28 to 30 °C.
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Bl GPS Map Camera

* o Panaji, Goa, India »
‘ FR384VPG, Vaiguinim Beach, Panaji, Goa 403004, India
#Lat1

Soogle

B GPS Map Camera

Sr. Sites Codes
No. ,
1 Siridao PMSW, PMSS
Beach
2 Panjim Ferry PMPW
Terminal
3 Miramar PMMW
beach
4 Dona Paula  PMDW, PMDS
Beach
5 Divar Island PMDvW,
PMDvS
6 Chorao PMChW,
>00gle” /¢ 4l 30/11/23 01:02 PM GMT +05:30 L PMChS
: 7 Vaiguinim PMVW, PMVS
beach
8 Campal PMCW
9 Betim PMBW

Fig. 4.1: (a) to (i) Sampling sites used for isolation of selenite-reducing marine

bacterial isolates and (j) codes used against the respective sites.



Table 4.1 Physicochemical parameters of various samples

Siridao Beach

Panjim Ferry

Terminal

Miramar beach

Dona Paula

Beach

Divar Island

Chorao

Vaiguinim beach

Campal

Betim

Water

Sediment

Water

Water

Sediment

Water

Sediment

Water

Sediment

Water

Sediment

Water

Sediment

Water

Water

27

27

28

33

33

33

33

30

30

29

29

31

31

31

30

7.3

7.3

7.5

7.6

7.5

7.5

7.6

7.5

7.4

7.6

7.6

7.8

7.8

7.3

15.436856

15.501574

15.475997

15.453012

15.513613

15.513549

15.45502

15.493068

15.504854

73.86065

73.825608

73.806145

73.801589

73.909648

73.871357

73.814588

73.81562

73.834583
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4.2 ENRICHMENT, ISOLATION and SCREENING OF SELENITE-

RESISTANT MARINE BACTERIA

Brick red coloration was observed in enriched flasks treated with 2 mM of Na>SeOs.
(Fig. 4.2). Discrete brick red-colored bacterial colonies were obtained after plating the
enriched samples on ZMA with 2 mM Na>SeOs; while in control (0 mM) no such
coloration was seen (Fig. 4.3). Morphologically 25 dissimilar bacterial colonies were
selected and sub-cultured on ZMA plates with 2 mM of Na>SeOs3 and without Na>SeOs

(Fig. 4.4).

43

Fig. 4.2: Enriched flasks: (a) water sample with and without Na:SeO3 and

(b)sediment sample with and without Na>SeQs after 48 h of incubation.
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Fig. 4.3: ZMA plates: (a) without Na>SeO3, (b) with (2 mM) Na>SeO3 showing

brick red colonies.

Fig. 4.4: ZMA plates - (a) without Na2SeQO3, (b) with 2 mM Na>SeOs showing

brick red colonies.
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4.3 GROWTH and MAINTENANCE CONDITIONS

Fig. 4.5: ZMA Slants containing isolated bacterial strains

4.3.1 Colony characteristics of the selected colonies

Morphologically 25 dissimilar bacterial colonies were considered for further

studies (Table 4.2).

Table 4.2: List of the twenty-five selected bacterial isolates

Isolate number Name
1 PMSW:
PMSW:
PMSS1
PMSS:
PMPW;
PMMW;
PMDW;
PMDW;
PMDS:
PMDS:
PMDvS;

o 0 9 S U A W

ke
)



12
13
14
15
16
17
18
19
20
21
22
23
24
25

Table 4.3 Colony characteristics of selected isolated bacterial

PMDVS;
PMChW;i
PMChW;

PMChS;

PMChS2

PMVW,

PMVW:;

PMVW;

PMVS:

PMCW,

PMCW:

PMBW;

PMBW:

PMBW:3

46

PMSW; 1 Circular ~ White Flat Entire  Opaque  Butyrous
Siridao =~ PMSW2 1 Circular  Cream Flat Entire = Opaque @ Butyrous
Beach PMSS; 4 Circular ~ White Raised  Entire  Opaque  Butyrous
PMSS: 1 Circular =~ Yellow Raised Entire =~ Opaque = Butyrous
Panjim
Ferry PMPW; 2 Circular ~ White Flat Entire  Opaque Dry
Terminal




Miramar

beach

Dona
Paula

Beach

Divar

Island

Chorao

Island

Vaiguinim

beach

Campal

Betim

PMMW,

PMDW,

PMDW,

PMDS;

PMDS:

PMDvS;

PMDvS;

PMChW

1

PMChW

2

PMChS;

PMChS»

PMVW;

PMVW,;

PMVW3

PMVS,

PMCW;

PMCW,

PMBW;

PMBW,

PMBW;

<1

Irregular

Circular
Circular
Circular
Circular
Circular

Irregular

Circular

Circular

Irregular
Circular
Circular
Circular
Circular
Circular

Circular

Circular

Circular

Circular

Circular

White

Cream

White

White

Cream

White

Yellow

White

Brown

White

Cream

White

Cream

Yellow

White

Yellow

Whitish

Cream

White

Yellow

Whitish

Cream

Flat

Raised

Flat

Raised

Raised

Flat

Flat

Flat

Flat

Flat

Flat

Raised

Flat

Raised

Raised

Flat

Flat

Flat

Raised

Flat

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Entire

Opaque

Opaque
Opaque
Opaque
Opaque
Opaque

Opaque

Opaque

Opaque

Opaque
Opaque
Opaque
Opaque
Opaque
Opaque

Opaque

Opaque

Opaque

Opaque

Opaque
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Butyrous

Butyrous
Butyrous
Butyrous
Butyrous
Butyrous

Butyrous

Butyrous

Butyrous

Butyrous
Butyrous
Butyrous
Butyrous
Butyrous
Butyrous

Butyrous

Butyrous

Butyrous

Butyrous

Butyrous



4.3.2 Gram staining

Twenty of the isolates were found to be Gram-negative and five were Gram-

positive. Most of them showed rod-shaped morphology (table 4.4).

Table 4.4 Gram character of selected isolates

PMSW; Gram-negative Rods
Siridao PMSW; Gram-negative Rods
Beach PMSS; Gram-negative Rods
PMSS; Gram-negative Rods
Pa?ii:;;:ry PMPW; Gram-positive Cocci in clusters

l\/lljlzzglar PMMW, Gram-negative Rods
PMDW; Gram-negative Rods
Dona Paula PMDW, Gram-negative Rods
Beach PMDS; Gram-negative Rods
PMDS, Gram-negative Rods
. PMDvS; Gram positive Cocci
Divar Island — -
PMDvS, Gram positive Cocci
PMChW; Gram-negative Rods
Chorao PMChW, Gram-negative Rods
Island PMChS; Gram-positive Rods
PMChS, Gram-positive Rods
PMVW; Gram-negative Rods
Vaiguinim PMVW; Gram-negative Rods
beach PMVW; Gram-negative Rods
PMVS; Gram-negative Rods
PMCW; Gram-negative Rods

Campal .
PMCW, Gram-negative Rods
PMBW; Gram-negative Rods
Betim PMBW, Gram-negative Rods

PMBW; Gram-negative Rods
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Fig. 4.6: Gram staining of selected bacteria under a microscope.

50



51

4.4 Determination of MTC (Maximum Tolerance Concentration) and

Minimum Inhibitory Concentration (MIC) of selenite

Out of twenty-five selenite-reducing bacterial isolates, five strains exhibiting
MTC higher than 360 mM on ZMA were selected for further studies (Fig. 4.7 to 4.11).
Among all the estuarine bacterial isolates the strain designated as PMVW3 showed an
MTC of 360 mM to Na>SeQOs, in solid medium and MIC of 380 mM in liquid medium

(Fig. 4.12 to 4.17).

Fig. 4.7: Growth of selected bacterial isolates on ZMA with increasing

concentrations of Na:SeQOs (5,10 and 20 mM).
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Fig. 4.8: Growth of selected bacterial isolates on ZMA with increasing

concentrations of Na:SeO3 (30-80 mM).



Fig. 4.9: Growth of 14 bacterial isolates on ZMA with increasing concentrations

of NazSeO3 (100-200 mM).
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Fig. 4.10: Growth of 8 bacterial isolates on ZMA with increasing concentrations

of Na:SeOj3 (220-360 mM).
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Fig. 4.12: Isolates grown in ZMB with increasing concentrations of Na:SeQOs. (2-

40 mM).
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Fig. 4.14: Isolates grown in the presence of 145-195 mM Na:SeOs.
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Fig. 4.15: Bacterial isolate PMVW3 grown in the presence of 220-380 mM

concentrations of Na>SeQOs.

Fig. 4.16: Bacterial isolate PMBW3 grown in the presence of 220-320mM

Naz2SeOs.
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MIC (Minimum Inhibitory
Concentration)

NA2SEO3 (MM)

PMSW2 PMSS2 PMPW1 PMVW3 PMBW3
SELENITE RESISTANT BACTERIAL ISOLATES

Fig. 4.17: MIC of selected potential selenite-reducing bacterial isolates.
4.5 EPS PRODUCTION

Among all the bacterial isolates, PMChW2 was the exclusive strain
demonstrating EPS production, with a Minimum Tolerable Concentration (MTC) of 70
mM towards Na,SeOs. Given the connection between EPS and the synthesis of SeNPs
as indicated by previous research (Sheng et al., 2010; Wang et al., 2023), albeit limited,

this particular culture was selected for further investigation (Fig. 4.18).

Fig. 4.18: Congo red staining of the Shewanella sp. indicating EPS

production
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4.6 BIOCHEMICAL CHARACTERIZATION OF THE BACTERIAL

ISOLATES

Biochemical tests revealed that the isolate PMVW:3 is oxidase positive and
showed the presence of enzymes such as catalase and nitrate reductase on the other
hand, bacterial isolate PMChW: also showed the presence of enzymes such as catalase
and nitrate reductase. Indole, VP, and methyl red tests were found to be negative,
however, it was able to utilize citrate. Evidence of glucose fermentation was also seen.
Additionally, the TSIA test revealed the formation of H2S gas and revealed oxidase and

EPS positive (Fig: 4.19 and table 4.5)).

Table: 4.5. Biochemical characteristics of selenite-resistant marine

bacterial isolates
Sr.No. Biochemical media PMVW3; PMChW:
1 Morphology Rods (short) Rods (long)
2 Gram character Gram-negative  Gram-negative
3 Pigmentation White Brown
4 EPS - +
5 Motility + +
6 Oxidase + +
7 Facultative anaerobe - =

8 Catalase + +
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11

13

14

15

16

17

18

19

20

21

22

Nitrate reduction

Phenylalanine

deamination

IMVIC Test

Indole

Methyl red

Voges Proskauer

Citrate

TSIA

Slant

Butt

H:S production

Gas production

Sugar fermentation tests

D-Glucose

Lactose

Key: + Positive; - Negative
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Catalase Test

Control

Joes PMChW, PMVW;
pobe Ml [hute
|thw,

Vi

Nitrate reduction test Citrate Test TSIA

PMChW,
> PMVW,

Glucose fermentation test

Extracellular polymeric
substances (EPS) Test

Fig. 4.19: Biochemical tests of selected bacterial isolates for PMVW3; and

PMChWa.
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4.7 ANTIBIOTIC SUSCEPTIBILITY OF SELECTED BACTERIA

The sensitivity of selected selenite-resistant bacterial isolates PMVW3 and
PMChW, was tested in the presence of antibiotics using sterile HiMedia antibiotic disks
(Fig. 4.20) and the results obtained are given in the following table (Table no. 4.6). It
was interesting to note that both the isolates were sensitive to all four antibiotics used
namely Streptomycin (10png), Penicillin - G (10 units), Chloramphenicol(30ug) and

Tetracycline (30pg). (refer to Appendix V and Fig. 4.21).

Table no: 4.6 Antibiotic susceptibility of selected bacterial isolates.

Response of isolates
Antibiotics Concentration
. Zone of Zone of
discs (perdisc) | privw, PMChW:
inhibition(mm) inhibition(mm)

Streptomycin 10pg S 20 S 20
Penicillin - G 10 units S 26 S 15
Chloramphenicol 30pg S 23 S 26
Tetracycline 30pg S 25 S 17

Key: Sensitive (S); Resistant(R)
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Fig. 4.20: Antibiotic disks used to carry out antibiotic sensitivity testing of the

bacterial isolates.
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Fig. 4.21: Bacterial cultures showing zone of inhibition against respective

antibiotics; (a-d) antibiotic susceptibility against isolate PMVW3; (e-h) antibiotic
susceptibility against PMChW?3; (i and j) negative control and (k) positive

control.

4.8 SEM-EDX ANALYSIS OF SELECTED BACTERIAL STRAINS

4.8.1 SEM analysis of selected bacterial strains

The cells of strain PMVW3 and PMChW; showed unique alteration patterns in
the cell morphology due to selenite exposure. In the presence of 2 mM sodium selenite,

the cells tend to aggregate and elongation of cells was prominent in all the fields for

both the cultures. (Fig. 4.22).
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Fig. 4 .22: Scanning electron micrographs (SEM) of strain PMVW3 and

PMChW2; (a) Bacterial cells of PMVW3 without Na:SeQOs exposure, (b) Bacterial
cells with 2 mM Na:SeQOs exposure, (¢) Bacterial cells of PMChW: without

Na2SeQO3 exposure and (d) Bacterial cells with 2 mM Na:SeQO3 exposure.

4.8.2 Scanning electron microscopy (SEM) and Energy dispersive X-ray

(EDX) of the bacterial pellet

The selected bacterial strains PMVW3 and PMChW; cells grown in the presence
and absence of sodium selenite when subjected to EDX showed a peak attributed to Se

while in control no such peak was observed (Fig. 4.23).
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Fig. 4.23: Electron dispersive X-ray (EDX) spectrum of strain PMVW3 and
PMChW3; (a) PMVW; cell without Na:SeOs exposure, (b) Bacterial cells with 2
mM NazSeQs exposure, (¢) Bacterial cells of PMChW: without Na:SeOs3 exposure

and (d) Bacterial cells with 2 mM Na2SeOs exposure (arrow indicating Se peak).



4.9 Extraction of genomic DNA

Distinct genomic DNA bands of strains PMVW3; and PMChW; without RNA
contamination were obtained (Fig. 4.24). A distinct band of PCR amplicons (approx.
1.5 kb) was observed on 1 % agarose gel (Fig. 4.25). In the 16S rRNA gene sequencing
and sequence comparison against the GenBank database using NCBI-BLAST search,
the strain PMVW3 showed the closest match (99.78 %) to Pseudoalteromonas
carrageenovora. The sequence has been deposited in Genbank as Pseudoalteromonas
sp. strain PMVW3 with an accession number 24C110 519 2. The dendrogram analysis
also clearly revealed phylogenetic relatedness with other species of Pseudoalteromonas

(Fig. 4.26).
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Genomic DNA of
PMVW;3

Genomic DNA of
PMChW,

Fig. 4.24: (a) Electrophoresis unit, (b) Agarose gel and (C) Genomic DNA

isolation of PMVW3 and PMChW2
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Fig. 4.25: 16S rRNA gene amplicon of PMVW_ and PMChW,
Lane 1: 100 bp DNA ladder; Lane 4-5: PMVW3; Lane 6-7: PMChW2

Similarly, BLAST analysis of the 16S rDNA sequence of PMChW; showed a match
(99.71 %) to Shewanella algae and the sequence is now publicly available in Genbank
with an accession number 24C110 520 3. The dendrogram analysis has revealed the

phylogenetic relatedness with other species of Shewanella (Fig. 4.27).



NR 126232.1 Pseudoalteromonas hodoensis strain H7 16S ribosomal RNA

NR 114052.1 Pseudoalteromonas haloplanktis strain NBRC 102225 16S ribosomal RNA

NR 114801.1 Pseudoalteromonas spiralis strain Te-2-2 16S ribosomal RNA

NR 025509.1 Pseudoalteromonas agarivorans DSM 14585 16S ribosomal RNA

21

M 142 NR 025654.1 Pseudoalteromonas distincta strain KMM 3548 16S ribosomal RNA

NR 028722.1 Pseudoalteromonas elyakovii strain KMM 162 16S ribosomal RNA
31

—— NR 041787.1 Pseudoalteromonas tetraodonis GFC strain IAM 14160 16S ribosomal RNA

24C110 519 2 Pseudoalteromonas carrageenovora PMVW;

NR 113605.1 Pseudoalteromonas carrageenovora strain NBRC 12985 16S ribosomal RNA

NR 114049.1 Pseudoalteromonas espejiana strain NBRC 102222 16S ribosomal RNA

NR 114186.1 Pseudoalteromonas atlantica strain NBRC 103033 16S ribosomal RNA

Fig. 4.26: Phylogenetic tree showing relatedness of Pseudoalteromonas sp. strain
PMVWs3 (accession number: 24C110_519 2) with other strains of Pseudoalteromonas,

constructed using neighbor-joining method (Tamura et al., 2013).
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WNR 1809851 Shewanella insulae strain JBTF-M18 165 ribosomal RINA

WR 179012.1 Shewanella submarina strain N10-514 165 ribosomal ENA
— 100

NER 116537.1 Shewanella corallu strain fav-2-10-05 165 ribosomal RINA

—— NER. 114282.1 Shewanella chilikensis strain NBRC 105217 165 ribosomal RNA

—— NER. 159221.1 Shewanella carassit strain 08MAS2251 165 ribosomal RNA

—— NE. 1088991 Shewanella indica strain KTW27 165 ribosomal RINA

26
NE 117771.1 Shewanella algae strain ATCC 51192 165 nibosomal RINA

{ 24C110 5203  Shewanella algae PMChW;

NE 181444 1 Shewanella cyper strain FTAT-53720 165 ribosomal RINA

(e NE 1694481 Shewanella litorisediminis strain SME1-12 168 nibozomal ENA

99
—— NER. 169446.1 Shewanella khirikhana strain TH2012 165 ribosomal RINA

Fig. 4.27: Phylogenetic tree showing relatedness of Shewanella sp. strain PMChW:
(accession number: 24C110_520_3) with other strains of Shewanella, constructed using

neighbor-joining method (Tamura et al., 2013).

4.10 BIOSYNTHESIS OF SELENIUM NANOPARTICLES

4.10.1 To determine the ability of PMVW;3; and PMChW: strain to
biosynthesize SeNPs during its growth phase and using cell-free culture

supernatant

Selenite reduction to elemental Se using strains PMVW3; and PMChW2 was
evident by the color change in the medium from yellow to brick red in a flask

supplemented with 2 mM Na>SeOs;. Whereas, the control flask without Na>SeOs did not



show any brick red coloration (Fig. 4.28). The culture supernatant did not show any
color change after 48 h of incubation thus indicating intracellular biosynthesis of SeNP.

(Fig. 4.29).
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Fig. 4.28: Flasks showing (left to right) strain PMVW3 grown in ZMB culture (a)
containing 0 mM Na:SeQs3 (b) with 2 mM NaxSeOs; (¢) harvested SeNPs suspension (d)

characteristic absorbance maxima of biogenic SeNPs using UV-Vis spectrophotometry.
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Fig. 4.29: (a) Colourless culture supernatant; Flasks showing (left to right)

culture supernatant of PMVWs3 (b) containing 0 mM NazSeOs (¢) with 2 mM

NaxSeOs,

4.11 OPTIMIZATION OF PARAMETERS FOR OBTAINING

(SeNPs)

Optimization of both the bacterial strains PMVW3 and PMChWin ZMB flasks
with varying pH, Na>SeOs concentration and temperature were studied. Bacterial strain
PMChW.- showed highest NP production at pH 7 (Fig. 4.30). Whereas bacterial strain
PMVWs3; showed optimum pH, Na>SeOs concentration and temperature for SeNPs
biosynthesis was at pH 7, 2 mM Na,SeOz concentration and 28 °C (temperature)

respectively (Fig. 4.31 to 4.39).
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Fig. 4.30: Bacterial strain PMChW: grown in ZMB flasks with varying pH 5-10.

Fig. 4.31: Bacterial strain PMVW3 grown in ZMB flasks with varying pH 5-10
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Fig. 4.33: UV-Vis absorption spectra of biosynthesized SeNPs at varying pH (a)

6, (b) 7, (¢) 8 and (d) 9.
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Fig. 4.34: Bacterial strain PMVW3 grown in ZMB flasks with varying Na2SeOs3

concentrations (1-6 mM)
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Fig. 4.35: Effect of SeNPs at different Na2SeOs concentrations
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Fig. 4.36: UV-Vis absorption spectra of biosynthesized SeNPs in varying Na:SeO3

concentrations: (a) ImM (b) 2mM, (c¢) 3mM, (d) 4mM, (e) SmM and (f) 6mM



80

Fig. 4.37: Bacterial strain PMVW3 grown in ZMB flasks with pH 7, 2 mM

concentration and at different temperatures (28°C, 32°C and 37°C).
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Fig. 4.38: Effect of SeNPs at different temperatures.
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Fig. 4.39: UV-Vis absorption spectra of biosynthesized SeNPs grown at varying

temperatures: (a) 28 °C (b) 32 °C and (¢) 37 °C.

4.12 GROWTH BEHAVIOUR OF STRAIN PMVW; IN PRESENCE

OF SeNPs

Time course study of SeNPs revealed that the biosynthesis was initiated during
the early bacterial log phase (24 h) which was evident from the color change in the
media and a distinct peak at 265 nm (Fig. 4.40). The lag phase was extended from zero
to four hours followed by the log phase from four to 40™ hours of bacterial growth.
Following the stationary phase from forty to forty-four hours, a deceleration in growth
became apparent. Subsequently, the onset of decline commenced after the forty-fourth

hour of growth.
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Fig. 4.40: Time course study of SeNPs biosynthesis under optimized conditions;
(a) flask with strain PMVW3 grown in ZMB with all optimized conditions, (b)
UV-Vis absorption spectra acquired after 48 h and (c) Growth behavior of strain

PMVWs3 in the presence of selenite.



4.13 HARVESTING OF BIOSYNTHESIZED SENPs

The SeNPs were harvested from the bacterial strain PMVW3 partially purified and

made into powder using mortar and pestle and stored until used (Fig. 4.41).

Fig. 4.41: Harvested SeNP powder.

4.14 CHARACTERIZATION OF BIOGENIC SENPs

4.14.1 UV-Vis spectroscopic analysis

An absorbance peak at 265 nm was obtained from the brick red colloidal

solution indicating the presence of SeNPs (Fig. 4.42).
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Fig. 4.42: Absorbance maxima for biosynthesized SeNPs at 265 nm.

4.14.2 Scanning electron microscopy (SEM) and Energy dispersive

spectroscopy (EDX)

Interestingly SEM analysis SeNPs synthesized by Shewanella sp. strain
PMChW; showed two morphotypes namely Spherical nanopshers and rod-shaped NPs
were seen in many fields (Fig. 4.44). These were further assured with EDX that
confirmed the presence of Se thus further strengthening the studies on SeNPs
biosynthesis (Shirsat et al., 2015). In the case of Pseudoalteromonas sp. strain PMVW3
presence of needle-shaped SeNPs was observed throughout and EDX analysis further

affirmed SeNPs biosynthesis (Fig. 4.43).
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Fig. 4.43: SEM-EDX profile of biogenic SeNPs from strain PMVW3,
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Fig. 4.44: SEM-EDX profile of biogenic SeNPS from strain PMChW:

4.14.3 X-ray diffraction analysis (XRD)

X-ray data analysis using Origin 8 software showed certain peaks exclusively
in the sample exposed to sodium selenite (Fig. 4.45). The peaks corresponding to the
20 value for the bacterial cells exposed to selenite were 23.57, 29.77, and 43.75 which
indicated the presence of elemental selenium. This further confirmed that selenite is
being biotransformed to elemental selenium by the cells of Pseudoalteromonas sp.

strain PMV W3,
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Fig. 4.45: X-ray diffraction profile of SeNPs
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4.15 BIOMEDICAL APPLICATIONS OF BIOSYNTHESIZED

SELENIUM NANOPARTICLES

4.15.1 Antimicrobial activity SeNPs

The antimicrobial activity of biogenic SeNPs against Staphylococcus aureus
(S.aureus), Escherichia coli (E.coli), Salmonella sp. and Bacillus sp. was studied by
agar well diffusion method. No zone of inhibition with increasing concentrations of
SeNPs was observed (Fig. 4.46), however, a zone of inhibition was observed in positive

control (Ampicillin). (Fig. 4.47).

Fig. 4.46: The antimicrobial activity of biogenic SeNPs against (a) E.coli, (b)Salmonella

Sp., (¢) Bacillus sp. and (d) S.aureus (with negative control).
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Fig. 4.47: The antimicrobial activity of biogenic SeNPs against (a) E.coli,

(b)Salmonella sp., (c) Bacillus sp. and (d) S.aureus (with positive control).

4.15.2 Anti-biofilm potential of SeNPs

SeNPs demonstrated dose-dependent antibiofilm activity against Gram-positive
and Gram-negative pathogens (Fig. 4.48 and 4.49). The highest antibiofilm activity was
recorded against E. coli at 25 (18.69 %), 50 (71.58 %) and 75 (75.14 %) pg/mL. This
was followed by S.aureus in which 30.78, 46.72 and 61.16% inhibition of biofilm was
observed at 25, 50 and 75 pg/mL of SeNPs. In Bacillus sp. 8.69, 16.05 and 27.86 %
inhibition were observed and in Salmonella sp. inhibition recorded were 9.03, 15.77

and 20.22% at 25, 50 and 75 pg/mL of SeNPs respectively.
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Fig. 4.48: Antibiofilm activity against human pathogens with increasing SeNPs
concentrations; (a) control plate, (b) E. coli, (¢c) S.aureus, (d) Bacillus sp. and (e)

Salmonella sp.
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Fig. 4.49: Antibiofilm activity of the different SeNP concentrations against

human pathogens.

4.15.3 Free-radical scavenging activity of SeNPs

Biogenic SeNPs exhibited excellent dose-dependent antioxidant potential. An
increasing % radical scavenging activity with increasing concentrations of SeNPs was
recorded. For instance, the percent scavenging activity at 25 pg/mL of biogenic SeNPs
was found to be 60%, at 50 pg/mL showed 74%, 75 pg/mL showed 83%, while 92%

was recorded at 100 pg/mL (Fig. 4.50).
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Fig. 4.50: Free radical scavenging activity of biogenic SeNPs (Ascorbic acid (Aa)

served as a standard).

4.16 AGRICULTURAL APPLICATIONS

Since production of EPS by bacterial isolate PMChW; was confirmed by

biochemical test. Therefore, a further in-depth study of EPS was performed (Fig 4.18).

4.16.1 Production of EPS

4.16.1.a Alcian blue staining for EPS-producing bacterial isolate

The secretion of an extracellular polymeric substance (EPS) was confirmed by
performing the alcian blue staining for the bacterial isolate PMChW>. Fig. 4.51 shows
the generation of EPS which is stained by alcian blue dye. To confirm the same PMVW,

EPS negative culture was stained and observed which did not show such results.
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Fig. 4.51: Bacterial cells stained with alcian blue dye; (a) Control, (b) and

showing EPS (arrows indicating EPS).

4.16.1.b Extracellular polymeric substance (EPS) production

The selected bacterial isolate PMChW; showed the formation of EPS

precipitate, whereas no EPS was observed under control conditions (Fig. 4.52).

Fig 4.52: (a) Showing the formation of EPS precipitate and (b) Control
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4.16.1.c EPS extraction

The EPS was extracted from the selected isolate PMChW; and the precipitate
was dried and stored until used (Fig. 4.53). EPS-SeNPs solution was prepared (Fig.

4.54),

Fig. 4.53: Eppendorf tubes containing dried EPS precipitate.

Fig. 4.54: EPS-SeNPs solution.




95

4.16.2 Effect of SeNPs and SeNPs-EPS on seed priming

4.16.2.a Determination of final germination percentage, root and shoot

length, and seedling wet biomass

The % germination was found to be 90% for all the treatments. SeNPs
supplemented seeds (var. Jaya and Vigna radiata L.) via priming alone, enhanced the

root lengths, shoot length and biomass accumulation.
For var. Jaya

In the case of root lengths of var. Jaya, in the presence of (25, 50, 75 and 100
png/mL) of SeNPs alone, the root lengths were recorded to be 1.7, 1.8, 2.1 and 1 cm
respectively after the 10™ day of incubation (Fig. 4.55). Whereas, in control (seeds with
DW) the root length was found to be 2.1 cm. The root lengths of the seeds under EPS-
SeNPs (25 and 75 pg/mL) were 3 and 3.2 cm respectively. Selenite (1 mg/L) primed
seeds also showed root length (1.2 cm) as compared to control (2.1 cm). Additionally,
seeds primed with EPS (1 mg/L) showed an increase of 2.3 cm but were not as effective
as compared to the seeds treated with SeNPs alone. Figure 4.58 depicts the comparative

growth of rice seedlings under various treatments.

In the case of shoot lengths, a similar pattern was observed such as in the
presence of (25, 50, 75 and 100 pg/mL) of SeNPs alone, the shoot lengths were recorded
to be 3, 3.1, 3.5 and 4 cm respectively after 10 day of incubation (Fig. 4.56). Whereas,
in control (seeds with DW) the shoot length was found to be 3.4 cm. In the presence of
1 mg/L Selenite, the shoot length was 3 cm. While seeds treated with EPS-SeNPs (25

and 75 pg/mL) exhibited shoot lengths of 4.5 and 5 cm respectively. Additionally, seeds
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primed with EPS (1 mg/L) showed an increase of 4.2 cm but were not as effective as
SeNPs. Figure 4.58 depicts the comparative growth of rice seedlings under various

treatments.

Similar observations were also recorded in the case of wet biomass where 52.1
mg was recorded in case of control seeds while SeNPs primed of (25, 50, 75 and 100
ng/mL) seeds showed 45.5, 46.3, 56.2 and 60.3 mg of biomass respectively after 10™
day of incubation (Fig. 4.57). While biomass in EPS-SeNPs seeds (25 and 75 pg/mL)
was found to be 58.7 and 62.1 mg. Selenite (1 mg/L) primed seeds also showed a
biomass of 43.3 mg. Additionally, seeds primed with EPS (1 mg/L) showed a biomass

of 50.2 mg.
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Fig. 4.55: Root length under various treatments after 5 and 10 days of

germination.
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Fig. 4.56: Shoot length under various treatments after 5 and 10 days of

germination.
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Fig. 4.57: Wet weight under various treatments after 10 days of germination.
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Fig. 4.58: Rice seeds under various treatments after (a) 5™ and (b) 10" day of

germsination.
For Vigna radiata L.

The root lengths of Vigna radiata L., in the presence of SeNPs (25, 50, 75 and
100 pg/mL) alone, were found to be 3, 2, 2.5 and 1 cm respectively after the 10" day
of incubation (Fig. 4.59). Whereas, in control (seeds with distilled water) the root length
was found to be 2.5 cm. The root lengths of the seeds under EPS-SeNPs (25 and 75
png/mL) were found to be 5 and 4 cm respectively. Selenite (1 mg/L) primed seeds
exhibited a root length of (1 cm). Additionally, the root length recorded for seeds primed
with EPS (1 mg/L) was 1.5 cm. Figure 4.62 depicts the comparative growth of rice

seedlings under various treatments.

In the case of shoot lengths, a similar pattern was observed for instance, in the

presence of (25, 50, 75 and 100 pg/mL) of SeNPs alone, the shoot lengths recorded
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were 6, 6.5, 8 and 1 cm respectively after 10" day of incubation (Fig. 4.60). Whereas,
in control (seeds with DW) the shoot length was found to be 5 cm. In the presence of 1
mg/L Selenite, the shoot length was e 5 cm. While the shoot lengths of the seeds under
EPS-SeNPs (25 and 75 pg/mL) were found to be 6 and 7 cm. Additionally, seeds primed
with EPS (1 mg/L) showed an increase of 5 cm. Figure 4.62 depicts the comparative

growth of rice seedlings under various treatments.

Similar observations were also recorded for wet biomass where 102 mg was
recorded in control seeds while SeNPs primed (25, 50, 75 and 100 ug/mL) seeds
showed 134, 142, 181 and 60 mg of biomass respectively (Fig. 4.61). Biomass of seeds
treated with EPS-SeNPs (25 and 75 pg/mL) was found to be 145 and 178 mg
respectively. Selenite (1 mg/L) primed seeds also exhibited a biomass of 134.6 mg.

Additionally, seeds primed with EPS (1 mg/L) exhibited a biomass of 134 mg.
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Fig. 4.59: Root length under various treatments after 5 and 10 days of

germination.
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Fig. 4.60: Shoot length under various treatments after S and 10 days of

germination.
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Fig. 4.61: Wet weight under various treatments after 10 days of germination.



101

S+ EFS-Se S+ EPS-Se S+ -
R R B

FeyH % %2 75 100119/, Stersse QY STEPSse IS+ Nayseo,
L
e e e 25tg/ns. [ 75 45l B I [

Fig. 4.62: Mung beans under various treatments after (a) the 5 and (b) 10" day

of germination
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5.1: DISCUSSION

The marine environment is a unique habitat characterized by extreme conditions and
possesses a rich microbial diversity. However, these marine sites are also considered to be
heavily contaminated with various metals and metalloids (Ansari et al., 2004). The coastal part
of Goa viz. (Chorao Island and Vaiguinim beach) and especially Mandovi and Zuary estuaries
are mainly flanked by various electronic and other industries. Due to heavy anthropogenic
activities, these habitats are polluted by contaminants that are disseminated and deposited in
the water and sediments. Moreover, selenite is used in various agro, electrical and electronics
industries (Kumar and Prasad 2021). Extensive shipping and other transport activities in marine
habitats have led to widespread metal or metalloid pollution (Mishra et al., 2023). A total of 9
sampling sites were selected for the collection of water and sediment samples from different
marine and estuarine ecosystems in Goa, India based on earlier reports (Samant et al., 2018;

Mujawar et al., 2018; Vaigankar et al., 2022).

Marine microorganisms have developed unique adaptive mechanisms to reduce
selenite/selenate into its elemental Se form (Ike et al., 2000; Li et al., 2014). The appearance
of a reddish color in enrichment broth after 48 h indicated the conversion of soluble selenite
(Na2Se0s) into red-colored elemental selenium (Se®) when compared to the control flask which
failed to show a color change when incubated under the same conditions. Morphologically 25
dissimilar selenite-reducing bacterial isolates did not show any brick-red pigmentation upon
streaking on ZMA plates without incorporation of Na>SeO3 which confirmed that the brick-red
coloration was not due to bacterial pigment production but due to selenite reduction and hence

selected for further study.

Selenite is a toxic compound, that can be tolerated by microorganisms like bacteria at

high concentrations without causing any adverse effects on their cellular metabolism (Chen,
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2012; Morris and Crane, 20130. Out of 25 selenite-reducing bacterial isolates, 5 bacterial
isolates showed the highest MTC (360 mM) in Zobell Marine Agar (ZMA), whereas, the
bacterial strain isolated from Vaiguinim beach designated as PMV W3 exhibited a MIC of 380
mM thus, was selected for further studies. This study reported a MIC that is highest as
compared to previous studies on selenite-resistant marine bacterial isolates although there are
very few reports available. For instance, Citrobacter fruendii isolated from the Mandovi
estuary in Goa, India showed MIC of 60 mM for selenite which is 6.3 times lower than the
present study (Samant et al., 2016). Moreover, Halomonas sp. isolated from the Mandovi
estuary of Goa showed MIC of 101 mM to Na»SeOs in a liquid medium with MTC of 100 mM
which is 3.8 times lower than the present study (Vaigankar. 2020). Additionally, strain
PMChW: with MIC 70 mM was also selected since it could form EPS. Studies in the past have
already been carried out on the importance of EPS in aiding SeNPs synthesis thus, opening a
new arena from an application point of view. The above findings are highly substantial since
the bacterial strains PMVW3; and PMChW; could be ideal candidates for bioremediation of

selenite-contaminated sites.

Biochemical tests are used to identify bacterial species by differentiating them based
on biochemical activities. The study identified two marine bacterial isolates, PMVW3 and
PMChW?2, which were found to be selenite-resistant and EPS-producing, respectively.
PMVW3 was oxidase positive and had catalase nitrate reductase enzymes, while PMChW?2
was long rods and fermentative.

A true antibiotic is an antimicrobial chemical produced by microorganisms against
other microorganisms (Kirby-Bauer). The antibiotic sensitivity of selected selenite-resistant
bacterial isolates PMVW3 and PMChW, showed that both isolates were susceptible to all the
antibiotics tested namely Streptomycin (10ug), Penicillin - G (10 units),

Chloramphenicol(30pg) and Tetracycline (30pg). It has been reported that the genes of



antibiotic resistance and metal/metalloid resistance are closely located. It's a widely recognized
fact that bacteria often carry genes for resistance to heavy metals, metalloids, and various
antibiotics, either on their chromosomes or plasmids (Silver and Phung, 1996; Lupo et al.,
2012). This phenomenon was also observed in Escherichia coli Cont-1, which exhibited
resistance to multiple antibiotics as well as heavy metals and metalloids (Mohapatra and Sar,
2018).

The analysis of the 16S rRNA gene sequence of the selected bacterial strains revealed
that the strain PMV W3 belongs to Pseudoalteromonas carrageenovora and strain PMChW;
belongs to Shewanella algae. Till now only two reports on selenite reduction by the genus
Pseudoalteromonas have been reported. Moreover, this is the first detailed report on selenite
reduction by Pseudoalteromonas sp. isolated from the Vaiguinim Beach or marine habitats of
Goa, India showing the highest level of selenite resistance. Thus, making it a remarkable
candidate for selenite bioremediation in varying habitats from estuaries to saline lakes and
oceans. Bacteria belonging to the genus Shewanella sp. are capable of anaerobic respiration
using several electron acceptors. A study by Li et al., (2014) reported selenite reduction to Se’
carried out through fumarate reductase (FccA) by Shewanella oneidensis and this process is
carried out in periplasm.

SEM analysis revealed that the cells of strain PMVW3; and PMChW; are well isolated.
However, upon exposure to 2 mM selenite, the cells displayed a tendency to aggregate, forming
clusters likely as a defence mechanism against the metalloids' toxicity. Additionally, elongation
of cells was also prominent in exposed cells. This aggregation and elongation potentially
reduces the total surface area of the cells relative to their volume, serving as an effective
strategy for mitigating the toxic effects. This phenomenon of bacteria responding to elevated

concentrations of toxic metals and metalloids to alleviate toxicity is well-documented (Sharma
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et al., 2017; Mujawar et al., 2019). Interestingly, EDX analysis revealed the absence of any

adsorption peak of selenium on the bacterial cell surface indicating internalization (Fig 4.22).

The appearance of a brick-red coloration stands as a robust indication of selenium
nanoparticles (SeNPs) synthesis, attributed to the surface plasmon resonance effect (Srivastava
and Mukhopadhyay, 2013). Additionally, the culture supernatant did not show any color change
after 48 h of incubation thus indicating intracellular biosynthesis of SeNPs. This report is one
of its kind demonstrating the intracellular biosynthesis of SeNPs by Pseudoalteromonas sp.

and Shewanella sp.

Bacterial cell pellets of both the cells grown in the presence and absence of selenite
when analysed through EDX analysis revealed a distinct peak of Se which was absent in the
control cell’s pellet. This strongly indicates the biotransformation of selenite within strains

PMVW;3and PMChW: into elemental selenium.

Minute SeNPs undergo subsequent growth through particle aggregation, facilitated by
the Ostwald ripening phenomenon (Huang et al., 2007). Hence, optimization of the
biosynthesis protocol is imperative to attain optimal yields. The optimum pH, temperature and
NaxSeOs for SeNPs biosynthesis by Pseudoalteromonas sp. strain PMVW3 was found to be 7,
25 °C, and 4 mM respectively. The color intensity of SeNPs increased with increasing Na>SeOs.
It was interesting to note that the estuarine strain PMVW3 could synthesize SeNPs at broad
temperatures (28 to 37 °C) and pH (6 to 9). Although MIC for the strain PMV W3 was recorded
to be 380 the nanoparticle synthesis was not carried at such a high concentration since it is a
well-known fact that nanoparticles at high salt concentrations tend to aggregate forming
particles with larger diameters which is undesirable (Shrestha et al., 2020). These reaction

conditions including various experimental factors viz. pH, temperature and metalloid
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concentrations of the culture medium improve the chemical composition, shape, size

distribution of NPs and allow maximum fabrication (Klaus et al., 1999).

An absorbance peak at 265 nm due to surface plasmon resonance was obtained from
the brick red colloidal solution indicating the presence of SeNPs. Similar findings conferring
the biosynthesis of SeNPs have been published previously (Fesharaki et al., 2010; Srivastava
et al., 2015; Vaigankar. 2020). Time course study of SeNPs by Pseudoalteromonas sp. strain
PMVW; revealed that the biosynthesis was initiated during the early bacterial log phase (24 h)
which was evident from the color change in the media and a distinct peak at 265 nm. A similar
synthesis pattern was also reported in Bacillus sp. synthesized SeNPs after 14 h of incubation
(Forootanfar et al., 2015). Additionally, in another study by Vaigankar et al., (2022) time course
study of SeNPs revealed that the biosynthesis was initiated during the early bacterial log phase
(4 h). Furthermore, a study by Keskin et al., (2020) reported that Lysinibacillus sp. synthesized
SeNPs after 24 h of incubation same as my strain PMVW3_ It was noticed that Shewanella sp.

strain PMChW, synthesized SeNPs at pH 7 and 2 mM of selenite.

The EDX analysis of biogenic SeNPs harvested by Pseudoalteromonas sp. strain
PMV W3 and Shewanella sp. strain PMChW depicted the presence of elemental Se. It is worth
mentioning that SeNPs synthesized by Shewanella sp. strain PMChW; showed the presence of
spherical and rod-shaped NPs (Fig. 4.43) using FESEM analysis. Similar studies reporting the
presence of two morphotypes by a single strain are well documented. For instance, in recent
studies involving Haloferax volcanii BBK2 and Haloarcula japonica BS2, haloarechea
reported formations of nanospheres and rosette-like nanoneedle (Nagar et al., 2022). Also,
another study by Shirsat et al. (2015) involving Bacillus substilis reported to change in their

crystalline structure from monoclinic to trigonal selenium over time.



The peaks at 2Q (23.57, 29.77, and 43.75) have been already reported for the synthesis
of SeNPs (Vaigankar et al., 2022). Thus, confirming the biotransformative ability of

Pseudoalteromonas sp. strain PMV W3 to crystalline elemental selenium.

The antimicrobial activity of biogenic SeNPs against human pathogens showed no zone
of inhibition with increasing concentrations of SeNPs suggesting further optimization of the

SeNPs concentrations.

SeNPs, with their unique physicochemical properties and biocompatibility, offer a
novel approach to disrupt biofilm formation and eradicate established biofilms (Gomez-Gomez
et al., 2019). The antibiofilm activity of SeNPs against Pseudoalteromonas sp. strain PMVW3
was found to be the highest against E. coli at 25 (18.69 %), 50 (71.58 %) and 75 (75.14 %)
pg/mL. After the addition of different concentrations of SeNPs, biofilm formation began to
decrease and by increasing the SeNPs concentration, bacteria were changed to be a week-
biofilm producer. Antibiotics are unable to cross the EPS layer due to factors like
overproduction of efflux pumps, enzymatic modification of antimicrobial compounds,
membrane lipid changes, and persisters in dormant cells. These factors make biofilms
multidrug-resistant, making antibiotic treatment ineffective for chronic infections. Therefore,
antibiotics are not effective in treating these biofilms (Singh 2017; Yu et al., 2020). SeNPs by
Streptomyces sp. showed inhibitory effects on biofilm formation by Pseudomonas aeruginosa
at concentrations higher than 25 pg/ml by Sumithra et al., in 2023. Biogenic SeNPs by
Halomonas venusta exhibited excellent dose-dependent antioxidant potential at 50 pg/mL as

studied by Vaigankar et al., (2022).

An increasing % radical scavenging activity with increasing concentrations of SeNPs
was recorded. Previous findings on antioxidant activity by biogenic SeNPs also showed a

similar dose-dependent trend but at higher concentrations i.e. 100 to 1000 pg/mL (Ramya et
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al., 2015). Where, the percent scavenging activity at 100 ng/mL was 80 % while, at 1000 pg/mL
the activity was found to be 100%. However, the current study exhibits around 92% was
recorded at 100 ng/mL SeNPs which is highly significant. In a study by Ullah et al., (2021)
SeNPs exhibited good antioxidant activity in terms of DPPH and ABST scavenging action at a
concentration of 150 pg/mL, with no significant differences between the 24 and 48-hour

incubation periods.

SeNPs scavenge reactive oxygen species (ROS), such as 1,1- diphenyl-2-
picrylhydrazyl (DPPH), superoxide anion (O2 ¢ ), singlet oxygen (1 O2), and carbon-centered
free radicals (Forootanfara et al., 2013; Torres et al., 2012). This activity of nanoparticles is
size-dependent where smaller SeNPs possess higher free radical scavenging potential (Torres

etal., 2012).

Since production of EPS by Shewanella sp. strain PMChW; was confirmed by
biochemical test. Therefore, a further in-depth study of EPS was performed by doing the alcian
blue stain method which indicated the presence of EPS. The Alcian blue stain is commonly
used for staining EPS due to its specificity for acidic polysaccharides, which are abundant in
EPS. Alcian blue selectively binds to carboxyl and sulfate groups, which are prevalent in the

EPS matrix, allowing for visualization and quantification of EPS in microbial samples.

Seed priming is a process by which seeds are induced into a state of pre-germinative
metabolism by controlled rehydration to increase germination rates and germination vigor
(Paparella et al., 2015). Seed priming was performed with two types of seeds viz. rice crop var.
Jaya and mung bean Vigna radiata L. It was observed that with increasing concentrations of
SeNPs the root, shoot length and wet biomass also increased as compared to the control. Expect
in and mung bean Vigna radiata L at 100 pg/mL it is possible mainly because a high

concentration of SeNPs might have a toxic effect on these beans. A study by Setty et al., (2023)
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reported that rice seeds primed with SeNP 20 pM and SeNP 25 pM showed early protrusion of
radicles thus enhanced germination compared to hydro-primed control. It also reported that
nanoprimed seeds attained germination up to 95% after 48 h of incubation and also showed a
significantly higher rate of germination than the selenite-primed seeds alone (Se 10 uM, Se
20 uM). Additionally, another study by Vaigankar et al., (2022) reported that in the presence of

SeNPs (0.8 and 1 mg/L) germination and seed growth increased.

Seeds of var. Jaya and Vigna radiata L. treated with EPS-SeNPs showed an increase in
the root, shoot length and wet biomass as compared to control, EPS alone and Na>SeOs. This
increase in growth and biomass is due to increased biosynthesis of chlorophyll and carotenoids
(Ishtiaq et al., 2023). A study by Ran et al., (2024) reported that the EPS-SeNPs addition
significantly alleviated Cadmium (Cd) toxicity, especially at a concentration of 0.05 g/L, and
increased the length of shoots and roots compared to Cd stress alone which indicated that
exogenous application of EPS-SeNPs might be an efficient strategy for alleviating Cd toxicity
and improving rice growth. Keeping the above facts into consideration biogenic SeNPs by
starin is more efficient for treating seeds with EPS-SeNPs than SeNPs alone as it showed an
increase in the root, shoot length and wet biomass of var. Jaya can be used as a micronutrient

to enhance plant growth.

Even though Se is a nonessential element for plants, previous studies have reported that
Se NPs can help to improve the germination, growth, and stress resilience of different crops
(Adhikary et al 2022; Abouelhamd et al., 2023; Ghanbari et al., 2023). Although the exact
mechanisms of such improvements with SeNPs are still unknown, it has been proposed that
the germination rate of different seeds can increase due to the NPs creating nanopores through
their penetration, which consequently increases the imbibition of water by the seeds. Also, the

selective permeability of the seed surface pores can help to internalize or restrict the uptake of
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NPs (Pereira et al., 2019). SeNPs pass through a cell wall and penetrate the plasma membrane.
Only NPs aggregates with diameters smaller than the pore diameter could pass through the cell
wall successfully (Wang et al., 2020). The cell wall of the plant acts as a barrier, preventing
easy entry of any external influences, including SeNPs, into the plant’s cell walls (Carpita et

al., 1979).

Extracellular polysaccharides or extracellular polymeric substances (EPS) are secreted
by microorganisms. The presence of microbial extracellular polymeric substances (EPS),
which are high-molecular-weight biopolymers produced by the secretion or cell lysis of
microbes, is observed to be widespread and abundant in natural waters (Bhaskar and Bhosle,
2005; Flemming and Wingender, 2010). EPS plays a crucial role in cell protection, cell
aggregation, adhesion, floc formation, cell-cell recognition, biofilm structure, sorption of
compounds, enzymatic activities, and polysaccharide interaction with enzymes (Wingender et
al., 1999; Tian, Y, 2008). Bacterial EPS (polysaccharides) are known for their antibacterial
properties, which help prevent plant diseases by preventing pathogens from causing damage
(Kumar et al.,2007; Mohamed et al.,2018). Due to its numerous advantages, the inoculation of
Plant growth-promoting bacteria (PGPB) is a highly common and significant practice in
agriculture. Minimal changes in water potential promote nutrient absorption and enhance plant
growth. Thus, these bacteria can aid the plant in a variety of ways, and their separated EPS can
address production issues and soil aggregation. The use of Se composite EPS would potentially
enhance the effect of plant growth. To the best of my knowledge, no study has focused on EPS-
SeNPs production by marine bacteria but studies from waste cane molasses by Wang et al., in
2023 and from soil by Qurashi and Sabri, (2012) have been reported. Additionally, a study by
Kim, (2010) reported the synthesis of chitosan-based selenium nanoparticles using an
environmentally friendly and cost-effective method using EPS. The study demonstrated that

the resulting nanoparticles exhibited excellent stability and biocompatibility, making them
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suitable for agricultural applications. Considering all the facts use of EPS composite SeNPs
would be an ideal alternative for agricultural applications. Improving the germination quality
can result in a more efficient nutrient and water uptake of seedlings, enhancing their resilience

to biotic and abiotic stress (Eevera et al. 2023).



5.2 CONCLUSION

Selenite-reducing Pseudoalteromonas sp. bacterial strain PMVW3 was isolated
from Vaiguinim Beach and tolerated up to 360 mM for Na>SeO; in ZMA with a MIC
of 380 mM for NaSeOs in ZMB. Additionally, Shewanella sp. strain PMCHa tolerating
70 mM selenite showing EPS formation was also used for the studies. A prominent peak
of selenium due to surface plasmon resonance at 265 nm assured the presence of SeNPs.
Pseudoalteromonas sp. and Shewanella sp. were found to be sensitive against
antibiotics tested such as Streptomycin, Penicillin — G, Chloramphenicol and
Tetracycline. The optimum pH, temperature, and Na>SeO3 for SeNPs biosynthesis were
found to be 7, 28 °C, and 2 mM respectively. SEM analysis showed well-isolated strain
PMVW3 and PMChW?2 cells in control, but upon exposure to 2 mM selenite, they
aggregated, with elongations. EDX analysis further confirmed the formation of
elemental Selenium. SeNPs synthesized by Shewanella sp. strain PMChW; showed the
presence of spherical and rod-shaped NPs whereas, Pseudoalteromonas sp. showed
rod-shaped NPs. SeNPs by Pseudoalteromonas sp. strain PMVW3 demonstrated the
highest antibiofilm activity against E. coli. Free radical scavenging activity exhibits
around 92% was recorded at 100 pg/mL SeNPs which is highly significant. This is the
first report of selenium biosynthesis by Pseudoalteromonas sp. and Shewanella sp. with
the highest MIC of 380 and 71 mM for selenite respectively. Thus, these strains could
be exploited for bioremediation of selenite from selenite-polluted sites. Also, SeNPs
and EPS-SeNPs can be used as micronutrients with microgram concentrations for

enhancing plant growth in the agriculture sector.
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APPENDIX
Appendix I
Media composition

1. Nutrient Agar: HiMedia

Ingredients g/L
Peptone 5
Yeast extract 1.5
Sodium chloride 5
HM peptone B# 1.5
Agar 15
Distilled water 1000 ml
pH 7.4+0.2

2. Zobell Marine Agar: HiMedia

Ingredients g/L
Peptone 5
Yeast extraxt 1
Ferric citrate 0.100
Sodium chloride 19.45
Magnesium chloride 8.80
Sodium sulphate 3.240
Calcium chloride 1.800
Potassium chloride 0.550
Sodium bicarbonate 0.160
Potassium bromide 0.080
Strontium chloride 0.034
Boric acid 0.022
Sodium silicate 0.004
Sodium fluorate 0.0024
Ammonium nitrate 0.0016
Disodium phosphate 0.008
Agar 15
Distilled water 1000 ml
pH 7.6+£0.2

3. Mueller Hinton Agar: HiMedia

Ingredients g/LL

Meat infusion 2.0

Acidcase 17.5

Starch 1.5

Agar 17.0
Distilled water 1000 ml
pH 7.3+£0.2




4. Nutrient Broth: HiMedia

5. Zobell Marine Broth: HiMedia

6. Saline;: HiMedia

Ingredients g/L
Peptone 5
Yeast extract 3
Sodium chloride 5
HM peptone B# 1.5
Yeast extract 1.5
Distilled water 1000 ml
pH 7.4+0.2
Ingredients g/L
Peptone 5
Yeast extraxt 1
Ferric citrate 0.100
Sodium chloride 19.45
Magnesium chloride 8.80
Sodium sulphate 3.240
Calcium chloride 1.800
Potassium chloride 0.550
Sodium bicarbonate 0.160
Potassium bromide 0.080
Strontium chloride 0.034
Boric acid 0.022
Sodium silicate 0.004
Sodium fluorate 0.0024
Ammonium nitrate 0.0016
Disodium phosphate 0.008
Distilled water 1000 ml
pH 7.6+£0.2
Ingredients g/LL
Sodium chloride 0.85
Distilled water 100 ml




Appendix 1T

Biochemical test media composition

1. Sugar medium: HiMedia

Ingredients g/L
Peptone 0.1
Sodium chloride 0.5
Phenol red S5ml of 0.2%
Distilled water 1000 ml
pH 7.24+7 .4

2. Hugh-Leifsons Glusose medium: HiMedia

Ingredients g/L
Peptone 2
Sodium chloride 30
Yeast extract 0.50
Dextrose 10
Bromothymol blue 0.015
Agar 3
Distilled water 1000 ml
pH 7.4+0.2

3. Nitrate Broth: HiMedia

Ingredients g/L
Peptone 5
Potassium nitrate 1
HM peptone B# 3
Distilled water 1000 ml
pH 7.0£0.2
a) Reagent A
Ingredients g/L
Sulfanilic acid 3.46
Distilled water 20 ml
a) Reagent B
Ingredients g/L
Alpha- napthylamine 2.86
Distilled water 20 ml




4. Motility medium

5. Indole production medium: HiMedia

a) Barrit’s reagent A

a) Barrit’s reagent B

Ingredients g/L
Nutrient agar 0.56
Distilled water 20 ml
Ingredients g/L
Tryptone 10

Sodium chloride 5
Distilled water 1000 ml
pH 7.5+0.2
6. Methyl red and Voges Proskaeur: HiMedia
Ingredients g/L
Buffered peptone 7
Dextrose 5
Dipotassiumhydro 5
phosphate
Distilled water 1000 ml
pH 6.9+0.2
Ingredients g/L
Alpha- napthol 1
Distilled water 20 ml
Ingredients g/L
Potassium hydroxide 8
Distilled water 20 ml




7. Citrate utilization media: HiMedia

&. EPS medium

9. Gram’s staining

a) Crystal violet: HiMedia

b) Gram’s iodine: HiMedia

¢) Decolorizer: HiMedia

Ingredients g/L
Magnesium sulphate 0.2
Ammonium hydrogen 1
phosphate
Dipotassium hydrogen
1
phosphate
Sodium citrate 2
Sodium chloride 5
Bromothymol blue 0.08
Agar 15
Distilled water 1000 ml
pH 6.8+0.2
Ingredients g/LL
Zobell Marine Agar 5.525
Congo red 8 ml
Distilled water 100 ml
Ingredients Quantity
Ammonium oxalate 8 gm
Crystal violet 10 gm
Alcohol 100 ml
Distilled water 900 ml
Ingredients Quantity
Iodine 1 gm
Potassium iodide 2 gm
Distilled water 300 ml
Ingredients Quantity
Ethanol 95 ml
Distilled water 5ml




d) Safranin: HiMedia

Ingredients Quantity
Safranin powder 20 mg
Distilled water 100 ml

\



Appendix 111

Other Chemicals

1. Prepare a stock solution of Sodium selenite

Vi

2. Phosphate Buffered Saline (PBS)

Ingredients g/L
Sodium selenite 17.29
Distilled water 100 ml
Ingredients g/L
Sodium chloride 4
Potassium chloride 0.1
Dipsodium hydrogen
0.72
phosphate
Potassium Dihydrogen
0.12
phosphate
Distilled water 500 ml
pH 7.4




Appendix 1V

1. PCR reaction mixture

VI

Component Concentration

Concentration Quantity

Template DNA 50 ng/uL 4 uL
Master mix 2X 25 uL
Forward primer 20 mM 2 uL
Reverse primer 20 mM 2 uL
Deionized water - 17 uL

Total volume

50 uL

2. Agarose Gel Electrophoresis

a) 0.8 % and 1 % agarose

Weigh 0.8 g and 1.0 g and dissolve in 100 mL of 1X TAE buffer to prepare 0.8 %
and 1 % agarose respectively. Melt the solution in microwave oven until clear,

transparent solution is obtained. Add ethidium bromide to a final concentration of
0.5 pg/mL and cast the gel.

b) Ethidium Bromide

Add 1.0 g of ethidium bromide to 100 mL of deionized water. Stir on magnetic

stirrer for several hours to ensure that the dye has dissolved. Transfer the solution

to amber coloured bottle and store at room temperature.

c) Gel Loading Buffer

0.05 % (w/v) Bromophenol blue

40 % (w/v) Sucrose

0.1M Ethylenediaminetetraaceticacid (EDTA) (pH 8.0)

0.5 % (w/v) Sodium dodecyl sulphate

d) 10X Tris EDTA (TE) Buffer (pH 8.0)

Tris Chloride 100 mM
EDTA 10 mM

Sterilize for 20 min at 15 psi.

3. Electrophoresis buffer (pH > 13)

a) Stock solution

10 N NaOH: 200 g of NaOH pellets were dissolved in 500 mL DDW. This solution
was dispersed in 27 mL aliquots in tightly capped tubes and was stored at ambient

temperature (28-34 °C).

200 mM EDTA: 14.89 g of EDTA was dissolved in 200 mL DDW, the pH was
adjusted to 10 and stored at ambient temperature (28-34 °C).



b) Working solution

The working solution was prepared by mixing 27 mL of 10 N NaOH, 4.5 mL of 200
mM EDTA and 1 mL of DMSO. The working solution was prepared fresh before
each run.

4. Stain

Ingredients pg/ml
Ethidium bromide 15
Distilled water 1 ml




Appendix V
Antibiotic assay standarddise chart
Inhibitory zone diameter to nearest millimeter (mm)
Name of antibiotics (dose) Sensitive (S) Moderately sensitive Resistant (R)
(MS)
Amoxicillin (30 g g/disk) 218 14-17 <13
Cloxacillin (5 g g/disk) 225 22-24 <21
Cephalothin (30 z g/disk) >18 15-17 <14
Cephradine (25 yg/disk) >18 13-17 <12
Cefuroxime (30 z g/disk) 223 15-22 <14
Cefixime (5 ug/disk) 219 16—-18 <15
Kanamycin (30 ug/disk) >18 14-17 <13
Streptomycin (10 g g/disk) 215 12-14 <11
Neomycin (30 ug/disk) 217 13-16 <12
Vancomycin (30 u g/disk) 212 10-11 <9
Erythromycin (15 ug/disk) 223 14-22 <13
Azithromycin (15 g g/disk) >18 14-17 <13
Ciprofloxacin (15 g g/disk) 221 16-20 <15
Levofloxacin (5 ug/disk) 217 14-16 <13
Tetracycline (30 gz g/disk) 215 12-14 <11
Doxycycline (30 g g/disk) >14 11-13 <10
Cotrimoxazole (25 ug/disk) >16 11-15 <10
Chloramphenicol (30 g g/disk) 218 13—17 <12
Diameter of zone of inhibition (mm)
Antibiotics Disc content Resistant (mm | Intermediate Sensitive
or less) (mm) (mm or more)
Neomycin 30 mcg 12 13-16 17
Gentamicin 10 mcg 12 13-14 15
Vancomycin 30 mcg 14 15-16 17
Ampicillin 10 meg 13 14-16 17
Bacitracin 10 units 8 9-12 13
Erythromycin 15 mcg 13 14-22 23
Penicillin G 10 units 14 -- 15
Streptomycin 10 mcg 11 12-14 15
Chloramphenicol | 30 mcg 12 13-17 18




Appendix VI

Standard curve

0.02 y =0.0005x +0.0128
R?=0.9901

0.018 §..®

0.016 §
0.014
0.012

0.01

0.008

Absorbance (517 nm)

0.006
0.004

0.002

0 2 4 6 8 10
Ascorbic acid (ug/mL)

Fig. A: Calibration curve of ascorbic acid for estimation of DPPH free radical
scavenging activity.
Values are mean + (standard error) for three independent experiments.
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