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1.1 Introduction  

Heavy metals are defined as metals with a density above 5 g/cm3 and are widely 

distributed in the environment due to natural as well as anthropogenic activities (Nies, 

1999). Contamination of environment with heavy metals and metalloids is a matter of 

great concern because they tend to persist indefinitely, circulating and accumulating 

throughout the food chain, thus posing a severe threat to the entire biota along with 

human beings (Ali et al., 2019). Among the metalloids, arsenic is the most significant 

environmental concern due to its hazardous nature (Gebel, 2000; Hughes et al., 2011).  

 

Arsenic enters into the environment via natural viz. volcanic eruptions, 

weathering of rocks and leaching processes as well as anthropogenic viz. mining, 

industrial and agricultural activities (Smedley and Kinniburgh, 2002; Stolz et al., 2010; 

Khoei et al., 2018). Environmental exposure to arsenic is associated with soil, water and 

air. The adverse health effects of arsenic on humans depend strongly on the dose, species 

and duration of exposure. Acute effects of exposure to high levels of arsenic range from 

gastrointestinal distress viz. nausea, diarrhoea, abdominal pain leading to death. Chronic 

exposure to arsenic is associated with irritation of the skin and mucous membranes, 

cancer, neurological and cardiovascular disorders (Meliker et al., 2007; Zhu et al., 2008; 

Hughes et al., 2011; Mazumder and Dasgupta, 2011). 

 

Numerous Physico-chemical processes have been used to remove arsenic from 

contaminated environments. However, due to the several disadvantages associated with 

the use of these processes has led to the development of microbe mediated transformation 

processes, which are environmentally friendly and economically viable (Kumari and 

Jagadevan, 2016). Microbial transformations such as reduction, oxidation and 
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methylation help in mobilization and biogeocycling of arsenic in the environment (Lloyd 

and Lovely, 2001; Chang et al., 2011). Moreover, microorganisms have also adopted 

various strategies such as extracellular precipitation, chelation, intracellular 

sequestration, transporter proteins and metal-specific efflux pumps as a means to 

detoxify arsenic toxicity in the environment (Chang et al., 2011; Kruger et al., 2013). 

Thus, it is crucial to isolate bacteria which possess mechanisms to resist arsenite stress 

followed by its biotransformation into arsenate, hence, leading to its bioremediation. 

 

1.2 Review of Literature 

1.2.1 Arsenic  

Arsenic (As) with atomic number 33 ranks 20th element in abundance and is 

present at concentrations of 1.5-2.0 ppm in the earth’s crust (National Research Council, 

1977). It was first documented by Albertus Magnus in 1250 and occurs in both organic 

as well as inorganic forms (Rosen et al., 1999; Mandal and Suzuki, 2002). In nature, 

inorganic arsenic exists in several oxidation states such as arsine [As (-III)], elemental 

arsenic [As (0)], arsenite [As (III)] and arsenate [As (V)] but latter two are most 

commonly found in the environment (Oremland and Stolz, 2003; 2005). The organic 

forms of arsenic also known as organo-arsenicals include monomethylarsonic acid 

(MMMA), dimethylarsinic acid (DMAA), trimethylarsine oxide (TMAO), arsenobetaine 

and arsenocholine (Grund et al., 2000; Páez-Espino et al., 2009).  

 

Arsenic has been widely used in paints, metal alloys for electronic circuitry, wood 

preservative, insecticides, pesticides, optical glass and also as an anti-cancer agent to 

treat lymphoma and leukaemia (Novick and Warrell, 2000; Rahman et al., 2004; Sadaf 

et al., 2018). For example, monosodium arsenate, disodium arsenate and diethyl arsenic 
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acid were used in the agriculture sector as insecticides, herbicides and larvicides, 

respectively, while chromated copper arsenate was used as a wood preservative. 

Roxarsone was used as a nutritional supplement for poultry, whereas various arsenic 

compounds viz. gallium arsenide, indium arsenide and aluminum arsenide were used as 

semiconductor alloy in computer hardware and electronic chips to modify connectivity 

and plasticity (Palma-Lara et al., 2020). Although arsenic has medicinal, industrial and 

agricultural applications, at higher concentrations it exhibits toxicity to plants and 

carcinogenicity to humans and animals (Niazi et al., 2017; Shakoor et al., 2018). 

 

1.2.2 Arsenic in the environment 

Arsenic contamination results due to both natural geogenic and anthropogenic 

activities (Fig. 1.1). Geogenic sources include natural weathering of rocks and minerals, 

volcanic dust fluxes, hydrothermal ore deposits and fossil fuels (Smedley and 

Kinniburgh, 2002; Fendorf et al., 2010). Anthropogenic sources of arsenic include 

arsenic-based pesticides (herbicides, fungicides, insecticides), wood preservatives, 

pigments, anti-fouling paints, dyes and food additives (Cheng et al., 2009; Hughes et al., 

2011; Khoei et al., 2018). The primary anthropogenic input derives from mining, storage 

batteries, combustion of municipal solid waste, industrial waste, fossil fuels and release 

from metal smelters (Mondal et al., 2006; Bundschuh et al., 2011). The estimated global 

average level of arsenic in soil is 5 mg kg-1,  in open seawater is 1-2 μg L-1 and in air in 

the range of 1-3 ng m-3 for low anthropogenic activity areas, whereas  20-30 ng m-3 for 

high anthropogenic activity areas and 100-300 ng m-3 in industrial zones (ATSDR, 2013; 

Chakrabarti et al., 2018). 
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Fig. 1.1: Arsenic cycle in the environment. 

 

Microbes play a vital role in the geocycling of arsenic in the environment (Fig. 

1.2) (Mukhopadhyay et al., 2002). Arsenite can be released by arsenate respiring bacteria 

from sediments containing arsenate resulting in contamination of groundwater (Stolz et 

al., 2006). Further, the released arsenite can be oxidized by certain bacteria to arsenate 

(Santini et al., 2000; Stolz et al., 2006). These inorganic arsenicals are taken up by 

phytoplankton and macroalgae, get transformed to methyl-arsenicals and complex 

organo-arsenicals inside the cells followed by cell lysis resulting in their release back to 

the aquatic environment. These marine organisms are also an important food source for 

animals of higher trophic level in the food chain in the aquatic ecosystem, thus resulting 

in accumulation of arsenic (Rahman et al., 2012). Among marine organisms, crustaceans 

and molluscs accumulate higher concentrations of arsenic as compared to fish in their 

soft tissues. Moreover, arsenosugars and arsenolipids are transformed into arsenobetaine 

by marine organisms, which are further converted into inorganic arsenic species from 
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coastal water as well as sediments. These complete the biological cycle of arsenic in the 

marine ecosystem (Mukhopadhyay et al., 2002; Dembitsky et al., 2004). 

 

 

Fig. 1.2: The biotransformation and biogeochemical cycle of arsenic species in the 

aquatic ecosystem (Rahman et al., 2012). 

 

1.2.3 Toxicity and health hazards of arsenic 

Arsenic is classified as Group-I human carcinogen by WHO (Nidheesh and 

Singh, 2017). Exposure routes of arsenic in humans commonly include ingestion, 

inhalation of dust containing arsenic, dermal contact and through drinking water (Khairul 

et al., 2017; Shakoor et al., 2017). Its toxicity depends on the oxidation state, 

bioavailability, intake rate/exposure time, frequency and route of intake (Rosen and Liu, 

2009). The inorganic forms of arsenic species are known to be more toxic than organic 

forms, and toxicity of inorganic arsenicals decreases with increasing oxidation state 

(Nriagu, 1984; Hughes et al., 2011). Furthermore, arsenite is 100 times more toxic than 

arsenate, as it is a more soluble and mobile form (Rosen, 2002; Quéméneur et al., 2010). 
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Arsenite has a very high affinity for thiol groups and reacts with thiol groups 

present on active sites of many enzymes resulting in its inhibition (Hughes, 2002). 

Similarly, it also inhibits cellular glucose uptake, gluconeogenesis, fatty acid oxidation 

and further production of acetyl CoA (Hughes, 2002). Effect of arsenate partially occurs 

because it gets transformed into arsenite and its toxicity proceeds after that. The toxicity 

of arsenate lies in its ability to resemble inorganic phosphate and substitutes phosphate 

in glycolytic and cellular pathways. Because of its similarity to phosphate in size and 

valency, it gets preferably incorporated into ADP to form ADP-arsenate instead of ATP 

(Fig. 1.3). This molecule of ADP-arsenate undergoes a futile cycle of hydrolysis where 

the cleavage of ADP-arsenate bond yields no energy required for the cellular metabolic 

activities (Anderson et al., 1992; Ali et al., 2012). 

 

The majority of arsenic enters the body in the trivalent inorganic form (arsenite) 

via simple diffusion mechanism, and only a small amount of arsenate can cross cell 

membranes through an energy-dependent transport system, after which it is immediately 

reduced to arsenite that subsequently binds to DNA or protein molecules (Jomova et al., 

2011; Shakoor et al., 2017). In the body, arsenite is taken in a protein-bound form having 

successive reductive methylation by arsenic methyltransferase to less toxic pentavalent 

intermediates in the presence of cofactor glutathione (GSH) and S-adenosylmethionine 

(SAM). These end products are finally excreted in the urine (Fig. 1.3) (Jomova et al., 

2011; Khairul et al., 2017; Shakoor et al., 2017) while some portion of it gets 

accumulated in hair and nails at concentrations higher than 1 μg g-1 and 1.5 μg g-1 

respectively (Marchiset-Ferlay et al., 2012). 

 



7 

 

 

Fig. 1.3: Mechanism of arsenic toxicity (Sodhi et al., 2019). 

 

Arsenic is known to cause several severe diseases in humans by interfering/ 

altering different mechanisms viz. cell signalling, cell cycle control, oxidative stress, 

mitochondrial damage, DNA methylation, DNA repair, proliferation of cell and tumour 

development (Hughes, 2002; Ebele, 2009; Naujokas et al., 2013) (Fig. 1.4). It is also 

carcinogenic and has been reported to cause skin, lung, uterus, liver and bladder cancer 

(Mandal and Suzuki, 2002; Rahman et al., 2009; Mazumder and Dasgupta, 2011; 

Shakoor et al., 2017; Palma-Lara et al., 2020). Chronic arsenic poisoning can also cause 

melanosis (hyper-pigmentation/ hypopigmentation or white spots), hyperkeratosis 

(harden skin), restrictive lung disease, peripheral heart disease, black foot disease, 

gangrene, diabetes mellitus, hypertension and ischemic heart disease (Dani, 2010; 

Jomova et al., 2011; Khairul et al., 2017). Exposures to high concentrations of inorganic 

arsenic can also cause infertility and miscarriages in women, declining resistance to 
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infections, brain damage and cardiovascular diseases including hypertension, coronary 

artery disease, peripheral vascular disease and atherosclerosis (Walton et al., 2004; 

Rahman et al., 2009). 

 

 

Fig. 1.4: Effects of arsenic toxicity on human health (Shahid et al., 2018). 

 

1.2.4 Status of arsenic contamination around the world 

The presence of arsenic in the environment has become a major concern in many 

countries around the world. The contamination of groundwater with arsenic has been 

reported from several countries including Argentina, Bangladesh, Chile, China, India, 

Japan, Mexico, Mongolia, Nepal, Poland, Taiwan and Vietnam (Tuli et al., 2010; Singh 

and Kumar, 2012; Rahman et al., 2014). However, in South Asian countries namely, 

Bangladesh, Cambodia, India and Vietnam, the problem of arsenic contamination in 
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groundwater is extreme (Argos et al., 2010; Singh and Kumar et al., 2012). Additionally, 

the use of arsenic-contaminated groundwater for irrigation of agricultural soils must have 

significantly contributed to the accumulation of arsenic in both soils and plants (Zhao et 

al., 2010). The transfer of arsenic to the food chain will ultimately remain a long-term 

risk to humans and the ecosystem (Tuli et al., 2010; Bhowmick et al., 2018). 

 

The United States Environmental Protection Agency (US EPA) and Agency for 

Toxic Substances and Disease Registry (ATSDR) has ranked arsenic at the first position 

on the list of hazardous materials (Zhu et al., 2014). Taking into account the toxicity of 

arsenic compounds, the World Health Organization (2014) has set the permissible limit 

of arsenic in drinking water up to 10 µg L-1 while in Australia it is set up to 7 μg L-1 

(Singh et al., 2015; Shewale et al., 2017). Nearly 200 million people are estimated to 

suffer from health problems in many countries in the world through drinking of arsenic-

contaminated water with a level above 50 μg L-1 (Nicomel et al., 2016). It has been 

reported that about 79.9 million and 42.7 million people in Bangladesh and India, 

respectively, are exposed to arsenic-contaminated groundwater with concentrations 

above 50 μg L-1 (Zhu et al., 2014).  In India, Assam, Bihar, Chhattisgarh, Jharkhand, 

Manipur, Uttar Pradesh, and West Bengal were also found exposed to arsenic-

contaminated tube-well drinking water above 50 μg L-1  (Singh and Singh, 2015; Alam 

et al., 2016; Shewale et al., 2017).  

 

1.2.5 Techniques of arsenic remediation  

Arsenic contaminated drinking water and soil is a major threat to humanity. 

Various physical, chemical and biological methods have been used to remove arsenic 

from the environment under both laboratory and field conditions (Fig. 1.5). The physical 
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methods include soil washing by acids, immobilization of soluble arsenite using cement, 

filtration, use of surfactants, co-solvents, osmosis and cyclodextrin to assist soil flushing 

(Lim et al., 2014). The chemical methods involve strategies such as ion exchange, 

adsorption with activated alumina and activated carbon, reverse osmosis, complexation 

with metal ions followed by coagulation, immobilization and modified coagulation along 

with filtration and precipitation. Other alternative methods to reduce arsenic toxicity 

include nanofiltration, distillation, vacuum-UV irradiation and ultrafiltration of drinking 

water (Das et al., 2009; Dabrowska et al., 2012). The major drawbacks of these 

physicochemical processes are that they require high energy inputs, intensive labour, use 

of chemical treatments which generate secondary wastes altering soil characteristics 

posing a severe threat to native soil microflora (Ali et al., 2013). 

 

 

Fig. 1.5: Schematic diagram showing various techniques used for the removal of 

arsenic from soil and water (Singh et al., 2015). 
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The biological detoxification is a potentially cost-effective alternative over 

physicochemical methods for removal of organic and inorganic arsenic from 

contaminated environments (Battaglia-Brunet et al., 2002). The process of 

bioremediation involves the use of algae, fungi, bacteria, archaea and plants to remove 

arsenic from the air, soil and water (Singh and Singh, 2015; Ahmad et al., 2017). 

Bioremediation through plants is known as phytoremediation and includes 

phytoextraction, phytofiltration, phytostabilization and phytovolatization processes 

(Singh et al., 2015). Biological treatment includes biosorption and bioaccumulation, 

which involves intracellular mechanisms such as metal binding, methylation, oxidation-

reduction reactions and intracellular precipitation (Malik et al., 2009; Ahmad et al., 

2017). Sometimes, the biological treatment process can work exclusively or may be 

followed by other conventional treatment processes. Various aspects like metal uptake, 

sequestration, detoxification mechanism and resistance in the biological system have 

been studied at the molecular level in bacteria, but they still require extensive research 

to explore the potential of microbes in arsenic bioremediation (Ali et al., 2013). 

 

1.2.6   Arsenic resistance in bacteria and it’s biotransformation  

The biogeochemical cycle of arsenic strongly depends on the microbial 

transformation that affects its mobility and distribution in the environment (Tamaki and 

Frankenberger, 1992). Despite arsenic toxicity, bacteria have evolved with several 

resistance mechanisms such as arsenate reduction, extrusion of arsenite from the cell 

interior, arsenite oxidation and methylation of arsenic to transform arsenic to less toxic 

forms (Silver and Phung, 2005; Páez-Espino et al., 2009) (Fig. 1.6, Table 1.1). These 

redox reactions are mostly carried out by microorganisms either for detoxification or for 

the generation of energy to support cellular growth. 
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1.2.6.1 Uptake of arsenic by bacterial cells 

Arsenic uptake by prokaryotic cells is catalysed by various existing transporter 

proteins due to the structural similarity of arsenite and arsenate to their substrates (Rosen 

and Liu, 2009). Arsenate enters into the cells through phosphate transporter proteins such 

as pit (phosphate inorganic transport system) and pst (phosphate specific transport 

system). Studies in Escherichia coli has confirmed that pit plays an important role in 

arsenate uptake (Willsky and Malamy, 1980 a, b; Rosen, 2002). Pit is a constitutive 

transmembrane protein, and the uptake of ion is driven by proton motive force 

performing bidirectional flow of divalent ions. In contrast, pst is an ABC type 

periplasmic transporter protein responsible for the influx of ions such as phosphate and 

arsenate. Arsenite enters into the cell via glycerol transporters such as GlpF (Tsai et al., 

2009). The mechanism of arsenite transport by GlpF has been identified and studied in 

E. coli (Meng et al., 2004). Similar GlpF homologues have also been identified in other 

organisms such as Leishmania major and Pseudomonas putida (Gourbal et al., 2004; 

Páez-Espino et al., 2009). 
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Fig. 1.6: Schematic representation of microbial redox processes that take place in 

arsenic metabolizing bacteria (Kumari et al., 2016). 

 

Table 1.1: List of arsenic resistant microorganisms. 

Organisms Isolation sites Mechanism of 

resistance 

References 

Pseudomonas 

arsenicoxydans 

VC-1 

Sediment samples, 

Chile 

Arsenite oxidation Campos et al., 

2010 

Stenotrophomonas 

sp. MM-7 

Lead smelter plant, 

South Australia 

 

 

 

 

 

Arsenite oxidation Bahar et al., 2012 
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Staphylococcus sp. 

NBRIEAG-8 

Arsenic 

contaminated site, 

West Bengal 

Volatilization Srivastava et al., 

2012 

Anaeromyxobacter 

Dehalogenans 

PSR-1 

Contaminated soil, 

Japan 

Arsenate reduction Kudo et al., 2013 

Geobacter sp. OR-1 Paddy field, Japan Arsenate reduction Ohtsuka et al., 

2013 

Enterobacter sp., 

Klebsiella 

pneumoniae 

Pakistan Arsenite oxidation Abbas et al., 2014 

Halomonas sp. 

ANAO-440 

Alkaline saline lake, 

Mongolia 

Arsenite oxidation Hamamura et al., 

2014 

Micrococcus sp. 

MS-AsIII-49 

Metal-polluted 

stream sediment, 

Brazil 

Arsenate reduction Costa et al., 2015 

Aliihoeflea sp. 

2WW 

Arsenic 

contaminated 

groundwater 

Arsenite oxidation Corsini et al., 

2015 

Bacillus sp. M17-

15, Pseudomonas 

sp. M17-1 

Arsenic aquifers 

of Hetao basin, 

Mongolia 

Arsenate reduction Guo et al., 2015 

Acinetobacter soli 

IBL-1, 

Acinetobacter junii 

Contaminated 

water-bodies, West 

Bengal, India 

Arsenite oxidation Goswami et al., 

2015 
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IBL-3, 

Acinetobacter 

baumannii IBL-4 

Bacillus 

selenatarsenatis 

SF-1T 

Effluent drain 

sediments from 

glass manufacturing 

plant 

Arsenate reduction Kuroda et al., 

2015 

Azospirillum sp. 

MM-17 

Soil sample, South 

Australia 

Arsenite oxidation Bahar et al., 2016 

Roseomonas sp. L-

159a, Nocardioides 

sp. L-37a,  

Lonar lake soil Arsenite 

oxidation, 

Arsenate reduction 

Bagade et al., 

2016 

Bacillus 

aryabhattai 

Rice rhizosphere, 

Uttar Pradesh 

Intracellular 

accumulation and 

volatilization of 

arsenic 

Singh et al., 2016 

Shewanella 

oneidensis MR-1 

Oak Ridge National 

Laboratory 

Biotransformation 

and 

biomethylation 

Wang et al., 2016 

Bacillus sp., 

Aneurinibacillus 

aneurinilyticus 

West Bengal, India As accumulation, 

Arsenite oxidation 

Dey et al., 2017 

Citrobacter sp. 

RPT 

Kolli Hills, Tamil 

Nadu, India 

Arsenite 

oxidation, 

Arsenate reduction 

Selvankumar et 

al., 2017 
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Bosea sp. As-1 Central China Arsenite oxidation Lu et al., 2018 

Micrococcus sp. 

KUMAs15 

Nadia, West Bengal, 

India 

Arsenite oxidation Tanmoy et al., 

2018 

Bacillus, 

Micrococcus, 

Kytococcus, 

Staphylococcus 

West Bengal, India Arsenite 

oxidation, As 

absorption 

Roychowdhury et 

al., 2018 

Pseudomonas sp. Gangetic plains, 

Bihar, India 

Arsenite 

oxidation, 

Arsenate reduction 

Satyapal et al., 

2018 

Bacillus sp. BAR1, Groundwater 

sample, Bhojpur, 

Bihar 

Arsenate reduction Biswas et al., 

2019a 

Delftia spp. BAs29 Shallow aquifer, 

Bihar, India 

Arsenite oxidation Biswas et al., 

2019b 

Leclercia 

adecarboxylata 

strain As3-1 

As-mine, China Arsenate reduction Han et al., 2019 

Bacillus sp. PVR-

YHB1-1 

Roots of As-

hyperaccumulator 

Pteris vittata 

Arsenate reduction Jia et al., 2019 

Citrobacter sp. A99 Arsenic 

contaminated soils, 

Central China 

Arsenate reduction Kawa et al., 2019 
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Rhodococcus sp.  MTCC Chandigarh, 

India 

Arsenite 

bioaccumulation, 

biotransformation 

and biosorption 

Kumari et al., 

2019 

Achromobacter sp. 

KAs 3-5T 

As-contaminated 

groundwater, West 

Bengal 

Arsenate reduction Mohapatra et al., 

2019 

Bacillus cereus, 

Lysinibacillus 

boronitolerans  

Soil samples, Rico 

Stream, Brazil 

Arsenate 

reduction, 

Arsenite oxidation 

Aguilar et al., 

2020 

Bacillus firmus L-

148 

Soil samples, 

Maharashtra, India 

Arsenite oxidation Bagade et al., 

2020 

Bacillus XZM Core samples of 

sand 

Arsenate reduction Wang et al., 2020 

Pantoea sp. IMH, 

Achromobacter sp. 

SY8 

- Arsenate 

reduction, 

Arsenite oxidation 

Ye et al., 2020 

 

 

1.2.6.2   Mechanism of arsenic resistance 

1.2.6.2.1 Arsenic resistance operon 

Arsenic resistance genes in bacteria are very well organised in ars operon, which 

is located either on the chromosomal genome or plasmid (Rosen, 2002; Bhat et al., 2011). 

The constitution of ars operon varies in different microorganisms as it may possess either 

three genes viz. ars R, B, C or five genes viz. ars R, D, A, B, C, (Mukhopadhyay et al., 
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2002; Tsai et al., 2009). The core genes of the system include the arsR (transcriptional 

regulator), arsB (arsenite efflux pump) and arsC encoding arsenate reductase enzyme 

(Xu et al., 1998). ArsA is an ATPase that provides energy to arsB for extrusion of arsenite 

while arsD transfers arsenite from glutathione-bound complexes to the arsA subunit and 

activates it (Lin et al., 2007; Yang et al., 2010). In addition to arsB several other arsenic 

efflux pumps are present in bacteria to protect cells from arsenic toxicity. This includes 

acr3, arsP, arsK, arsJ and aqpS that confer resistance to arsenite, arsenate and 

methylarsenite (Fig. 1.7). ArsB genes are mostly found in Firmicutes and γ-

proteobacteria, while acr3 are commonly present in actinobacteria and α-proteobacteria 

(Achour et al., 2007). Till date, arsJ is the sole permease identified for efflux of arsenate. 

Additionally, arsP permease was first reported in Campylobacter jejuni to efflux 

methylarsenite and was found to be encoded by an ars operon (Wang et al., 2009; Shen 

et al., 2014). Similarly, arsK was also identified as methylarsenite selective permease in 

the chromosome of Agrobacterium tumefaciens GW4 and Bacillus sp. (Shi et al., 2018; 

Jia et al., 2019). 
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Fig. 1.7: Model of arsenic transporter system (Luis et al., 2019). 

 

The three-gene operon arranged as arsRBC gene cluster has been found in the 

chromosome of E. coli, P. fluorescens MSP3, Staphylococcus aureus plasmids pI258 and 

Staphylococcus xylosus pSX267 (Fig. 1.8) (Carlin et al., 1995; Silver, 1998; 

Prithivirajsingh et al., 2001). The presence of extended five-gene operon arranged in 

arsRDABC has been reported in E. coli plasmid R773 (Fig. 1.8) (Chen et al., 1986). 

Furthermore, the occurrence of both operons in one strain along with other ars genes 

related to arsenic resistance has also been observed in T. arsenitoxidans 3As (Muller et 

al., 2007; Chauhan et al., 2009; Páez-Espino et al., 2009; Arsène-Ploetze et al., 2010). 

 

Few microorganisms also utilise arsenate as an electron acceptor during 

respiration and reduction is carried out by respiratory arsenate reductase (arr) enzyme 

having a catalytic subunit arrA and smaller subunit arrB of arrSRABD operon (Malasarn 

et al., 2008; Richey et al., 2009). Also, arsenate can be reduced and methylated by 
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enzyme S-adenosylmethionine (SAM) methyltransferase enzyme encoded by arsM, 

involving the addition of methyl groups generating intermediates such as monomethyl 

arsenite (MMAs (III)), dimethyl arsenate (DMA-V), dimethyl arsenite (DMAs (III)) and 

trimethyl arsine (TMAs) (Dombrowski et al., 2005; Kruger et al., 2013). Arsenic 

methylation has been found in both aerobic and anaerobic bacteria including Clostridium 

collagenovorans, Desulfovibrio vulgaris, Desulfovibrio gigas, Rhodopseudomonas 

palustris and Methanobacterium formicium, Staphylococcus sp. NBRIEAG-8 (Michalke 

et al., 2000; Bentley and Chasteen, 2002; Qin et al., 2006; Srivastava et al., 2012). 
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Fig. 1.8: Organisation of gene clusters: (A) ars, (B) aio, (C) arr and (D) arx for 

arsenic resistance in bacteria (Andres and Bertin, 2016). 

 

1.2.6.2.2 Arsenite oxidation 

The oxidation of arsenite to arsenate is carried out by arsenite oxidase enzyme 

encoded by aio gene belonging to aioSRABcytC operon which confers complete 

resistance to arsenic (Kashyap et al., 2006; Muller et al., 2007). This operon comprises 

of arsenite oxidase enzyme encoded by aioAB gene, regulator gene (aioR), c-type 
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cytochrome (cytc2/aioC), sensor kinase (aioS) and molybdopterin biosynthesis 

(chlE/aioD) gene (Santini and vanden Hoven, 2004; Kashyap et al., 2006; Koechler et 

al., 2010). The Rhizobium sp. strain NT-26 has an operon consisting of aioRSABC genes 

(Santini and vanden Hoven, 2004). Studies on Agrobacterium tumefaciens 5A and 

Herminiimonas arsenicoxydans have shown the presence of aioR, aioS as well as sigma 

factor rpoN to be associated with regulation of arsenic oxidation (Koechler et al., 2010; 

Sardiwal et al., 2010; Kang et al., 2012). Additionally, a flagellar protein encoded by 

gene dnaJ and periplasmic arsenite binding protein, aioX has been found to regulate 

arsenic oxidation which has been characterised in diverse bacteria (Koechler et al., 2010; 

Kruger et al., 2013). In Achromobacter sp. SY8 aio operons containing aioX-aioS-aioR 

and aioB-aioA-aioC-aioD genes were found responsible for arsenite oxidation (Cai et 

al., 2009 a; b).  

 

AioA gene-mediated oxidation of arsenite has been identified in genomes of 

several bacteria including Acinetobacter junii, Pseudomonas stutzeri strain GIST-BDan 

2, Acinetobacter baumannii, Geobacillus stearothermophilus, Herminiimonas 

arsenicoxydans and Thiomonas sp.3As (Muller et al., 2007; Arsène-Ploetze et al., 2010; 

Chang et al., 2010; Majumder et al., 2013). Some bacterial strains, viz. Brevibacillus sp. 

KUMAs2, Acinetobacter calcoaceticus are reported to possess plasmid-borne aioA genes 

while in strains like Acinetobacter soli, the gene was present on chromosomal and 

plasmid DNA (Mallick et al., 2014; Goswami et al., 2015). 

 

Arx enzyme carries out the oxidation of arsenite under anaerobic conditions 

coupled with nitrate reduction or CO2 fixation which is encoded by arx gene which is 

constituent of arxSXB2ABCD operon (Páez-Espino et al., 2009, Kumari et al., 2016). 
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ArxA capable of oxidizing arsenite has been identified in Ectothiorhodospira sp. strain 

PHS-1 and Alkalilimnicola ehrlichii strain MLHE-1 (Kulp et al., 2008; Zargar et al., 

2010). 

 

1.2.6.2.2.1 Structure of arsenite oxidase enzyme 

The oxidation of toxic [As(III)] to less toxic [As(V)] is carried out by arsenite oxidase 

enzyme and consists of two subunits: large molybdopterin containing catalytic subunit 

aioA with MW∼90 kDa and a small iron-sulfur cluster containing subunit aioB with MW 

∼14 kDa (Oremland et al., 2009; Lett et al., 2012) (Fig. 1.9). The large subunit aioA 

comprises of two pyranopterin cofactors binding the Mo atom in the active site and a 

[3Fe-4S] cluster for electron transport and acts as a functional marker for aerobic arsenite 

oxidizing bacteria (Quéméneur et al., 2008). The large subunit of aioA contains four 

domains; domain I bind to the [3Fe-4S] cluster and the rieske-subunit of the smaller 

subunit while II and IV domains are linked through a pseudo-two-fold axis of symmetry, 

and both possess homologous dinucleotide binding folds which help in binding 

molybdenum. Domain III that binds the molybdenum centre is constituted of two parallel 

β sheets (Ellis et al., 2001). The aioA and aioB subunits are held together in the 

heterodimer structure by a network of hydrogen bonds at the interface between the two 

subunits and also by aioA’s C- and N- terminal stretches that entwine the aioB protein. 

The small subunit (aioB) contains a Rieske-type [2Fe-2S] cluster and transfers the 

electrons to coupling proteins of the respiratory chain (Anderson et al., 1992; Ellis et al., 

2001).  
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Fig. 1.9: Crystal structure of arsenite oxidase enzyme from Alcaligenes faecalis. 

Domains I-IV of the large subunits of arsenite oxidase enzyme are drawn in blue, green, 

yellow and orange, respectively. The rieske subunit is drawn in red and the molybdenum 

cofactor, [3Fe-4S] and [2Fe-2S] cluster are also shown (Ellis et al., 2001). 

 

Arsenite oxidase enzyme was first characterised in Alcaligenes faecalis, and the 

crystal structure was studied (Anderson et al., 1992). Studies on the structure of arsenite 

oxidase enzyme in Rhizobium sp. strain NT-26 also showed the presence of enzyme 

similar to that of Alcaligenes faecalis containing molybdenum and a rieske type subunit 

(Santini and vanden Hoven, 2004). In both these organisms, aioA consists of conserved 

motif Cys-X2-Cys-X3-Cys-X70-Ser that binds to [3Fe-4S] cluster in a subunit (Santini 

and vanden Hoven, 2004). The similar conserved motif was also identified in 

Stenotrophomonas sp. MM7 (Bahar et al., 2012). Likewise, several other arsenite 

oxidizing bacterial strains have been studied for their enzyme structure, and some of them 

are outlined in Table 1.2. 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/molybdenum-cofactor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/molybdenum-cofactor


25 

 

Table 1.2: Enzyme structure of several arsenic oxidizing bacteria. 

Bacteria Location 

of Enzyme 

Native 

molecular 

weight 

(k Da) 

Molecular 

weight of 

subunits 

References 

Alcaligenes faecalis 

NCIB 8687 

Membrane 

fraction 

100 

 

85 kDa aoxB;  

15 kDa aoxA 

Anderson et al., 

1992; Ellis et al., 

2001 

Herminiimonas 

arsenicoxydans 

ULPAs1 

Membrane 

fraction 

- 826 aas aoxB; 

134 aas aoxA 

Muller et al., 

2003 

Rhizobium NT-26 Periplasmic 219 

 

98 kDa aroA; 

14 kDa aroB 

Santini and 

vanden Hoven, 

2004 

Hydrogenophaga 

sp. str. NT-14 

Periplasmic 306 

 

86 kDa aroA; 

16 kDa aroB 

vanden Hoven 

and Santini., 

2004 

Ochrobactrum 

triticii SCII24 

Periplasmic - 846 aas aoxB; 

175 aas aoxA 

Branco et al., 

2009 

Arthrobacter sp. 

15b 

Membrane 

fraction 

100 

 

85 k Da aioA; 

14 kDa aioB 

Prasad et al., 

2009 

Ralstonia S22 Membrane 

fraction 

110 97 kDa aroA; 

16 kDa aroB 

Lieutaud et al., 

2010 

*The genes of large and small subunits of arsenite oxidase enzyme are named as aoxB-

aoxA, aroA-aroB, asoA-asoB and aioA-aioB respectively (Lett et al., 2012). 
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1.2.6.2.2.2 Microbial arsenite oxidation 

Microbial resistance to arsenite has been extensively studied from various 

arsenic-contaminated sources such as soil (Bahar et al., 2013; 2016; Das et al., 2016), 

agricultural fields (Tanmoy et al., 2018), lake (Bagade et al., 2016), aquifer (Biswas et 

al., 2019a), groundwater (Dey et al., 2016; Jebeli et al., 2017; Jebelli et al., 2018), mines 

(Fahy et al., 2015; Debiec et al., 2017) and industrial effluents (Rehman et al., 2010; Jain 

et al., 2014) suggesting the extensive distribution of arsenite oxidizers in the 

environment. Arsenite oxidizing bacteria are classified either as heterotrophs or 

chemolithoautotrophs based on their preferred growth substrates. Heterotrophic arsenite 

oxidizing bacteria acquire energy from organic carbon and is designated as detoxification 

mechanism involving oxidation of arsenite [As (III)] to less toxic arsenate [As (V)] 

(vanden Hoven and Santini, 2004; Stolz et al., 2010), whereas chemolithoautotrophic 

arsenite oxidizing bacteria obtain energy by oxidizing arsenite to arsenate using nitrate 

as their terminal electron acceptor during inorganic carbon fixation (Oremland et al., 

2002; Battaglia-Brunet et al., 2006).  

 

Microbial oxidation of arsenite was first reported in Bacillus arsenoxydans 

isolated from cattle dipping tank in South Africa by Green (1918). Subsequently, many 

arsenite oxidizing bacterial strains have been reported which include Alcaligenes 

faecalis, Acinetobacter sp., Flavobacterium sp., Sinorhizobium sp., Sphingomonas sp., 

Pseudomonas lubricans, Bacillus flexus strain As-12, Agrobacterium tumefaciens 5A, 

Microbacterium oxydans, Aeromonas sp., Bacillus firmus L-148, Agrobacterium sp., 

Comamonas sp., Enterobacter sp., Pseudomonas chengduensis As-11, Pantoea sp., 

Bacillus cereus, Lysinibacillus boronitolerans, Pseudomonas sp., Rhizobium sp. and 

Microbacterium sp. (Philips and Taylor, 1976; Santini et al., 2002; Kashyap et al., 2006; 
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Aksornchu et al., 2008; Chang et al., 2010; Rehman et al., 2010; Paul et al., 2015; Jebeli 

et al., 2017; Jebelli et al., 2018; Aguilar et al., 2020; Bagade et al., 2020). 

 

The arsenite oxidation efficiency significantly varies among the strains 

depending on their physiological attributes and growth conditions. Arsenite oxidizing 

strain Alcaligenes sp. strain RS19 isolated from mine soil could oxidize 0.042 mM 

arsenite min–1 while Bosea sp. strain AR-11 isolated from contaminated groundwater 

could oxidize 0.25 mM of arsenite in 12 h (Yoon et al., 2009; Liao et al., 2011). Similarly, 

arsenite oxidation capacity of several bacterial isolates such as Pseudomonas stutzeri (1 

mM within 25-30 h), Stenotrophomonas panacihumi (500 µM within 12 h), Variovorax 

sp. MM-1 (500 µM within 3 h), Bacillus megaterium AMO-10 (30 mM within 24 h), 

Bacillus flexus strain As-12 (45% after 48 h) and Pseudomonas chengduensis As-11 

(48% after 72h) have also been studied (Chang et al., 2010; Bahar et al., 2012; 2013; 

Majumder et al., 2013; Jebeli et al., 2017; Jebelli et al., 2018). Recently Aguilar et al. 

(2020) showed that Bacillus cereus and Lysinibacillus boronitolerans could oxidize 

69.38 % and 71.88 % of arsenite, respectively from the culture medium. Additionally, 

Bacillus firmus L-148 was also reported to tolerate 3300 mM arsenite and oxidized 75 

mM arsenite in 14 days (Bagade et al., 2020). 

 

1.2.6.3 Genetic engineering of bacteria for bioremediation of arsenic 

The development of genetically engineered bacteria for the conversion of toxic 

arsenite to arsenate via enzyme-mediated redox reactions is one practical option for 

bioremediation of arsenite (Singh et al., 2011). Several types of genetically modified 

microorganisms (GMOs) have been developed which bioaccumulate high levels of 

arsenic via arsenic binding proteins (Table 1.3). For instance, a genetically engineered 
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(GE) strain of E. coli over-expressing arsR has been shown to accumulate 5 to 60-fold 

more arsenic than the wild type (Kostal et al., 2004). This regulatory protein (arsR) offers 

immense potential for bioremediation by genetic engineering due to its high-affinity 

transport system and selectivity towards arsenite. Thus, overexpression of arsR in 

bacteria by strain could be a promising strategy to increase the cellular accumulation and 

removal of arsenic. Recently, Liu et al. (2011) demonstrated that arsenic could be 

removed by overexpression of arsM genes through volatilization from the contaminated 

soil by GE bacterial strains such as Sphingomonas desiccabilis and Bacillus idriensis. 

Hence, volatilization of arsenic by using the genetically engineered bacteria with 

numerous copies of arsM gene may be highly useful in bioremediation of arsenic. 

 

Additionally, studies have shown that inactivation or deletion of genes encoding 

arsenic efflux proteins can increase the intracellular accumulation of arsenic (Sousa et 

al., 2015). For example, genetically engineered E. coli strains lacking arsenic efflux 

transporter demonstrated 10.39 % higher arsenic volatilization rate (Ke et al., 2019). 

However, there are several problems associated with the application of genetically 

engineered bacteria in the field which needs to be addressed. 

 

Table 1.3: Genetically engineered bacteria showing enhanced arsenic tolerance. 

Bacteria Modifications Tolerance 

(Fold increase) 

References 

E. coli Over-expression of 

arsR    

60 Kostal et al., 2004 

E. coli Expression of fMT 

and GlpF 

26-30 Singh et al., 2008 
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E. coli Mutation in GlpF 10 Tsai et al., 2009 

E. coli Over-expression of 

PC Synthase  

50 Páez-Espino et al., 

2009 

E. coli (without 

arsenic efflux) 

Expression of SpPCS, 

GshI, GlpF 

80 Singh et al., 2010 

Sphingomonas 

desiccabilis 

Expression of arsM  10 Liu et al., 2011 

Bacillus idriensis Expression of arsM  10 Liu et al., 2011 

* arsR- regulator gene, GlpF- aquaglyceroporin, arsM- arsenic methyltransferase gene 

 

Unlike organic contaminants, arsenite cannot be degraded, but it can be transformed 

into less toxic forms. The most commonly used physicochemical techniques for removal 

of arsenic are expensive, time-consuming and hazardous to the environment. Therefore, 

the bacterial oxidation of arsenite to arsenate may contribute to a natural reduction of 

arsenic contamination in the environment. Thus, it is imperative and highly desirable to 

characterize arsenite oxidizing bacterial isolates in order to explore genes and encoded 

proteins which confer arsenite resistance. Therefore, keeping in view these crucial facts 

and findings following objectives were proposed: 

 

1. Screening and isolation of arsenite oxidizing bacteria from terrestrial 

econiches of Goa. 

2. Identification of selected arsenite oxidizing bacterial isolates. 

3. PCR mediated characterization of arsenite resistant bacterial isolates. 

4. Proteomic analysis of selected arsenite oxidizing bacterial isolates. 

 



 

 

 

 

 

 

 

Chapter II 

Materials and methods 
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2.1 Sampling 

Soil samples were collected from different locations across Goa, India, in sterile 

zip-locked bags. These samples were stored in the cold room until analysed. The 

physiological parameters of samples viz. pH and temperature were determined using pH 

meter and thermometer, respectively.  

 

2.2 Isolation of arsenite resistant bacteria 

Collected soil samples were serially diluted in 0.85 % saline and spread plated on 

nutrient agar (NA) and mineral salt medium (MSM) agar plates amended with 10 mM of 

sodium (meta) arsenite (Appendix-A & B). The plates were incubated at 28 ºC for 24 h 

and checked for the appearance of bacterial colonies. Morphologically distinct bacterial 

colonies were selected, purified by repeated streaking and maintained on nutrient agar 

with 2 mM sodium (meta) arsenite for further characterization. 

 

2.3 Determination of Maximum Tolerance Concentration (MTC) of 

bacterial isolates for sodium (meta) arsenite 

Selected bacterial isolates were spot inoculated on MSM agar plates 

supplemented with increasing concentration of NaAsO2 (range: 0-45 mM). These plates 

were incubated at 28 ºC for 24-48 h and observed for visible bacterial colonies.  

 

2.4 Determination of arsenite oxidizing ability of bacterial isolates 

Bacterial isolates were spot inoculated on MSM agar plates containing 10 mM 

sodium (meta) arsenite and incubated at 28 ºC for 4-5 days. Subsequently, the agar plates 
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were flooded with solution of 0.1 M AgNO3 (Appendix-B) and observed for colour 

change. 

 

2.5 Isolation of plasmid DNA 

The bacterial isolates were grown in Luria Bertani (LB) broth (Appendix-A) at 

28 ºC, 150 rpm for 16-18 h and plasmid DNA was extracted using Gen Elute Plasmid 

Miniprep kit (Sigma-Aldrich, USA). Plasmid DNA was electrophoresed in 0.8 % agarose 

gel containing ethidium bromide with a final concentration of 0.5 μg mL-1 (Appendix-C) 

and visualized using G: BOX Gel documentation system (Syngene, UK). 

 

2.6 Extraction of chromosomal DNA  

Bacterial isolates were inoculated in Luria Bertani (LB) broth and culture flasks 

were incubated at 28 ºC, 150 rpm for 16-18 h. Cell pellets were obtained by 

centrifugation at 8000 rpm, 4 ºC for 10 min and chromosomal DNA was extracted using 

Dneasy® Blood and Tissue Kit (Qiagen, Hilden, Germany). The DNA sample was 

analysed using 0.8 % agarose gel electrophoresis, visualized under G: BOX Gel 

documentation system (Syngene, UK) and was further quantified using Nanodrop 2000c 

(Thermo Scientific, USA). 

  

2.7 PCR amplification of arsenite oxidase (aioA) and transporter (acr3) 

genes 

The aioA and acr3 genes were PCR amplified using Jump Start Red Taq Ready 

Mix (Sigma-Aldrich, USA) and gene-specific primers (Appendix-E). Both plasmid and 

chromosomal DNA samples were separately used as templates for PCR reactions. Each 

50 µL PCR reaction contained: 50 ng template DNA, 1µL of each set of primers, 25 uL 
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of 2X master mix and sterile Milli Q water to bring the final volume to 50 uL. The thermal 

cycler program for each gene amplification is listed as used (Appendix-E). The PCR 

reaction was performed in a Nexus Gradient Mastercycler (Eppendorf, Germany) and 5 

uL of PCR product was analysed by gel electrophoresis using 1 % agarose gel and 

visualized under G: BOX gel documentation system (Syngene, UK). The 100 bp and 1 

kb DNA marker (Sigma-Aldrich, USA; Promega, USA) was loaded in the parallel lane 

during electrophoresis to determine the size of the gene amplicons. 

 

2.8 Identification of selected arsenite oxidizing bacterial isolates 

2.8.1 Morphological and biochemical characterization 

The Gram characteristics of selected arsenite oxidizing bacterial isolates were 

determined using microscopy (Nikon H600L, Japan) and specific biochemical tests were 

performed in order to tentatively identify the selected bacterial isolates based on Bergey’s 

Manual of Systematic Bacteriology (Holt et al., 1994). 

 

2.8.2 PCR amplification and DNA sequencing of 16S rRNA gene 

PCR amplification of the 16S rRNA gene was done using Jump Start Red Taq 

Ready Mix (Sigma - Aldrich, USA) and universal eubacterial primers: 27F and 1495R 

(Appendix-E). The thermal cycler programme used is tabulated (Appendix-E) and was 

carried out using Nexus Gradient Mastercycler (Eppendorf, Germany). The resulting 

amplicon was analysed on 1 % agarose gel and visualized using G: Box gel 

documentation system (Syngene, UK). The PCR amplicon was purified using a PCR 

clean-up kit (Promega, USA) and sequenced at Eurofins Genomics (Bangalore, India). 

The nucleotide sequence obtained was analysed by BLAST using the NCBI database and 
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the sequence was submitted to GenBank.  The phylogenetic tree was constructed using 

the neighbour-joining method with MEGA 7 package (Kumar et al., 2016). 

 

2.9 Determination of Minimum Inhibitory Concentration (MIC) of 

sodium (meta) arsenite for bacterial isolates 

The overnight grown bacterial cultures (0.25 mL) were inoculated in culture 

flasks with 25 mL MSM broth supplemented with increasing concentration of sodium 

(meta) arsenite (1-30 mM) and incubated at 28 ºC, 150 rpm for 24-48 h. The MIC for 

each bacterial strain was determined by taking absorbance at 600 nm using 

Biospectrometer (Eppendorf, Germany). The lowest concentration of sodium (meta) 

arsenite at which the growth of bacteria ceases was considered it’s MIC.  

 

2.10 Determination of optimal growth conditions for selected arsenite 

oxidizing bacterial isolates 

To determine the optimum pH for growth of the selected bacterial isolates, the 

strains SSAI1 and SSSW7 were inoculated in a series of conical flasks containing MSM 

broth (25 mL) with a varying range of pH (5-11) separately, and flasks were incubated 

at 28 ºC at 150 rpm for 24 h. To find the optimal temperature, the strains were inoculated 

in series of flasks containing MSM broth (25 mL) and the flasks were incubated at 

different temperatures (20-45 ºC) separately. The absorbance was recorded at 600 nm 

using Biospectrometer (Eppendorf, Germany) in order to determine the growth.  

 

 



34 

 

2.11 Study of growth behaviour of selected arsenite oxidizing bacterial 

isolates in the presence of arsenite  

The selected bacterial isolates were grown in MSM broth amended with different 

concentrations of sodium (meta) arsenite in a range of 5-25 mM along with 0.2 % 

glucose. The flask containing MSM broth with 0.2 % glucose without sodium (meta) 

arsenite served as a control. The culture flasks were incubated at 28 ºC, 150 rpm for 24-

40 h. The cultures aliquots were taken at 2 h intervals and absorbance was recorded at 

600 nm using Biospectrometer (Eppendorf, Germany).  

 

2.12 Fourier transformed infrared (FTIR) spectroscopic analysis of 

selected arsenite oxidizing bacterial isolates 

The bacterial isolates were grown in the presence (10 & 15 mM) or absence of 

arsenite were centrifuged at 10,000 rpm for 10 min, followed by washing with 0.1 M 

phosphate buffer saline (PBS), pH 7.4 (Appendix-B). The cell pellet was dried in 

incubator at 45 °C for 24 h and was ground to fine powder in the presence of KBr using 

mortar and pestle. The IR spectrum was recorded on an IR Prestige-21 instrument 

(Shimadzu, Japan) in the region of 4000-400 cm−1. 

 

2.13 SEM-EDAX analysis of selected arsenite oxidizing bacterial 

isolates 

The selected bacterial isolates were inoculated in MSM broth supplemented with 

(10 & 15 mM) and without arsenite as test and control. The flasks were incubated at 28 

ºC, 150 rpm for 24 h. The bacterial cells in exponential growth phase were harvested at 

8,000 rpm for 10 min from both control and arsenite stressed conditions and were 
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subjected to washing with 0.1 M PBS (pH 7.4). Bacterial cells were evenly spread on a 

grease-free coverslip followed by overnight fixation with 2.5 % glutaraldehyde at room 

temperature. The cells were incubated with different concentrations of acetone, i.e.  20-

100 % for 10 min at each concentration. The samples were coated with gold using a 

coater and then subjected to SEM-EDAX analysis (Carl-Ziess, Germany). 

 

2.14 TEM-EDAX analysis of selected arsenite oxidizing bacterial 

isolates 

The bacterial isolates were grown in the presence (10 &15 mM) and absence of 

arsenite and cells in exponential phase were harvested by centrifugation at 8,000 rpm for 

10 min, followed by washing the pellet with 0.1M sodium phosphate buffer pH 7.2 

(Appendix-B). The pellet obtained was fixed in a mixture of 2.5 % glutaraldehyde and 2 

% paraformaldehyde prepared in 0.1 M sodium phosphate buffer (pH 7.2) for 2-3 h at 4 

°C. The fixed cells were further incubated in 1 % OsO4 and propylene oxide for 1 h 

followed by a graded series of dehydration in ethanol. The samples were then embedded 

in Epon 812 resins, sectioned (60 nm) and analysed using transmission electron 

microscope (TEM-JEOL 2100F, Germany) followed by EDAX to determine elemental 

content.  

 

2.15 Quantitative analysis of arsenate 

The quantification of arsenate was done by using molybdene blue method with 

some slight modifications (Lenoble et al., 2003; Cai et al., 2009b). Bacterial cultures 

were grown in the presence (10 & 15 mM) of sodium (meta) arsenite and centrifuged at 

8000 rpm for 10 min. The resulting cell pellet was disrupted by sonication (Vibronics, 

three times for 2 min with 10 min cool-down intervals). The supernatant (0.3 mL) was 
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added to a mixture of 4 mL Milli Q water, 0.4 mL 50 % H2SO4 (v/v), 0.4 mL of 3 % 

Na3MoO4 (w/v) and 0.2 mL of 2 % ascorbic acid (w/v) and incubated at 90 ºC in water 

bath for 20 min. The samples were cooled and final volume was adjusted to 10 mL using 

Milli Q water. The same protocol was also followed for the control samples and the 

absorbance of the samples at 838 nm was determined using Biospectrometer (Eppendorf, 

Germany). The standard curve of arsenate was used to determine the concentration of 

arsenate in the test samples. 

 

2.16 Arsenite oxidase enzyme assay 

2.16.1 Preparation of cell-free extract 

The bacterial cells were grown in MSM broth and centrifuged at 8000 rpm at 4 

°C for 10 min (Eppendorf, Germany). The resulting cell pellet was washed thrice with 

washing buffer (Appendix-B) and was resuspended in 10 mL suspension buffer 

(Appendix-B). The cell suspension was incubated with 1 mg mL-1 lysozyme at 28 °C for 

2 h with occasional stirring followed by addition of magnesium sulphate (20 mM), 

magnesium acetate (100 mM), DNase (100 µg) and RNase (500 µg) and incubated at 28 

°C for 30 min. The cell suspension was then sonicated thrice with 2 min bursts and 10 

min cool-down intervals followed by incubation at 60 °C for 1 min. Subsequently, the 

suspension was cooled on ice, centrifuged at 8000 rpm for 10 min and the pH of the clear 

supernatant was adjusted to 8.4 with 2 M NaOH (Appendix-B) (Prasad et al., 2009). 

 

2.16.2 Preparation of periplasmic and spheroplast fractions 

Bacterial cells grown in MSM broth were harvested by centrifugation at 8000 

rpm for 10 min and the resulting cell pellet was suspended in 20 mM Tris-HCl buffer, 

0.1 mM PMSF, 10 mM EDTA pH 8.4 along with 20 % sucrose. The outer membrane 
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was lysed using 0.5 mg mL-1 lysozyme (Appendix-B) and incubated at 28 °C for 40 min. 

After incubation, the suspension was centrifuged at 8000 rpm for 10 min. The supernatant 

was collected and cell pellet containing spheroplast was washed twice in the above buffer 

and assayed for arsenite oxidase activity. 

 

2.16.3 Enzyme assay 

The arsenite oxidase enzyme activity was determined in the cell-free extract, 

periplasmic and spheroplast fractions following standard method (Anderson et al., 1992). 

The enzyme sample was mixed with 1 mL of assay buffer containing 60 µM 2,6-

dichlorophenol indophenol (DCIP), 200 µM sodium arsenite and 50 mM 

morpholinoethelene diol sulfonic acid (MES) buffer (pH 6.0). The change in absorbance 

due to the reduction of DCIP per minute was monitored at 600 nm for 5 min using 

Biospectrometer (Eppendorf, Germany). The specific activity of the enzyme was 

expressed as µmol of DCIP reduced min-1 mg-1 of protein. The protein concentration in 

the supernatants was determined by Bradford assay (Bradford, 1976) using bovine serum 

albumin (Himedia, Mumbai, India) as a standard. 

 

2.17 Cross tolerance to other heavy metals 

The chosen bacterial isolates were grown in MSM broth containing 5 mM sodium 

(meta) arsenite and 0.2 % glucose as carbon source along with different concentration of 

various heavy metals/ metalloids viz. Zn, Cr, As (V), Pb, Ni, Cu, Fe, Mn and Cd 

(Appendix-B). The flasks were incubated at 28 ºC, 150 rpm for 24 h and growth was 

monitored by recording absorbance at 600 nm using Biospectrometer (Eppendorf, 

Germany). The lowest concentration of the metal/metalloid that inhibited the bacterial 

growth completely was considered the MIC for that metal. 
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2.18 Antibiotic susceptibility test 

Overnight grown bacterial cultures were spread plated on Mueller-Hinton agar 

(Appendix-A) followed by overlaying with the octa-discs containing eight different 

antibiotics (Himedia, India). The plates were incubated at 28 ºC for 24 h and the zone of 

inhibition (diameter in mm) caused by each antibiotic was measured. Sensitivity or 

resistance of the bacterial isolates to several antibiotics was determined using the Kirby-

Bauer chart (Bauer et al., 1966). 

 

2.19 Proteomic analysis 

2.19.1 Extraction of whole-cell proteins  

Bacterial cells were grown up to mid-log phase in the presence (5 mM) and 

absence of sodium (meta) arsenite and then centrifuged at 8000 rpm for 10 min at 4 ℃. 

The resulting cell pellet was washed twice with PBS (0.1 M, pH 7.4) and resuspended in 

0.1 % RapiGestSF buffer (Waters, USA) prepared in 50 mM ammonium bicarbonate 

containing 2 mg mL-1 lysozyme. The bacterial cells were sonicated for 30 sec on ice 

followed by centrifugation at 10,000 rpm at 4 ℃ for 30 min. The resultant supernatant 

was collected in clean microfuge tubes, and proteins from the control and arsenite 

exposed cells were quantified by Bradford assay using bovine serum albumin as a 

standard (Bradford, 1976). 

 

2.19.2 Qualitative analysis of protein 

Whole-cell protein samples from control and test were mixed, heated with 6X 

sample solubilizing buffer (Appendix-D) and analysed using 12 % sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) at a constant voltage of 90 V 

using BIORAD Mini-PROTEAN Tetra System (BIO-RAD, USA). The gel was stained 
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overnight using Coomassie Brilliant blue R250 (0.05 %) followed by de-staining in de-

staining solution (Appendix-D; Sambrook et al., 1989). 

 

2.19.3 In- Solution digestion 

The extracted proteins from the control and arsenite exposed cells were 

subsequently subjected to in-solution digestion using trypsin (Deshmukh et al., 2017).  

The protein sample (50 µg) was heated at 80 °C for 20 min, followed by reduction using 

3 µL of 100 mM dithiothreitol (DTT) at 65 °C for 15 min. The solution was then alkylated 

by adding 3 µL of 200 mM iodoacetamide and incubated in the dark at room temperature 

for 30 min. Further 2 µL of 1 µg µL-1 trypsin was added and incubated overnight at 37 

℃ under mild shaking conditions. The trypsin was inactivated and RapiGest was 

precipitated by adding 2 µL formic acid. The sample was then incubated on ice for 15 

min followed by centrifugation at 14000 rpm at 4 °C for 15 min and peptides were 

desalted using Sep Pak C18 cartridges (Waters, USA) as per supplier's instructions. 

 

 

2.19.4 LC-MS/MS analysis 

One µg of protein digest was loaded on to a Hypersil Gold reverse phase C18 

column (150 mm x 2.1 mm, 1.9 µm) connected to an Accela 1250 UHPLC system 

(Thermo Fischer Scientific, USA) in line with a Q-Exactive Hybrid Quadrupole-Orbitrap 

Mass Spectrometer (Thermo Fischer Scientific, USA). All the samples were acquired by 

Data Dependent Acquisition (DDA) in full MS/ddMS2 mode. A 90-minute gradient of 

3-40 % acetonitrile in water containing 0.1 % formic acid was used as mobile phase for 

separation at 350 µL min-1 flow rate. The temperature of column was maintained at 40 

°C and instrument tune parameters viz. spray voltage (4.20 kV), capillary temperature 
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(320 °C), auxiliary gas heater temperature (320 °C), sheath gas flow (45), auxiliary gas 

flow (12) and S-lens RF value (50) were optimized. The acquisition was performed 

primarily in full scan mode (MS) at resolution 70000 at 200 m/z followed by ddMS2 

wherein top 15 precursors were selected for MS/MS by HCD and analysed at resolution 

17500 at 200 m/z. MS data were acquired in a scan range from 200-1800 m/z. The 

automatic gain control (AGC) and maximum IT value were 1 × 106 ions and 100 ms. 

ddMS2 was acquired at normalized collision energy value of 30, AGC value of 1 ×105 

ion, maximum IT of 50 ms and isolation window of 4 m/z. The dynamic exclusion was 

set to 10 seconds. All the samples were acquired in technical triplicates. 

 

2.19.5 Identification and quantification of proteins 

The proteins were identified and quantified using MaxQuant software with Uni 

Prot database restricted to Bacillus flexus and Klebsiella pneumonia for SSAI1 and 

SSSW7 isolates. False discovery rate analysis (FDR) was set to 1 % and proteins 

identified with at least 2 unique peptides were selected for further analysis. Label-free 

quantification (LFQ) was performed using default parameters of MaxQuant and fold 

change between control and test was calculated based on the LFQ intensities. 

 

2.20 Statistical analysis 

All experiments in the present study were performed in triplicates; the standard 

error was calculated and incorporated in the thesis.  
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3.1 Sampling 

The sediment samples were collected from 8 different sites of Goa viz. agro 

industry waste, battery waste, ceramic waste, metal industry waste, mine rejects, shipyard 

waste and municipal waste dump (Fig. 3.1). These sampling sites were selected based on 

the possible sources of arsenic contamination. The temperature of sediment samples 

ranged between 27-30 ℃, whereas pH ranged between 6.5 to 8.4 (Table 3.1). The 

sediment sample from mine reject, Piligao showed pH 8.4 and temperature 30 ℃. 

Whereas the sediment sample from battery waste, Corlim had a temperature of 28 ℃ and 

pH 6.5 due to the abundance of acids. 

Previously several bacterial strains have been isolated from various arsenic 

contaminated sources such as soil (Bahar et al., 2016; Das et al., 2016), agricultural fields 

(Tanmoy et al., 2018), aquifer (Biswas et al., 2019a), lake (Bagade et al., 2016), 

groundwater (Jebeli et al., 2017; Jebelli et al., 2018), industrial effluents (Rehman et al., 

2010; Jain et al., 2014) and mines (Fahy et al., 2015; Debiec et al., 2017) signifying the 

wide distribution of arsenite resistant bacteria in the environment. The occurrence of 

arsenite resistant bacterial strains has also been reported in water and sediment samples 

of estuarine environments of Goa (Nagvenkar and Ramaiah, 2010). However, there are 

no reports on isolation of arsenite resistant bacterial isolates from terrestrial econiches of 

Goa making this first report. 
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Fig. 3.1: (a) Map of Goa showing locations of eight sampling sites. 1- Agro industry 

waste, Tuem; 2-Battery waste, Corlim; 3-Ceramic waste, Corlim; 4-Metal industry 

waste, Kundaim; 5- Mine reject, Bicholim; 6- Mine reject, Piligao; 7- Shipyard waste, 

Piligao; 8-Municipal waste dump, Mapusa. (b) Photographs of three sampling sites: 

Mine reject, Bicholim; Shipyard waste, Piligao and Mine reject, Piligao. 

 

Table 3.1: Physiological characteristics of sediment samples collected from different   

                  sites of Goa. 

S. N. Sampling sites Sample 

Designation 

Temperature 

(oC) 

pH 

1 Agro industry waste, Tuem AI 27 7.6 

2 Battery waste, Corlim BW 28 6.5 

3 Ceramic waste, Corlim CW 28 7.3 

4 Metal industry waste, Kundaim MI 30 7.96 
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5 Mine reject, Bicholim MB 28 7.1 

6 Mine reject, Piligao MP 30 8.4 

7 Shipyard waste, Piligao SW 27 7.66 

8 Municipal waste dump, Mapusa MW 29 6.68 

 

3.2 Isolation of arsenite resistant bacteria 

All the environmental samples showed the presence of arsenite resistant bacteria 

with higher viable counts on nutrient agar as compared to mineral salts medium. The 

highest viable count of arsenite resistant bacteria was obtained in the battery waste 

sample on both Nutrient and MSM agar, followed by agro industry waste (Table 3.2).  

Arsenic has been widely used in lead-acid batteries, electronics, corrosion-resistant 

materials and agriculture industry (Jang et al., 2016). Hence this could be the possible 

reason for the occurrence of a large number of arsenite resistant bacterial isolates in these 

samples. Total 34 morphologically different arsenite resistant bacterial isolates obtained 

from different environmental samples were selected and purified for further 

characterization.  
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Table 3.2: Viable count of arsenite resistant bacteria from sediment samples on 

Nutrient agar and MSM agar. 

S. N.  

Samples 

Viable Count (cfu mL-1) 

Nutrient Agar + 

10 mM NaAsO2 

Mineral Salts Media agar 

+ 10 mM NaAsO2 

1 Agro industry waste 48.5 x 105 13.8 x 105 

2 Battery waste 22.4 x 106 7.13 x 106 

3 Ceramic waste 24.7 x 104 12.79 x 104 

4 Metal industry waste 30.2 x 105 9.33 x 105 

5 Mine reject, Bicholim 29 x 104 3 x 104 

6 Mine reject, Piligao 10.7 x 105 6.867 x 105 

7 Shipyard waste 47.3 x 105 4.86 x 105 

8 Municipal waste dump 22.1 x 104 2.6 x 104 

 

3.3 Determination of Maximum Tolerance Concentration (MTC) of 

sodium (meta) arsenite 

The arsenite resistant bacterial isolates obtained showed arsenite tolerance in the 

range of 10-45 mM on MSM agar (Fig. 3.2). Out of these, 26 isolates could tolerate 

arsenite within a range of 27 to 45 mM, which is significantly very high concentration. 

Several studies have shown the potential of bacteria to tolerate arsenite in different solid 

medium. For instance, bacterial strains isolated from arsenic contaminated groundwater 

exhibited MIC of 2.5 mM for Pseudomonas sp. strain AR-1, 5 mM for Psychrobacter 

sp. strain AR-5, 2 mM for Vibrio sp. strain AR-6, 5 mM for Citrobacter sp. strain AR-7, 

5 mM for Enterobacter sp. strain AR-8, 5 mM for Bacillus sp. strain AR-9 and 2 mM for 
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Bosea sp. strain AR-11 (Liao et al., 2011). Similarly, Bacillus sp. strain As-14 and 

Exiguobacterium sp. strain As-9 were reported to tolerate 10 mM and 180 mM of 

arsenite, respectively (Pandey and Bhatt, 2015). Recently Delftia spp strain BAs29 

isolated from aquifer exhibited MIC value of 70 mM for arsenite (Biswas et al., 2019b). 

 

 

Fig. 3.2:  MTC of arsenite resistant bacteria for sodium (meta) arsenite. 

 

3.4 Determination of arsenite oxidizing ability 

The ability of selected arsenite resistant bacterial isolates to oxidize arsenite to 

arsenate was determined by using qualitative silver nitrate screening technique. Arsenite 

reacts with silver nitrate to give a yellow precipitate of silver-orthoarsenite while arsenate 

generates a brown coloured precipitate of silver-orthoarsenate indicating arsenite 

oxidation. According to AgNO3 test, 15 arsenite resistant bacterial isolates (Fig. 3.3; 

Table 3.3) were positive, demonstrating arsenite oxidizing ability while the rest of the 
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isolates were found to be negative. These positive isolates were selected for further 

characterization.  

 

 

Fig. 3.3: Arsenite oxidation potential of bacterial isolates. (a) MSM agar plate with 

10 mM arsenite (before staining) and (b) MSM agar plate with 10 mM arsenite (after 

staining with 0.1M AgNO3). Red arrow indicates a colony showing positive arsenite 

oxidase test. 

 

             Table 3.3: Bacterial isolates showing positive AgNO3 test. 

S. N. Bacterial Isolates Silver nitrate test 

1 AI1 + 

2 BW1 + 

3 BW2 + 

4 BW5 + 

5 BW6 + 

6 CW1 + 

7 MI2 + 
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8 MB3 + 

9 MP1 + 

10 MP2 + 

11 SW4 + 

12 SW5 + 

13 SW6 + 

14 SW7 + 

15 SW8 + 

 

3.5  Isolation of plasmid DNA 

Arsenic resistance encoding genes in bacteria are known to be present on both 

chromosomal and/ plasmid genome depending on the bacterial strains (Silver and Phung, 

2005; Wang et al., 2009). Therefore arsenite oxidizing bacterial isolates were screened 

for the presence of plasmids. Interestingly out of 15 bacterial isolates, one arsenite 

oxidizing bacterial strain SW7 showed the presence of a supercoiled plasmid (Fig. 3.4). 

Earlier studies on Acinetobacter soli strain IBL-1, Acinetobacter venetianus strain IBL-

2, Acinetobacter junii strain IBL-3, Acinetobacter baumannii strain IBL-4, Acinetobacter 

calcoaceticus strain IBL-5, Microbacterium oleivorans strain Ransu-1 and Brevibacillus 

sp. KUMAs2 have been reported to possess plasmid which contains various genes viz. 

arsR, arsB, arsC and aroA/aoxB conferring resistance to arsenic (Mallick et al., 2014, 

Goswami et al., 2015). Therefore, the plasmid present in isolate SW7 may also be 

responsible for resistance to high concentrations of arsenite. 
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Fig. 3.4: Plasmid profile of bacterial isolate SW7. M: 1 kb DNA marker. 

 

3.6  Extraction of chromosomal DNA  

Agarose gel electrophoresis of DNA samples extracted from arsenite oxidizing 

bacterial isolates revealed a distinct band of chromosomal DNA which were then used 

for further analysis (Fig. 3.5).  

 

Fig. 3.5: Chromosomal DNA isolated from arsenite oxidizing bacterial isolates. 
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3.7 PCR amplification of arsenite oxidase (aioA) and transporter (acr3) 

genes 

The presence of arsenite resistance genes (aioA and acr3) in plasmid and 

chromosomal DNA were detected by PCR using gene specific primers. An amplicon of 

approximately 1100 bps corresponding to aioA gene was obtained from bacterial isolates 

BW1, BW2, BW5, MB3, SW4 and AI1 using chromosomal DNA (Fig. 3.6). These 

strains did not possess any plasmid indicating that the arsenite resistance may be solely 

governed by the genes located on the chromosomal genome. Interestingly, in case of 

strain SW7 aioA gene was found to be present on both chromosomal as well as plasmid 

DNA (Figs. 3.6 & 3.7). This suggested that both chromosomal and plasmid DNA plays 

an important role in conferring arsenite resistance in this strain. Similar results were also 

obtained in Acinetobacter soli which showed the presence of aioA gene on both plasmid 

and genomic DNA (Goswami et al., 2015). Numerous studies on arsenite transforming 

bacteria have shown the occurrence of arsenite oxidizing gene (aoxB) located either on 

chromosomal or plasmid genome (Majumder et al., 2013; Mallick et al., 2014; Goswami 

et al., 2015). 

 

           The PCR mediated amplification of transporter gene (acr3(1)) with gene specific 

primers revealed a positive amplicon of approximately 750 bps in BW1, BW2, BW5, 

MB3 and SW4 isolates using chromosomal DNA as a template (Fig. 3.8). In contrast, no 

PCR amplicon was obtained for isolates AI1 and SW7 with chromosomal and/ plasmid 

DNA. All the bacterial isolates were found to be negative for acr3(2) set of primers. The 

absence of PCR amplicon for aioA and acr3 genes in other arsenite oxidizing bacterial 

isolates could be due to failure of primer sets to amplify a particular gene used in the 

current study, or the genes might be absent (Sun et al., 2004). Many bacterial strains, 
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such as Bacillus sp. A17, Microbacterium sp. A33, Arthrobacter sp. A03, Micrococcus 

sp., Paracoccus sp. A10 and Pseudomonas sp. are reported to possess acr3(1) subset 

only and not acr3(2) subset (Achour et al., 2007). Conversely, the bacterial strains, 

namely Sinorhizobium sp. A16, Phyllobacterium myrsinacearum A26, Aminobacter 

aminovorans A27, Ensifer adhaerens B04, Pseudomonas sp. A07, Shewanella sp. ANA-

3 and S. oneidensis MR-1 showed the presence of acr3(2) subset; while no PCR amplicon 

was obtained for acr3(1) subset (Achour et al., 2007). Out of 15 bacterial isolates, seven 

were found positive for aioA gene and were selected for identification by biochemical 

tests and 16S rRNA gene sequencing.  

 

                 

Fig. 3.6: PCR amplification of aioA gene from arsenite oxidizing bacterial isolates 

using chromosomal DNA as a template. (M - 1kbps DNA Marker). 
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Fig. 3.7: PCR amplification of aioA gene using plasmid DNA of strain SW7 as a 

template. (M- 1kbps DNA marker) 

 

 

Fig. 3.8: PCR amplification of acr3 gene of arsenite oxidizing bacterial isolates 

using chromosomal DNA as a template. (M: 100 bps DNA Marker) 
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3.8 Identification of selected arsenite oxidizing bacterial isolates 

3.8.1 Morphological and biochemical characterization 

Among the 7 arsenite oxidizing bacterial isolates, the isolates BW1, BW2, BW5, 

SW4 and AI1 were Gram-positive while SW7 and MB3 were Gram-negative. 

Subsequently, based on biochemical tests all the seven bacterial isolates BW1, BW2, 

BW5, SW4, SW7, AI1 and MB3 were tentatively identified as Microbacterium sp., 

Corynebacterium sp., Paenarthrobacter sp., Micrococcus sp., Klebsiella sp., Bacillus sp. 

and Stenotrophomonas sp. respectively (Table 3.4). 

 

Table 3.4: Biochemical characteristics of selected arsenite oxidizing bacterial 

isolates. 

S. N. Biochemical 

tests 

Bacterial isolates 

BW1 BW2 BW5 SW4 SW7 AI1 MB3 

1 Indole test + - - - - - + 

2 Methyl red 

test 

+ - - - - - - 

3 Voges- 

Proskauer test 

- + + - + - - 

4 Citrate 

utilization test 

- + + + + + + 

5 Nitrate 

reduction test 

+ - - + + + + 

6 Urease test - + + + + - - 

7 Motility - -  - - + - 

8 Oxidase - + - + - + - 
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9 Catalase + + + + + + + 

10 Gelatinase - + + + - + + 

11 Morphology Rods Rods Short 

rods 

Cocci Short 

rods 

Rods Rods 

Sugar fermentation test 

 Sugars Fermentative activity 

12 Arabinose - - + + + + - 

13 Xylose - - + - + + + 

14 Rhamnose - + - - + - - 

15 Raffinose - + + + + + - 

16 Trehalose - + + + + - - 

17 Glucose + + + + + + + 

18 Lactose + + + - + - - 

19 Maltose + + + + + + - 

20 Fructose + + + + + + + 

21 Mannitol + + + - + + - 

22 Sucrose + + + + + + + 

23 Galactose + + + + + + + 

  *Key: +  Positive ;  -  Negative 

 

3.8.2   PCR amplification and DNA sequencing of 16S rRNA gene 

PCR amplicon of approximately 1500 bps was obtained for 16S rRNA gene on 1 

% agarose gel (Fig. 3.9). Based on 16S rRNA gene sequencing and BLAST analysis the 

bacterial isolates have been identified as Microbacterium sp. strain SSBW1 (accession 
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no. MG430348), Corynebacterium sp. strain SSBW2 (accession no. MH031689), 

Paenarthrobacter sp. strain SSBW5 (accession no. MN640912), Micrococcus sp. strain 

SSSW4 (accession no. MG430350), Klebsiella sp. strain SSSW7 (accession no. 

MG430351), Bacillus sp. strain SSAI1 (accession no. MH031690) and 

Stenotrophomonas sp. strain SSMB3 (accession no. MG430349). The phenogram of 

strains SSBW1, SSBW2 and SSBW5 showed its closest match to Microbacterium 

hydrocarbonoxydans, Corynebacterium ilicis and Paenarthrobacter nicotinovorans 

respectively (Fig. 3.10 a, b & c). Similarly, the dendrogram analysis of strains SSSW4, 

SSSW7, SSAI1 and SSMB3 revealed phylogenetic relatedness to Micrococcus 

endophyticus, Klebsiella pneumoniae, Bacillus flexus and Stenotrophomonas pavanii 

respectively (Fig. 3.10 d, e, f & g). 

 

Earlier studies have shown the potential of bacterial isolates such as 

Stenotrophomonas panacihumi, Microbacterium lacticum, Microbacterium oxydans, 

Micrococcus sp., Bacillus aryabhattai, Bacillus megaterium AMO-10, Enterobacter sp., 

Klebsiella pneumoniae, Bacillus sp., Bacillus flexus strain As-12, Bacillus cereus and 

Bacillus firmus L-148 in arsenite resistance (Mokashi and Paknikar, 2002; Bahar et al., 

2012; Abbas et al.,  2014; Singh et al., 2016; Jebeli et al., 2017; Roychowdhury et al., 

2018; Bagade et al., 2020; Aguilar et al., 2020). Even though there is a report available 

on arsenite resistant Klebsiella pneumoniae and Bacillus flexus strain As-12 (Abbas et 

al., 2014; Jebeli et al., 2017) but, the present study showed a higher level of arsenite 

oxidation potential as compared to the above reported ones. Moreover, rest bacterial 

species identified in the present study have not been previously reported. 
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Fig. 3.9: 16S rRNA gene amplicon of arsenite oxidizing bacterial isolates. 

(M- 1 kbps DNA Marker) 
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Fig. 3.10: Neighbour-joining phylogenetic tree of arsenite oxidizing bacterial 

isolates with closely related species of bacteria. (a) SSBW1, (b) SSBW2, (C) SSBW5, 

(d) SSSW4, (e) SSSW7, (f) SSAI1 and (g) SSMB3. The bootstrap values are based on 

1000 replicates and are shown next to the branches. 
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3.9 Determination of minimum inhibitory concentration (MIC) of 

sodium (meta) arsenite 

The MIC of arsenite for selected arsenite oxidizing bacterial strains ranged from 

8-25 mM in MSM broth (Fig. 3.11). The isolates Paenarthrobacter sp. strain SSBW5, 

Microbacterium sp. strain SSBW1, Micrococcus sp. strain SSSW4 and Corynebacterium 

sp. strain SSBW2 showed MIC at 18, 17, 15 and 12 mM respectively. Two isolates 

Bacillus sp. strain SSAI1 and Klebsiella sp. strain SSSW7 exhibited the highest MIC at 

25 and 21 mM respectively while the lowest MIC of 8 mM was obtained for 

Stenotrophomonas sp. strain SSMB3. The toxicity of arsenite was found to be higher in 

the liquid medium than solid because of its uniform distribution throughout the liquid 

medium, resulting in higher bioavailability of arsenite to the bacterial cells.  

 

Several bacterial strains have been reported to tolerate arsenite at varying 

concentration. This includes Stenotrophomonas panacihumi MM-7 (60 mM), K. 

pneumoniae strains MNZ4 and MNZ6 (2.3 mM and 2.9 mM), K. pneumoniae strain MR4 

(5 mM), Alishewanella sp. GIDC-5 (18 mM), Brevibacillus sp. KUMAs2 (17 mM), 

Bacillus flexus strain As-12 (5 mM) and Pseudomonas chengduensis As-11 showed a 

MIC of  25 mM (Daware et al., 2012; Bahar et al., 2012; Abbas et al., 2014; Mallick et 

al., 2014; Jain et al., 2014; Jebeli et al., 2017; Jebelli et al., 2018). However, it is 

inappropriate to compare the MIC values obtained in the present study with previous 

reports as the media composition varies the availability of arsenite in the medium.  
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Fig. 3.11: MIC of sodium arsenite for arsenite oxidizing bacterial isolates. 
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Summary 

Arsenite resistant bacterial strains were isolated from  8 different terrestrial sites 

of  Goa. Among all the sampling sites, battery waste sample showed the highest viable 

count of  22.4 x 106 and 7.13 x 106 cfu mL-1 on Nutrient and MSM agar, respectively. 

The maximum tolerance concentration for these bacterial strains ranged from 10 to 45 

mM on MSM agar. Out of 27 isolates, 15 were positive for arsenite oxidase test. The 

bacterial strain SW7 showed the presence of supercoiled plasmid DNA. Interestingly, 

strains BW1, BW2, BW5, SW4, MB3 and AI1 showed a positive PCR amplicon for aioA 

gene using chromosomal DNA as a template while SW7 showed the presence of this 

gene on chromosomal as well as plasmid DNA. Moreover, bacterial strains BW1, BW2, 

BW5, SW4 and MB3 also showed a positive amplicon for arsenite transporter gene 

(acr3) while the same was absent in isolates AI1 and SW7. Subsequently, the potential 

arsenite oxidizing bacterial isolates SSBW1, SSBW2, SSBW5, SSSW4, SSSW7, SSAI1 

and SSMB3 were tentatively identified as Microbacterium sp., Corynebacterium sp., 

Paenarthrobacter sp., Micrococcus sp., Klebsiella sp., Bacillus sp. and 

Stenotrophomonas sp. respectively based on biochemical tests and 16S rDNA 

sequencing. Furthermore, these bacterial strains exhibited MIC in the range of 8-25 mM 

for arsenite in MSM broth and two isolates SSAI1 and SSSW7 showing the highest MIC 

values (25 & 21 mM) were selected for further studies. 

 

 

 

 

 



 

 

 

 

Chapter IV 

Response of Bacillus sp. strain SSAI1 

and Klebsiella sp. strain SSSW7 to 

arsenite 

(Results & Discussion) 
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4.1 Determination of optimal growth condition 

The selected  Bacillus sp. strain SSAI1 exhibited growth between pH range of  7-

11 while Klebsiella sp. strain SSSW7 showed growth at wider pH ranging from 5-11, 

while the optimal growth was observed at pH 7 for both the strains (Fig. 4.1a). The strain 

SSAI1 showed growth at 28, 37 and 45 ℃ with highest growth at 28 ℃ whereas, strain 

SSSW7 could grow at 20, 28, 37 and  45 ℃ with optimum of 28 ℃ (Fig. 4.1b). Therefore 

the optimal pH of 7 and temperature 28 ℃ was kept constant during the entire study.  
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Fig. 4.1: Growth of Bacillus sp. strain SSAI1 and  Klebsiella sp. strain SSSW7 at 

various growth conditions : (a) pH and (b) temperature. 

 

4.2 Growth behaviour of bacterial isolates in the presence of arsenite  

Both SSAI1 and SSSW7 strains followed a typical sigmoidal pattern of growth, 

but the presence of arsenite significantly repressed bacterial growth with increasing 

arsenite concentration as lag phase was found to be extended (Fig. 4.2). In Bacillus sp. 

strain SSAI1 shift in the initiation of log phase was observed from 4 h to 6 h, 12 h, 16 h, 

20 h and 24 h when exposed to 5 mM, 10 mM, 15 mM, 20 mM and 24 mM arsenite 

respectively. A similar shift was also observed from 2 h to 6 h, 12 h and 20 h in Klebsiella 

sp. strain SSSW7 exposed to 10 mM, 15 mM and 20 mM arsenite respectively. No 

growth was observed in isolates SSAI1 and SSSW7 in the presence of 25 mM and 21 

mM arsenite respectively, thus confirming their minimum inhibitory concentration 

(MIC) for arsenite.  
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Fig. 4.2: Growth curves of bacterial strains in the presence and absence of 

arsenite: (a) Bacillus sp. strain SSAI1 and (b) Klebsiella sp. strain SSSW7. 

 

4.3 Mechanism of arsenite resistance in selected bacterial isolates 

4.3.1  FTIR analysis 

FTIR spectroscopy of  Bacillus sp. strain SSAI1 and Klebsiella sp. strain SSSW7 

cells led to the identification of probable functional groups involved in arsenite resistance 
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(Figs. 4.3 & 4.4). The IR spectrum analysis of bacterial cells (SSAI1 & SSSW7) exposed 

to arsenite indicated shifting and sharpening of several peaks which could be assigned to 

various functional groups present on the bacterial cells involved in arsenite binding and 

accumulation (Table 4.1 & 4.2). Spectral changes in the region of 3300 cm-1 - 2800 cm-

1 was observed which was attributed to N-H stretch of amide, O-H stretch of the 

carboxylic acids and hydroxyl groups. Shifting of FTIR peaks was also observed in the 

regions from 1750-1500 cm-1 and 1500-1200 cm-1, demonstrating the interaction of 

amide linkages from proteins and peptides (Oust et al., 2004). Sharpening and peak 

changes were perceived in the band region of 1200-1000 cm-1 of arsenite exposed cells 

which can be attributed to a C-N stretching of aliphatic amine and C-O stretching of 

alcohols, carboxylic acids, esters and ethers. Peak changes observed in the region  900-

700 cm-1 were attributed to =C-H  bending of alkenes and C-H bending of aromatics. The 

spectral changes observed in the region 700-500 cm-1 were associated with alkyl halide 

stretching. Therefore, IR analysis revealed that functional groups viz. carboxyl, hydroxyl, 

amino, amide and amine were involved in the interaction of this toxic metalloid. 

 

In earlier studies, functional groups such as amino, carboxyl and hydroxyl are 

reported to interact with metal ions (Bueno et al., 2008; Pandi et al., 2009). Similarly, 

FTIR analysis of arenite exposed Escherichia coli displayed involvement of C-H of 

alkane, amino, amine and amide group in arsenite binding (Wu et al., 2010). Likewise, 

Singh et al. (2016) also showed changes in the spectrum of Bacillus aryabhattai strain 

NBRI014 grown in the presence of arsenic indicating that amino, alkyl halides and 

hydroxyl group present on the bacterial surface may be involved in arsenic binding. 
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Fig. 4.3: FTIR spectrum of Bacillus sp. strain SSAI1. Purple-Bacterial cells in the 

absence of arsenite (control), Golden - Bacterial cells exposed to 10 mM arsenite 

(exposed). 

 

Table 4.1: IR peak changes observed in Bacillus sp. strain SSAI1 indicating 

different functional groups present on the cell surface. 

Control cells 

(cm-1) 

Arsenite exposed 

cells (cm-1) 

Functional groups 

3278.99 3280.92 O-H stretch of carboxylic acids 

1651.07 1651.07 -C=C- stretch of alkenes 

1529.55 1537.27 N-O asymmetric stretch of nitro compounds 
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1382.96 1373.32 -C-H bend of alkane 

1282.66 1301.96 C-N stretch of aromatic amines, C-O stretch of 

alcohols, carboxylic acids, esters, ethers 

1217.08 1217.08 C-N stretch of aliphatic amines 

1138 1122.57 C-N stretch of aliphatic amines 

1062.78 1062.78 C-N stretch of aliphatic amines 

987.55 987.55 =C-H bend of alkenes 

867.97 891.11 C-H bend of aromatics 

530.42 534.28 C-Br stretch of alkyl halides 

 

 

Fig. 4.4: FTIR spectrum of Klebsiella sp. strain SSSW7. Green - Bacterial cells 

without arsenite (control), Blue - Bacterial cells exposed to 15 mM arsenite. 
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Table 4.2: IR peak changes observed in Klebsiella sp. strain SSSW7 indicating 

different functional groups present on the cell surface. 

Control cells 

(cm-1) 

Arsenite exposed 

cells (cm-1) 

Functional groups 

3296.70 3296.70 N-H stretch of amides and O-H stretch of 

hydroxyl groups  

2922.16 2927.94 C-H stretch of alkanes and O-H stretch of 

carboxylic acids  

2852.72 - C-H stretch of alkanes, O-H stretch of 

carboxyl acids 

1734.01 1658.78 –C=C- stretch of alkenes 

1647.21 1546.91 N-O asymmetric stretch of nitro compounds 

1583.56 - N-H bend of 1º amine  

1458.10 1442.75 C-C stretch of aromatics 

1381.03 1382.96 -C-H bend of alkane 

1230.58 1228.86 C-O stretch of alcohols, carboxylic acids, 

esters ethers  

- 1138.00 C-N stretch of aliphatic amine and C-O 

stretch of alcohol carboxylic acids, esters, 

ethers 

1076.28 1066.64 C-O stretch of alcohol carboxylic acids, 

esters, ethers 

987.56 987.56 =C-H bend of alkenes 

867.97 871.82 =C-H, bend of alkenes, C-H bend, aromatics  
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678.94 677.01 C-Br stretch of alkyl halide 

651.94 651.94 C-Cl and C-Br stretch of alkyl halides 

530.42 532.35 C-Br stretch of alkyl halide 

 

4.3.2 SEM-EDAX analysis  

  Unique morphological alterations in Bacillus sp. strain SSAI1 and Klebsiella sp. 

strain SSSW7 were observed on exposure to arsenite. In the presence of arsenite cells of 

strain SSAI1 showed clumping (Fig. 4.5 a,c), while strain SSSW7 demonstrated the 

formation of long interconnected chains of cells (Fig. 4.6 a,c). This could be one of the 

strategies used by bacterial cells to alleviate toxicity of arsenite as decrease in cell to 

volume ratio reduces the toxicity of the metal or metalloid. Similar morphological 

changes have been observed in Acinetobacter lwoffii, Lysinibacillus sp. B2A1 

Pseudomonas resinovorans and Acinetobacter calcoaceticus and exposed to arsenite 

(Banerjee et al., 2011; Rathod et al., 2019). 

 

Interestingly, electron dispersive X-ray spectroscopy (EDAX) did not show any 

adsorption peak of arsenic on the bacterial cell surface (Figs. 4.5 and 4.6 b,d). This clearly 

suggested intracellular accumulation of arsenite in Bacillus sp. strain SSAI1 and 

Klebsiella sp. strain SSSW7.  
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Fig. 4.5: Scanning electron micrograph demonstrating the effect of arsenite on the 

morphology of  Bacillus sp. strain SSAI1. (a) Bacterial cells without arsenite exposure, 

(b) EDAX  spectrum of bacterial cells without arsenite exposure, (c) Bacterial cells 

exposed to 10 mM arsenite (d) EDAX spectrum of bacterial cells presence exposed to 10 

mM arsenite. 
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Fig. 4.6: Scanning electron micrograph demonstrating the effect of arsenic on the 

morphology of Klebsiella sp. strain SSSW7. (a) Bacterial cells without arsenite 

exposure, (b) EDAX  spectrum of bacterial cells without arsenite exposure, (c) Bacterial 

cells exposed to 15 mM arsenite, (d) EDAX spectrum of bacterial cells exposed to 15 

mM arsenite. 

 

4.3.3 TEM-EDAX analysis 

TEM  analysis of Bacillus sp. strain SSAI1 and Klebsiella sp. strain SSSW7  

exposed to arsenite revealed that arsenite severely affected the integrity of the plasma 

membrane and caused condensation of cytoplasm (Figs. 4.7 a,b & 4.8 a,b). The presence 

of electron-dense deposits throughout the cytoplasm was observed in the strain SSAI1 

(Fig. 4.7 a,b) while in case of SSW7 strain electron-dense deposits were found in the 

periplasmic space (Fig. 4.8 a, b). The unexposed cells of  SSAI1 and  SSSW7  strains did 

not show any such depositions. Thus indicating the arsenic accumulation in the 
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cytoplasmic and periplasmic spaces of exposed SSAI1 and SSSW7 cells which 

corroborated with SEM results. The presence of arsenic peaks in EDAX spectrum of 

SSAI1 and SSSW7 cells treated with 10 and 15 mM arsenite respectively further 

confirmed that arsenite is not adsorbed at the cell surface, but accumulated intracellularly 

(Fig. 4.7 c,d & 4.8 c,d). 

 

Previously TEM studies of arsenite exposed bacterial isolates viz. 

Microbacterium oleivorans strain Ransu-1, Acinetobacter soli strain IBL-1, 

Acinetobacter venetianus strain IBL-2, Acinetobacter junii strain IBL-3, Acinetobacter 

baumannii strain IBL-4 and Acinetobacter calcoaceticus strain IBL-5 demonstrated that 

arsenite affected the integrity of the plasma membrane. Additionally strains IBL-1, IBL-

2, IBL-3 and IBL-5 also showed condensation of cytoplasm on exposure to 1 mg L-1 of 

arsenite (Goswami et al., 2014). Likewise, the presence of intracellular electron-dense 

deposits and arsenic has been reported in Acinetobacter lwoffii strain, RJB-2, Kocuria 

flava AB402 and Bacillus vietnamensis AB403 (Banerjee et al., 2011; Mallick et al., 

2018). 
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Fig. 4.7: Transmission electron micrograph of Bacillus sp. strain SSAI1. (a) Bacterial 

cells in the absence of arsenite, (b) Bacterial cells exposed to 10 mM arsenite: red arrows 

indicate the damaged plasma membrane, condensed cytoplasm and presence of electron-
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dense deposits, (c) EDAX spectrum of bacterial cells in the absence of arsenite, (d) 

EDAX  spectrum of bacterial cells in the presence of 10 mM arsenite. 

 

 

 

 

Fig. 4.8: Transmission electron micrograph of Klebsiella sp. strain SSSW7. (a) 

Bacterial cells in the absence of arsenite, (b) Bacterial cells exposed to 15 mM arsenite: 

red arrows indicate the damaged plasma membrane, condensed cytoplasm and electron-
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dense deposits at periplasm, (c) EDAX spectrum of bacterial cells in the absence of 

arsenite,  (d) EDAX  spectrum of bacterial cells in the presence of 15 mM arsenite. 

 

4.3.4 Quantitative analysis of arsenate 

Quantitative estimation of arsenate through molybdene blue method revealed that 

the cells of bacterial strain SSAI1 and SSSW7 internalized 7 mM and 10 mM of arsenate 

respectively after transformation of arsenite within 24 h. This studies confirmed 

intracellular uptake of arsenic in strain SSAI1 and SSSW7 further corroborating our 

previous results of FTIR, SEM, TEM and EDAX analysis. Several studies have shown 

the potential of bacterial strains such as Pseudomonas stutzeri (1 mM within 25-30 h), 

Stenotrophomonas panacihumi (500 µM within 12 h), Variovorax sp. MM-1 (500 µM 

within 3 h), Bacillus flexus strain As-12 (45 % after 48 h), Pseudomonas chengduensis 

As-11 (48 % after 72 h) and Pseudomonas extremorientalis (25 % after 72 h) to oxidize 

arsenite (Chang et al., 2010; Bahar et al., 2012; 2013; Majumder et al., 2013; Jebeli et 

al., 2017; Jebelli et al., 2018; Satyapal et al., 2018). However, the strains (SSAI1 & 

SSSW7) isolated in the present study were found to be much more efficient in the 

oxidation of arsenite as compared to previously reported strains. Thus, making them 

economically viable candidates for future arsenite detoxification application. 

 

4.3.5  Assay of arsenite oxidase activity 

Arsenite oxidase activity was determined using three fractions, i.e. cell-free 

extract, periplasmic and spheroplast from both Bacillus sp. strain SSAI1 and Klebsiella 

sp. strain SSSW7 (Table 4.3). The arsenite oxidase enzyme activity of SSAI1 cells was 
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found to be highest in periplasmic fraction (i.e. 2.168 µmol DCIP min-1 mg-1 protein) 

followed by cell-free extract (i.e. 0.574 µmol DCIP min-1 mg-1 protein) and spheroplast 

fractions (i.e. 0.338 µmol DCIP min-1 mg-1 protein). Whereas in case of strain SSSW7 

highest enzyme activity was obtained in periplasmic fraction  (i.e. 1.328 µmol DCIP min-

1 mg-1 protein) as compared to cell-free extract (i.e. 0.577 DCIP min-1 mg-1 protein)  and 

spheroplast fractions (i.e. 0.059 µmol DCIP min-1 mg-1 protein). The above observations 

clearly demonstrated that arsenite oxidase enzyme is predominant in the periplasmic 

space of the isolates. Previously several bacterial strains viz. Rhizobium NT-26, 

Hydrogenophaga sp strain NT-14 and Ochrobactrum triticii SCII24 are reported to 

carryout arsenite oxidation mediated by periplasmic arsenite oxidase enzyme (Santini 

and Vanden Hoven, 2004; Vanden Hoven and Santini, 2004; Branco et al., 2009). These 

reports further strengthen our findings that Bacillus sp. strain SSAI1 and Klebsiella sp. 

strain SSSW7 also posses periplasmic arsenite oxidase enzyme.  

 

Table 4.3: Arsenite oxidase activity of Bacillus sp. strain SSAI1 and Klebsiella sp. 

strain SSSW7 

 

S. N. 

 

Fractions 

Specific arsenite oxidase activity 

(µM DCIP min-1 mg-1 protein) 

SSAI1 SSSW7 

1 Cell free extract 0.574 0.577 

2 Spheroplast  fraction 0.338 0.059 

3 Periplasmic fraction 2.168 1.328 
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4.4 Cross tolerance to other heavy metals 

The  Bacillus sp. strain SSAI1 and  Klebsiella sp. strain SSSW7 showed cross-

tolerance to several heavy metals and metalloids (Fig. 4.9). The strain SSAI1 exhibited 

highest cross-tolerance to arsenate (60 mM) followed by chromium (12 mM), iron (12 

mM), manganese (10 mM), zinc (6 mM), lead (4 mM) while least for cadmium, nickel 

and copper (2 mM each). Similarly, in case of strain SSSW7 highest tolerance was 

obtained for arsenate (160 mM) followed by chromium (15 mM), iron (15.5 mM), 

cadmium (14.5 mM), manganese (14 mM), copper (12 mM), zinc (11 mM), nickel (10 

mM) and least for lead (5 mM). Several resistance mechanisms involving efflux pumps, 

surface adsorption, intra as well as extracellular sequestration and redox reactions are 

usually present in microorganisms to reduce metal/metalloid toxicity (Ianeva, 2009; 

Özdemir et al., 2012). These mechanisms are usually non-specific and therefore results 

in cross-tolerance to various heavy metals and metalloids (Naik et al., 2012). This could 

be the possible reason for cross-tolerance in strain SSAI1 and SSSW7. Additionally, it 

was also observed that Klebsiella sp. strain SSSW7 showed higher tolerance to heavy 

metals/ metalloids as compared to SSAI1 isolate, which could be due to the presence of 

plasmid in this strain. The previous study on arsenic resistant Bacillus flexus strain As-

12 showed resistance to heavy metals such as zinc, chromium, lead, nickel, copper, 

mercury and cadmium (Jebeli et al., 2017). Similarly, Escherichia coli Cont-1 was 

reported to show resistance to several heavy metals viz. As5+,  Fe3+, Co2+, Cu2+, Se6+, 

Zn2+ and Cd2+ (Mohapatra and Sar, 2018). However, it will be inappropriate to compare 

the MTC values of the current study with previous reports as the media composition and 

experimental set up is different. 
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Fig. 4.9: Cross tolerance of Bacillus sp. strain SSAI1 and Klebsiella sp. 

strain SSSW7 to other heavy metals/ metalloids. 

 

  

4.5 Antibiotic susceptibility 

It is interesting to note that both the isolates showed resistance to different 

antibiotics (Table 5.3). The isolate SSAI1 was found resistant to penicillin-G (10 Units), 

erythromycin (15μg), clindamycin (2 μg), bacitracin (10 Units) and sulphatriad (200 

Units). In contrast, it was found to be susceptible to cloxacillin (5 μg), gentamicin (10 

μg), oxytetracycline (30 μg), co-trimoxazole (25 μg), cephalothin (30 μg), 

chloramphenicol (30 μg), polymyxin-B (300 Units), tetracycline (30 μg), ciprofloxacin 

(10 μg), kanamycin (30 μg), amikacin (10 μg), ampicillin (10 μg) and colistin sulphate 

(25 μg). 
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On the other hand, the isolate SSSW7 carrying plasmid demonstrated resistance 

to several antibiotics viz. cloxacillin (5 μg), penicillin-G (10 Units), erythromycin (15 

μg), clindamycin (2 μg), bacitracin (10 Units), carbenicillin (100 μg), nitrofurantoin (300 

μg), ampicillin (10 μg) and sulphatriad (200 Units). In comparison, it was found 

susceptible to gentamicin (10 μg), oxytetracycline (30 μg), co-trimoxazole (25 μg), 

cephalothin (30 μg), chloramphenicol (30 μg), polymyxin-B (300 Units), tetracycline (30 

μg), ciprofloxacin (10 μg), kanamycin (30 μg), amikacin (10 μg), streptomycin  (10 μg) 

and colistin sulphate (25 μg) which was evident from the zone of clearance surrounding 

the respective antibiotic disc (Fig. 4.10). It is a well-known fact that genes encoding 

heavy metal/ metalloid resistance and various antibiotics coexist on the chromosomal or 

plasmid genome in bacteria (Silver and Phung, 1996; Lupo et al., 2012). A similar 

observation was also reported in Escherichia coli Cont-1, which showed resistance to 

several antibiotics, heavy metals and metalloids (Mohapatra and Sar, 2018). 

Table 4.4: Susceptibility of Bacillus sp. strain SSAI1 and Klebsiella sp. strain 

SSSW7 to various antibiotics. 

 

Antibiotics 

Amount of different 

antibiotics on 

respective discs (μg) 

Response of isolates 

SSAI1 SSSW7 

Cloxacillin 5 S R 

Gentamicin 10 S S 

Oxytetracycline 30 S S 

Penicillin-G 10 Units R R 

Co-trimoxazole 25 S S 

Erythromycin 15 R R 
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* R - Resistant, I - Intermediate, S -  Susceptible 

 

Cephalothin 30 S S 

Clindamycin 2 R R 

Bacitracin 10 Units R R 

Chloramphenicol 30 S S 

Polymyxin B 300 S S 

Tetracycline 30 S S 

Carbenicillin 100 I R 

Ciprofloxacin 10 S S 

Kanamycin 30 S S 

Nitrofurantoin 300 I R 

Streptomycin 10 I S 

Amikacin 10 S S 

Ampicillin 10 S R 

Colistin methane 

sulphonate 

25 S S 

Sulphatriad 200 Units R R 
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Fig. 4.10: Antibiotic susceptibility of the Bacillus sp. strain SSAI1 (a, b) and 

Klebsiella sp. strain SSSW7 (c, d) against various antibiotics. 

 

 

 

 

 



82 

 

Summary 

The optimum growth of the bacterial isolates Bacillus sp. SSAI1 and  Klebsiella sp.  

SSSW7 was observed at pH 7 and temperature 28 ℃. Growth studies of strains SSAI1 

and SSSW7 revealed an extended lag phase with increasing arsenite concentration in the 

medium. FTIR analysis of both the isolates indicated interactions of arsenite with the 

functional groups present on the bacterial cells due to arsenic accumulation. Furthermore, 

SEM analysis of Bacillus sp. strain SSAI1 showed clumping of cells on exposure to 

arsenite while Klebsiella sp. strain SSSW7 revealed morphology changes from short rods 

to long chains of cells. EDAX spectrum showed no significant arsenite adsorption at the 

cell surface. Subsequently TEM-EDAX analysis of Bacillus sp. strain SSAI1 and 

Klebsiella sp. strain SSSW7 demonstrated severe disruption of the plasma membrane, 

condensation of cytoplasm and intracellular accumulation of arsenic. The bacterial 

isolates SSAI1 and SSSW7 were found to internalize 7 and 10 mM arsenate respectively 

within  24 hours as revealed by molybdene blue method. Enzyme assay further confirmed 

that the arsenite oxidase enzymes of Bacillus sp. strain SSAI1 and Klebsiella sp. strain 

SSSW7 were periplasmic. Additionally the isolates SSAI1 and SSSW7 also showed 

cross-tolerance to several heavy metals/ metalloids and resistance to the majority of 

common antibiotics.  



 

 

 

 

 

Chapter V 

Proteomic analysis  of  Bacillus  sp. 

strain SSAI1 and Klebsiella sp. strain 

SSSW7 exposed to arsenite 

(Results & Discussion) 
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5.1 LC-MS/MS Analysis 

SDS-PAGE analysis of the whole-cell protein extracted from control and arsenite 

exposed cells of Bacillus sp. strain SSAI1 (Fig. 5.1) and Klebsiella sp. strain SSSW7 

revealed differential expression of several proteins in response to arsenite which were 

further analyzed using LC-MS/MS. There are very few reports on proteomic analysis of 

bacteria exposed to arsenic (Carapito et al., 2006; Li et al., 2010; Daware et al., 2012; 

Shah and Damare, 2018); therefore these reports prompted us to explore arsenite 

responsive specific proteins in arsenite resistant bacterial isolates.  

 

 

Fig. 5.1: SDS-PAGE analysis of Bacillus sp. strain SSAI1. Lane 1: Protein profile of 

cells without arsenite exposure, Lane 2: Protein profile of cells exposed to 5 mM arsenite, 

M: Medium range protein molecular weight marker. 
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5.1.1 Proteomic analysis of Bacillus sp. strain SSAI1 

Protein profile of Bacillus sp. strain SSAI1 revealed the identification of total 642 

and 631 proteins in control and arsenite exposed cells, respectively. All the proteins 

identified in control and test samples were divided into various categories based on their 

functional processes using KEGG pathway (Figs. 5.2 & 5.3). Majority of these proteins 

were related to metabolic processes; (e.g. carbohydrate, energy, lipid, nucleotide, amino 

acid, cofactor and vitamins, terpenoid, polyketides, xenobiotics); cellular processes and 

environmental as well as genetic information processing.  

 

Out of 631, 128 proteins were up-regulated and 122 were down-regulated as 

compared to control (Figs. 5.4 & 5.5). It was observed that most of the up-regulated 

proteins (Fig. 5.4) were involved in carbohydrate metabolism (27 %), amino acid 

metabolism (12 %), transport (7 %), transcription and translation (6 %), cell growth (5 

%), nucleotide metabolism (4 %), energy metabolism (3 %) and lipid metabolism (3 %) 

followed by the metabolism of cofactor and vitamins (2 %), xenobiotic biodegradation 

and metabolism (2 %), signal transduction (2 %), peptidoglycan biosynthesis (2 %), 

peptidases and inhibitors (2 %), chromosome and associated proteins (2 %), chaperones 

and folding catalysts (1 %), stress response (1 %), metabolism of terpenoid and 

polyketides(1 %), drug resistance (1 %), uncharacterized/ hypothetical proteins (3 %)  

and others (16 %). The arsenite up-regulated proteins identified in the strain SSAI1 along 

with their fold change value has also been expressed clearly (Table 5.1). 

https://www.genome.jp/kegg/pathway.html#carbohydrate
https://www.genome.jp/kegg/pathway.html#energy
https://www.genome.jp/kegg/pathway.html#lipid
https://www.genome.jp/kegg/pathway.html#nucleotide
https://www.genome.jp/kegg/pathway.html#amino
https://www.genome.jp/kegg/pathway.html#amino
https://www.genome.jp/kegg/pathway.html#cofactor
https://www.genome.jp/kegg/pathway.html#pk
https://www.genome.jp/kegg/pathway.html#xenobiotics
https://www.genome.jp/kegg/pathway.html#genetic
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Fig. 5.2: Graphical representation depicting the classification of proteins identified in Bacillus sp. strain SSAI1 (control). The numbers 

denote the total proteins identified for each category 
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Fig. 5.3: Graphical representation depicting the classification of proteins identified in Bacillus sp. strain SSAI1 exposed to 5 mM 

arsenite (Test). The numbers denote the total proteins identified for each category.
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5.1.1.1 Proteins involved in metabolism 

Proteins involved in carbohydrate metabolisms such as glycolysis, pentose 

phosphate pathway and TCA cycle were found to be upregulated under arsenite stress. 

Similar observations were also observed in C. testosterone, CNB-1, K. pneumoniae, T. 

arsenivorans, Y. enterolitica 1A, Exiguobacterium strains S17 and Staphylococcus sp. 

NIOSBK35 on exposure to arsenic (Zhang et al., 2007; Bryan et al., 2009; Mallik et al., 

2012; Belfiore et al., 2013; Shah and Damare, 2018). The strain SSAI1 also showed up-

regulation of several proteins involved in energy and fatty acid metabolism. In addition, 

phospholipase protein involved in the maintenance of membrane and regulation of 

cellular mechanisms was highly upregulated with fold change value of 11.08 on exposure 

to arsenite. 

 

5.1.1.2 Proteins involved in membrane integrity and transport  

Many proteins involved in peptidoglycan biosynthesis and outer membrane 

lipoprotein carrier protein were found to be up-regulated on exposure to arsenite 

indicating probable involvement of these proteins in arsenite resistance. Modification of 

permeability of membrane or changing composition of cell envelope is one of the 

strategies commonly used by microorganisms to combat heavy metals stress (Andres and 

Bertin, 2016). Previous studies on L. ferriphilum, Staphylococcus sp. NBRIEAG-8, 

Thiomonas arsenivorans and Rhizobium sp. NT-26 have shown differential expression 

of genes involved in the synthesis of cell envelope, peptidoglycan and lipopolysaccharide 

(Bryan et al., 2009; Li et al., 2010; Srivastava et al., 2012; Andres et al., 2013). 

Additionally, strain SSAI1 also showed upregulation of several transport-related proteins 
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which could be a mechanism for coping with metal stress. Cleiss-Arnold et al. (2010) 

observed a similar expression of genes involved in transport. 

 

5.1.1.3 Proteins involved in sporulation 

Several proteins involved in the formation of spores viz. SpoIIIAH-like family 

protein (4.16-fold), spore coat assembly protein (2.17-fold), sporulation protein (1.97-

fold), stage 0 sporulation protein A (1.85-fold), stage IV sporulation protein A (1.49 -

fold), stage V sporulation protein (1.43-fold) and stage VI sporulation protein D (1.38-

fold) were also found to be up-regulated in the presence of 5 mM arsenite indicating the 

possible involvement of these proteins in arsenite resistance in the strain SSAI1. Recently 

a study on Bacillus firmus L-148 reported 1.15-fold upregulation of stage IV sporulation 

protein in the presence of 10 mM arsenite (Bagade et al., 2020). However, the fold change 

values obtained for strain SSAI1 were found to be significantly high as compared to 

previously reported strain L-148. 

 

5.1.1.4 Proteins involved in oxidative stress responses 

The strain SSAI1 also demonstrated upregulation of proteins such as dps, 

thioredoxin, thioredoxin reductase, catalase and redoxin domain-containing protein 

involved in maintaining oxidative stress. The upregulation of thioredoxins, thioredoxin 

reductases, thiol peroxidases and glutaredoxins was also observed in H. arsenicoxydans 

and F. acidarmanus Fer1 on exposure to arsenic (Baker-Austin et al., 2007; Cleiss-

Arnold et al., 2010). Also, studies on H. arsenicoxydans, C. metallidurans and Rhizobium 

sp. NT-26 showed the presence and upregulation of catalase enzyme involved in 

scavenging and decomposition of hydrogen peroxide (Zhang et al., 2009; Cleiss-Arnold 
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et al., 2010; Andres et al., 2013). Thus, the above observations suggest that these 

antioxidant enzymes may be involved in protecting strain SSAI1 from oxidative stress 

caused by arsenite. 

 

5.1.1.5 Proteins involved in transcription, DNA repair and metal homeostasis  

Several transcriptional regulators viz. FadR family transcriptional regulator, 

MerR family transcriptional regulator and RsfA family transcriptional regulator were 

found to be up-regulated under arsenite stress. This changes in expression of regulators 

reflect the setting up of arsenic responses and are in agreement with previous reports 

(Andres and Bertin, 2016). The strain SSAI1 also exhibited upregulation of (Fe-S)-

binding protein (3.41-fold) involved in gene regulation, RNA modification, DNA 

replication and repair (Mettert and Kiley, 2015). Moreover, it also showed 2.12-fold 

upregulation of copper resistance protein (CopC) which is a periplasmic copper-binding 

protein involved in copper homeostasis in bacteria. 
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Fig. 5.4: Graphical representation depicting the classification of the up-regulated proteins identified in Bacillus sp. strain SSAI1 on 

exposure to 5 mM arsenite.
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Table 5.1: List of up-regulated proteins identified in Bacillus sp. strain SSAI1 

exposed to 5mM arsenite and the fold change in expression. 

Reference 

Accession 

number 

Proteins Fold change 

Metabolism 

Carbohydrate metabolism 

A0A4P8X7B4 3-hydroxyacyl-CoA dehydrogenase  1.54 

A0A4P8X4K8 6-phosphogluconate-dehydrogenase, 

decarboxylase  

2.96 

A0A4P8XCU6 Acetate–CoA ligase  1.67 

A0A4P8X8J2 Acetyl-CoA C-acetyltransferase  1.63 

A0A4P8XCA9 Acetyl-CoA carboxylase biotin carboxylase 

subunit  

4.1 

A0A4P8X8T2 Aconitate hydratase  1.53 

A0A4P8X8Y0 Acyl-CoA carboxylase subunit beta  4.09 

A0A4P8X634 Acyl-CoA dehydrogenase  2.07 

A0A4P8X517 Acyl-CoA dehydrogenase 2.16 

A0A4P8XCW9 Aldehyde dehydrogenase family protein 4.29 

A0A4P8XDR3 Bifunctional-2-methylcitrate 

dehydratase/aconitate hydratase  

1.6 

A0A4V1G333 Citrate synthase  2.23 

A0A4P8XER0 Fumarate hydratase class I  1.6 

A0A4P8X596 Glucose-1-phosphate adenylyltransferase 1.5 
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A0A4P8XAZ1 Glucose-1-phosphate adenylyltransferase 1.68 

A0A4P8XB30 Malate synthase G  1.91 

A0A4P8X444 Phosphate acetyltransferase  1.63 

A0A4P8X7M6 Phosphoenolpyruvate carboxykinase (ATP)  3.59 

A0A4P8XF63 Phosphoglucosamine mutase  1.55 

A0A4P8X4Z8 Triosephosphate isomerase 1.59 

Energy metabolism 

A0A4P8X556 Electron transfer flavoprotein subunit alpha/ 

FixB family protein  

1.56 

A0A4P8X7Z4 Electron transfer flavoprotein subunit beta/ FixA 

family protein  

1.54 

A0A4P8X4N8 SUF system NifU family Fe-S cluster assembly 

protein  

2.61 

Lipid metabolism 

A0A4P8XBC7 3-oxoacyl-[acyl-carrier-protein] synthase 3  2.07 

A0A4P8XHE2 Long-chain fatty acid–CoA ligase  4.39 

A0A4P8X4K0  Acetyl-CoA C-acetyltransferase  5.07 

A0A4P8XCV1 Phospholipase  11.09 

Nucleotide metabolism 

A0A4V1G339 Adenine deaminase  1.62 

A0A4P8XCC2 Adenylate kinase  1.71 

A0A4P8X490 CTP synthase  1.6 

Amino acid metabolism 

A0A4P8XAJ4 3-deoxy-7-phosphoheptulonate synthase  1.7 
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A0A4P8X8Q7 Dihydroxy-acid dehydratase  1.86 

A0A4P8XBU7 Glutamate-1-semialdehyde 2,1-aminomutase  1.52 

A0A4V1G2F2 Histidinol-phosphate aminotransferase  1.73 

A0A4P8X4L3 Homoserine dehydrogenase  2.45 

A0A4P8X4W6 L-glutamate gamma-semialdehyde 

dehydrogenase  

1.55 

A0A4P8X732 Thioredoxin reductase  1.57 

A0A4P8X635 Tryptophan synthase beta chain  2.15 

Metabolism of cofactors and vitamins 

A0A4P8X805 6-carboxyhexanoate–CoA ligase  2.05 

Xenobiotics biodegradation and metabolism 

A0A4P8XC33 Enoyl-CoA hydratase  1.83 

Genetic Information Processing 

Transcription and Translation  

A0A4P8X4P4 50S ribosomal protein L31  1.7 

A0A4P8X836 FadR family transcriptional regulator  1.91 

A0A4V1G2S4 MerR family transcriptional regulator  2.45 

A0A4V1G2A5 Phenylalanine–tRNA ligase beta subunit  2.16 

A0A4V1G273 RsfA family transcriptional regulator  3.33 

Environmental Information Processing 

Transport 

A0A4P8XEE8 ABC transporter substrate-binding protein  1.65 

A0A4P8XBB9 Carbohydrate ABC transporter substrate-binding 

protein  

1.46 



94 

 

A0A4P8X7R7 Copper resistance protein CopC 2.12 

A0A4P8X4G0 HPr family phosphocarrier protein  1.61 

A0A4P8XAN7 Phosphocarrier protein HPr 1.63 

A0A4P8XDG3 PTS sugar transporter subunit IIB  1.49 

Signal transduction 

A0A4P8XBD2 Sporulation protein  1.97 

A0A4P8X6B1 Stage 0 sporulation protein A  1.85 

Drug resistance 

A0A4P8X8A2 N-acetylmuramoyl-L-alanine amidase  1.57 

Peptidoglycan biosynthesis 

A0A4P8X516 UDP-N-acetylmuramate–L-alanine ligase  1.33 

A0A4P8XCB6 UDP-N-acetylmuramoyl-L-alanyl-D-

glutamate–2,6-diaminopimelate ligase  

1.59 

Peptidases and inhibitors 

A0A4P8X4A0 M23 family metallopeptidase  4.48 

A0A4V1G308 Oligoendopeptidase F  1.63 

Cell growth 

A0A4P8XIS2 Anti-sigma F factor  2.62 

A0A4V1G2E5 Anti-sigma F factor antagonist  1.5 

A0A4P8XBI6 SafA/ExsA family spore coat assembly protein  2.17 

A0A4P8X5R6 SpoIIIAH-like family protein  4.16 

A0A4P8X623 Stage IV sporulation protein A  1.49 

A0A4V1G2H2 Stage V sporulation protein SpoVS 1.43 

A0A4P8X588 Stage VI sporulation protein D  1.38 
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Chromosome and associated proteins 

A0A4P8X4U8 DNA starvation/ stationary phase protection 

protein (dps) 

1.5 

Chaperones and folding catalysts 

A0A4P8X5N5 Thioredoxin  1.72 

Uncharacterized/Hypothetical protein 

A0A4P8X6R9 Uncharacterized protein  1.7 

A0A4V1G2Y7 Uncharacterized protein  1.73 

Others 

A0A4P8XAW1 (Fe-S)-binding protein  3.41 

A0A4P8X8B4 Catalase  1.51 

A0A4P8XD31 Dicarboxylate/amino acid:cation symporter  1.84 

A0A4P8XBL0 FAD-binding oxidoreductase  3.44 

A0A4P8XBA5 FAD-binding protein  3.57 

A0A4P8X4I3 HPr kinase/phosphorylase  1.66 

A0A4P8X721 Insulinase family protein  1.57 

A0A4P8X6M2 Insulinase family protein  1.62 

A0A4P8XG76 Multifunctional fusion protein  1.65 

A0A4V1G330 NAD(P)H-dependent oxidoreductase  1.5 

A0A4V1G350 Outer membrane lipoprotein carrier protein LolA 2.37 

A0A4V1G2L6 Peptidase  2.72 

A0A4P8X9H2 Redoxin domain-containing protein  2.13 
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5.1.1.6 Proteins downregulated under arsenite stress 

Numerous proteins were found to be down-regulated under arsenite stress (Fig. 

5.5, Table 5.2). These include proteins involved in carbohydrate metabolism (10 %), 

energy metabolism (2 %), lipid metabolism (1 %), nucleotide metabolism (3 %), amino 

acid metabolism (5 %), metabolism of cofactor and vitamins (4 %), transcription and 

translation (18 %), cell growth (3 %), peptidoglycan biosynthesis (2 %), stress response 

(5 %), transport (11 %), exosome (1 %), replication and repair (1 %), oxidation-reduction 

(1 %), ribosome biogenesis (1 %), chaperones and folding catalysts (2 %), 

uncharacterized protein (3 %) and others (23 %).  

 

Some proteins involved in translation processes and ribosomal biogenesis in 

strain SSAI1 were found to be downregulated under arsenic stress which is in agreement 

with previous reports on C. testosteroni CNB-1, Exiguobacterium sp. PS and 

Staphylococcus sp. NBRIEAG-8 (Zhang et al., 2007; Srivastava et al., 2012; Sacheti et 

al., 2013). Proteins like heat shock proteins and chaperones are known to be up-regulated 

under stress conditions (Visioli et al., 2010). However, it is quite interesting to note that 

in Bacillus sp. strain SSAI1 general stress proteins, 60 kDa chaperonin, chaperones and 

Asp23/ Gls24 family envelope stress response proteins were found to be down-regulated 

indicating that they may not be playing any role in arsenite resistance. Similar 

observations were also reported in S. cohnii #NIOSBK35 exposed to arsenite (Shah and 

Damare, 2018). 

 

Furthermore, alpha/beta-type small acid-soluble spore proteins involved in 

double-stranded DNA binding and DNA topological change was found to be highly 
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down-regulated (13.5, 6.89, 4.75-fold) in the presence of arsenite. Likewise, two proteins 

of unknown functions DUF2653 family protein (9.82-fold) and DUF3243 domain-

containing protein (4.08-fold) were found to be highly down-regulated. Also, arsenite is 

known to bind sulfhydryl groups of proteins, thereby affecting their activity (Zhao et al., 

2010). This could be the possible reason for the downregulation of several sulfur-

containing proteins such as adenylyl-sulfate kinase, cysteine synthase etc. Furthermore, 

many transport proteins such as phosphate-specific transport system were found to be 

downregulated, which could be due to the interference of arsenic. A similar observation 

was also seen in Staphylococcus sp. NIOSBK35 (Shah and Damare, 2018). 

 

Hence above observations indicate that the proteins found to be either up or 

down-regulated on exposure to arsenite probably help Bacillus sp. strain SSAI1 in 

survival under arsenite stress. This is the first detailed study on Bacillus sp. showing the 

role of several proteins involved in arsenite resistance using the proteomic approach. 
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Fig. 5.5: Graphical representation depicting the classification of the down-regulated proteins identified in Bacillus sp. strain SSAI1 on 

exposure to 5 mM arsenite.
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Table 5.2: List of down-regulated proteins identified in Bacillus sp. strain SSAI1 

exposed to 5 mM arsenite and the fold change in expression. 

Reference 

Accession 

number 

 

Proteins 

Fold change 

Metabolism 

Carbohydrate metabolism 

A0A4V1G288  2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase  

2.28 

A0A4V1G2Q0  Acyl-CoA ligase  2.19 

A0A4P8XEV5  Glutamine–fructose-6-phosphate aminotransferase 

[eroxidise]  

1.65 

A0A4P8X6E9  Ribulose-phosphate 3-epimerase  2.43 

Energy metabolism 

A0A4P8X7I8  Adenylyl-sulfate kinase  2.29 

A0A4P8XD81  Cysteine synthase  2.25 

Nucleotide metabolism 

A0A4P8X5X4  Pyrimidine-nucleoside phosphorylase  1.57 

A0A4P8X9K3  Thymidylate synthase  1.57 

Amino acid metabolism 

A0A4P8XA86 Acireductone dioxygenase  1.91 

A0A4P8X9F2  Gamma-glutamyl phosphate reductase 1.51 

A0A4V1G2B6  Ketol-acid reductoisomerase (NADP (+))  1.51 

A0A4P8X8B2  Pyrroline-5-carboxylate reductase  1.5 
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A0A4P8X7L8  S-ribosylhomocysteine lyase  2.92 

Metabolism of cofactors and vitamins 

A0A4P8X4N2  NAD(P)/FAD-dependent oxidoreductase  1.71 

A0A4P8XD29  NAD(P)-dependent oxidoreductase  6.73 

A0A4P8X9I9  NAD(P)H:eroxid oxidoreductase  6.04 

Genetic Information Processing 

Transcription and Translation 

A0A4P8XCR0  30S ribosomal protein S14 type Z  1.88 

A0A4P8XD38  50S ribosomal protein L14  1.75 

A0A4P8X4T3  50S ribosomal protein L31 type B  3.98 

A0A4V1G355  50S ribosomal protein L36  2.49 

A0A4P8X7G2  Carbonic anhydrase  1.85 

A0A4V1G2C4  Rrf2 family transcriptional regulator  1.84 

A0A4P8X4S3  Sporulation transcriptional regulator SpoIIID 1.99 

A0A4P8XDC9  Stage V sporulation protein T  3.86 

A0A4P8X5X0  Transcriptional repressor  1.46 

Stress response  

A0A4P8XF14  60 kDa chaperonin  1.39 

A0A4P8XCF6  Asp23/Gls24 family envelope stress response 

protein  

1.37 

A0A4P8XGR5 Cold-shock protein  1.49 

A0A4P8X829 Cold-shock protein  1.41 

A0A4P8X910 General stress protein  2.28 

A0A4P8X985 General stress protein  1.68 



101 

 

Environmental Information Processing 

Transport 

A0A4P8XCB1 Amino acid ABC transporter substrate-binding 

protein  

2.2 

A0A4P8X7C6 Lipoprotein  2.58 

A0A4P8X838 Lipoprotein  2.13 

A0A4P8XAQ5 Methionine import ATP-binding protein MetN 3.17 

A0A4P8XDP0 Methionine import ATP-binding protein MetN 2.94 

A0A4P8X564 Potassium:proton antiporter 2.93 

A0A4P8XFQ8 Siderophore ABC transporter substrate-binding 

protein  

1.63 

A0A4P8X5B7 Zinc ABC transporter substrate-binding protein  5.47 

Exosome 

A0A4P8X4I7 Alkyl hydroperoxide reductase C  1.7 

Cell growth 

A0A4P8XAA0 Alpha/beta-type small acid-soluble spore protein  13.5 

A0A4P8XCA3 Alpha/beta-type small acid-soluble spore protein  6.89 

A0A4P8X5I1 Alpha/beta-type small acid-soluble spore protein  4.75 

Folding, sorting and degradation 

A0A4V1G2C9 Chaperone protein DnaJ 1.55 

Chaperones and folding catalysts 

A0A4V1G2T2 Foldase protein PrsA 1.54 

A0A4P8XD67 Hsp20/alpha crystallin family protein  3.5 

Uncharacterized protein/ Hypothetical protein 



102 

 

A0A4P8X9D3 Uncharacterized protein  3.08 

A0A4P8XBS8 Uncharacterized protein  2.36 

Others 

A0A4P8XAP3 Acyl-CoA dehydrogenase family protein  1.58 

A0A4P8XBZ7 Aminopyrimidine aminohydrolase 2.17 

A0A4P8X9J1 Bacillithiol biosynthesis deacetylase BshB2  1.76 

A0A4P8X607  Bifunctional cystathionine gamma-lyase/ 

homocysteine desulfhydrase 

5.72 

A0A4P8XA36 Carbon-nitrogen family hydrolase  1.85 

A0A4P8X903 DUF2653 family protein  9.82 

A0A4P8X6L0 DUF3243 domain-containing protein  4.08 

A0A4P8X9L2 DUF4397 domain-containing protein  2.27 

A0A4V1G2J9 Ferredoxin--NADP reductase  2.03 

A0A4P8X7L4 Metal-sensitive transcriptional regulator  2.37 

A0A4P8X4A1 Nucleotide sugar dehydrogenase  2.05 

A0A4P8XFP8 PspA/IM30 family protein  1.54 

A0A4P8X9D7 Putative competence-damage inducible protein  1.52 

A0A4P8X4C7 Ribosome hibernation promoting factor  1.49 

A0A4P8XAN6 SPFH domain-containing protein  1.51 

A0A4P8XES9 STAS domain-containing protein  1.75 

A0A4V1G2A8 Thiol peroxidase  1.34 
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5.1.2 Proteomic analysis of Klebsiella sp. strain SSSW7 

In Klebsiella sp. strain SSSW7, total 579 and 360 proteins were identified in 

control and arsenite exposed cells respectively, out of which 196 were found to be up-

regulated and 168 were down-regulated proteins. The proteins identified in the control 

and test were classified into different functional categories viz. metabolism, cellular 

processes, environmental and genetic information processing using KEGG pathway 

(Figs. 5.6 & 5.7).  

 

The classification of up-regulated proteins in SSSW7 revealed that most of the 

proteins were involved in transcription and translation (24 %), transport (12 %), 

carbohydrate metabolism (7 %), energy metabolism (6 %), chaperones and folding 

catalysts (5 %), amino acid metabolism (5 %), nucleotide metabolism (4 %) followed 

by lipid metabolism (2 %), metabolism of cofactor and vitamins (2 %), stress response 

(2 %), chromosome and associated proteins (2 %), drug resistance (2 %), oxidation-

reduction (1 %), signal transduction (1 %), peptidoglycan biosynthesis (1 %), 

lipopolysaccharide biosynthesis (1 %), peptidases and inhibitors (1 %), folding sorting 

and degradation (1 %), replication repair (1 %), secretion system (1 %), exosome (1 %), 

ribosome biogenesis (1 %), RNA biogenesis (1 %), uncharacterized protein (3 %) and 

others (18 %) (Fig. 5.8). All the up-regulated proteins along with their fold change values 

obtained under arsenite stress conditions have been shown in Table 5.3. 
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Fig. 5.6: Graphical representation depicting the classification of the proteins identified in Klebsiella sp. strain SSSW7 (Control). The 

numbers denote the total proteins identified for each category.
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Fig. 5.7: Graphical representation depicting the classification of the proteins identified in Klebsiella sp. strain SSSW7 exposed to 5 mM 

arsenite (Test). The numbers denote the total proteins identified for each category. 
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5.1.2.1 Proteins involved in metabolism 

Several proteins involved in various metabolism-related processes viz. 

glycolysis, pentose phosphate pathway, pyruvate metabolism, nucleotide metabolism, 

amino acid metabolism and fatty acid biosynthesis showed upregulation of proteins on 

exposure to 5mM arsenite. Similar findings were also reported in Herminiimonas 

arsenicoxydans (Cleiss-Arnold et al., 2010), K. pneumoniae (Daware et al., 2012), 

Exiguobacterium strains S17 (Belfiore et al., 2013), Exiguobacterium sp. PS (Sacheti et 

al., 2013) and Staphylococcus cohnii (Shah and Damare, 2018) showing the expression 

of proteins involved in metabolic pathways. Additionally, proteins such as ATP synthase 

subunit b (4.64-fold), inorganic pyrophosphatase (3.66-fold) and ATP synthase subunit 

delta (2.02-fold) involved in oxidative phosphorylation were found to be highly 

upregulated in the presence of arsenite. The above results suggest that in Klebsiella sp. 

strain SSSW7 upregulation of energy providing metabolic pathways may be are 

necessary to overcome cellular stress caused by arsenite. Upregulation of proteins 

involved in oxidative phosphorylation has been observed in many studies (Andres et al., 

2013).  

 

5.1.2.2 Proteins involved in membrane integrity and transport 

Microorganisms are also known to modify cell envelope or membrane 

permeability as a resistance mechanism (Andres and Bertin, 2016). Interestingly strain 

SSSW7 also showed upregulation of many proteins like murein lipoprotein (6.54-fold), 

outer membrane lipoprotein (6.29-fold) and 3-deoxy-manno-octulosonate 

cytidylyltransferase (2.88-fold) involved in peptidoglycan and lipopolysaccharide 

biosynthesis. Other membrane proteins such as outer membrane protein A (10.41-fold), 
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outer membrane protein assembly factor (5.93-fold) and peptidoglycan-associated 

protein (7.92-fold) were found to be highly upregulated suggesting alterations in 

peptidoglycan and lipopolysaccharide layer at 5 mM arsenite concentrations. Similar 

observations were seen in Thiomonas arsenivorans, Staphylococcus sp. NBRIEAG-8, H. 

arsenicoxydans, L. ferriphilum and Rhizobium sp. NT-26 demonstrating expression of 

proteins involved in the synthesis of peptidoglycan and lipopolysaccharide in the 

presence of arsenic (Bryan et al., 2009; Cleiss-Arnold et al., 2010; Li et al., 2010; 

Srivastava et al., 2012; Andres et al., 2013). 

 

The strain SSSW7 also showed up-regulation of several transport proteins such 

as ABC transporters on exposure to 5 mM arsenite. Proteins like MotA/TolQ/ExbB 

proton channel family protein (6.68-fold), export protein (8.37-fold) and outer membrane 

transporter (8.62-fold) involved in protein transport, export of extracellular 

polysaccharide and transport of vitamin B12 respectively were found to be highly 

upregulated. Likewise, TonB-dependent receptors responsible for substrate specific 

transport across the outer membrane was found to be highly upregulated with fold change 

value of 10.11 and 8.32. These may be a way of effluxing out toxic substances from the 

cell under arsenite stress. Similar expression of transporters in the presence of arsenic 

was observed in Herminiimonas arsenicoxydans and Staphylococcus cohnii 

#NIOSBK35 (Cleiss-Arnold et al., 2010; Shah and Damare, 2018).  

 

5.1.2.3 Proteins involved in oxidative stress responses 

Several proteins such as alkyl hydroperoxide reductase subunit C-like protein 

(3.32-fold), glutathione reductase (3.19-fold), glutaredoxin (2.87-fold), thioredoxin 
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(2.84-fold), thioredoxin reductase (2.79-fold), superoxide dismutase (1.77-fold) and thiol 

peroxidase (1.73-fold) were found to be up-regulated on exposure to arsenite. These 

proteins are known to keep the intracellular redox concentrations at a low level generated 

during metal stress, thereby minimizing oxidative stress (Meyer et al., 2009). Thus, the 

above observations suggest that these antioxidant enzymes may be required to protect 

strain SSSW7 from oxidative damage resulting from exposure to 5 mM arsenite. Studies 

on H. arsenicoxydans and F. acidarmanus Fer1 also showed upregulation of thiol 

peroxidases, thioredoxin reductases, thioredoxins and glutaredoxins in the presence of 

arsenic (Baker-Austin et al., 2007; Cleiss-Arnold et al., 2010). Furthermore, the presence 

and upregulation of superoxide dismutase were observed in Klebsiella pneumonia MR4 

and Bacillus firmus L-148 with fold change value of 0.37 and 0.9 in arsenite treated cells 

respectively (Daware et al., 2012; Bagade et al., 2020). However, the fold change values 

obtained in the present study were higher than the previously reported strains. 

 

5.1.2.4 Chaperones and stress response proteins  

Production of molecular chaperones and heat shock or stress response proteins 

have been extensively implicated in overcoming heavy metal stress. This strain also 

showed expression of several chaperones and stress response proteins viz. universal 

stress protein F (1.59-fold), 10 kDa chaperonin (4.62-fold), ATP-dependent clp protease 

ATP-binding subunit clpA (1.71-fold), chaperone protein DnaK (3.49-fold), chaperone 

protein Skp (2.25-fold), hsp 60 family chaperone GroEL (2.23-fold),  peptidyl-prolyl cis-

trans isomerase (2.17-fold), protein GrpE  (2.01-fold), thiol: disulfide interchange protein 

(2.94-fold), osmotically inducible protein Y (3.68-fold)  and trigger factor (3.56-fold). 

The up-regulation of molecular chaperone DnaK, GroEL and GroES involved in protein 
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folding, renaturation or degradation has been previously reported in F. acidarmanus Fer1 

and K. pneumonia MR4 under arsenic stress (Baker-Austin et al., 2007; Daware et al., 

2012). Other chaperones such as Clp ATPases and trigger factor were identified in L. 

ferriphilum and K. pneumoniae MR4 respectively and were found to be up-regulated by 

arsenite (Li et al., 2010; Daware et al., 2012). The fold change values obtained for strain 

SSSW7 in the present study were higher than previously reported K. pneumoniae MR4. 

Also, the strain in the present study showed upregulation of several other chaperones and 

stress response proteins which were not identified in MR4. Interestingly the strain 

SSSW7 exposed to arsenite also showed upregulation of many cold shock proteins (2.57, 

1.86, 1.89-fold change). Similar observations were also seen in Exiguobacterium sp. S17 

and Exiguobacterium sp. PS in response to arsenic (Belfiore et al., 2013; Sacheti et al., 

2013). Thus, from all above observations, it can be concluded that chaperones, 

chaperonins, universal proteins and cold shock proteins play a vital role in K. pneumoniae 

strain SSSW7 protecting cells during arsenite stress. 

 

5.1.2.5 Proteins involved in arsenic resistance and metabolism 

Interestingly, this strain showed the presence of arsenic specific proteins such as 

arsenate reductase, arsenical pump-driving ATPase and arsenite efflux transporter 

metallochaperone (ArsD) which were highly up-regulated with fold change value of 

169.67, 160.74 and 167.12 under 5 mM arsenite stress indicating their possible 

involvement in arsenite resistance. The presence and upregulation of these proteins 

indicate the reduction of arsenate by arsenate reductase enzyme to arsenite followed by 

extrusion of arsenite by efflux pump. Besides, overexpression of arsenical pump and 

arsD protein explicate the enhanced arsenite tolerance in this strain. The previous study 
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on Staphylococcus cohnii #NIOSBK35 showed upregulation of arsenate reductase and 

arsenical pump-driving ATPase with fold change value of 2.0 and 19.49-fold 

respectively (Shah and Damare, 2018). Recently Bagade et al. (2020) reported up-

regulation of arsenate reductase in Bacillus firmus L-148 by 1.5-fold on exposure to 10 

mM arsenite. However, the fold change values obtained in the present study on SSSW7 

showed higher values as compared to previously reported strains. Also, the presence of 

arsenic specific proteins with such high fold change values have not been reported 

previously, making this first report of its kind.  

 

5.1.2.6 Proteins involved in transcription, translation, DNA repair and metal 

homeostasis 

Several proteins involved in transcriptional and translation processes are reported 

to express differentially in the presence of toxic arsenic in prokaryotes. A similar 

observation was also seen in strain SSSW7. Previously studies on T. arsenivorans, 

Rhizobium sp. NT-26, H. arsenicoxydans, Y. enterolitica 1A, K. pneumoniae, L. 

ferriphilum and Exiguobacterium sp. S17 have also shown similar upregulation in 

translation processes (Bryan et al., 2009; Cleiss-Arnold et al., 2010; Li et al., 2010; 

Daware et al., 2012; Mallik et al., 2012; Andres et al., 2013; Belfiore et al., 2013). 

 

Additionally, strain SSSW7 also displayed 3.4-fold upregulation of ssDNA-

binding protein involved in DNA repair processes. Arsenic is known to cause DNA 

damages viz. single strand or double-strand DNA breaks, inhibition of DNA repair 

processes etc. (Flora, 2011; Bustaffa et al., 2014). Functional studies have shown that 

proteins and transcripts involved in DNA repair mechanisms are differentially expressed 
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in the presence of arsenic. For instance, upregulation of proteins associated with DNA 

repair mechanisms were observed in H. arsenicoxydans, Thiomonas sp. 3As and L. 

ferriphilum on exposure to arsenite (Bryan et al., 2009; Cleiss-Arnold et al., 2010; Li et 

al., 2010).  Furthermore, proteins such as NfuA (4.16-fold), iron-sulfur cluster assembly 

scaffold protein (6.93-fold), colicin I receptor (10.37-fold) and ferric aerobactin receptor 

(13.67-fold) involved in gene regulation, Fe3+ transport and iron homeostasis were found 

to be highly upregulated under arsenite stress. Previously studies have shown that up-

regulation of genes involved in iron transport play a role in protecting the cell from 

oxidative damage and also help S. xylosus to tolerate higher concentrations of chromium 

(Henne et al., 2009; Pereira et al., 2018). Thus, the up-regulation of transport and iron 

homeostasis proteins in the presence of arsenite demonstrated that these proteins might 

have a role in aiding strain SSSW7 to tolerate higher concentrations of arsenite. 
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Fig. 5.8: Graphical representation depicting the classification of the up-regulated proteins identified in Klebsiella sp. strain SSSW7 on 

exposure to 5 mM arsenite.
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Table 5.3: List of up-regulated proteins identified in Klebsiella sp. strain SSSW7 

exposed to 5mM arsenite and the fold change in expression. 

Reference 

Accession 

number 

 

Proteins 

Fold 

change 

Metabolism 

Carbohydrate metabolism 

A0A5E3A6L6 3-isopropylmalate dehydratase small subunit  1.88 

A0A447RZN0 Acetolactate synthase 3 catalytic subunit  1.58 

A0A377ZHK3 Acid phosphatase  1.52 

A0A087FRS7  Bifunctional 4-hydroxy-2-oxoglutarate aldolase/ 

2-dehydro-3-deoxy-phosphogluconate aldolase  

2.81 

A0A1Y0PU72  Biotin carboxyl carrier protein of acetyl-CoA 

carboxylase  

2.12 

A0A0E1CC44 Fructose-bisphosphate aldolase  1.89 

A0A4U9DJ85 Mannose-6-phosphate isomerase  1.94 

A0A2A5PMG2 Phosphoglycolate phosphatase (Fragment)  1.61 

W1EP24 PTS system, glucose-specific IIB component / 

PTS system, glucose-specific IIC component  

3.42 

A0A0E1CCD6 PTS system, mannose-specific IIAB component 2.05 

A0A0E1C7G8 Ribulose-phosphate 3-epimerase 1.91 

Energy metabolism 

A0A377UWE9 ATP synthase epsilon chain  1.71 

ATPG ATP synthase gamma chain  1.76 
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W1I1N3 ATP synthase subunit b  4.64 

ATPD ATP synthase subunit delta  2.02 

A0A2A2SUW6 Cysteine synthase  3.91 

A0A377XBQ8 Cysteine synthase  2.19 

A0A0E1CE79 Enolase  2.61 

A0A378E8F6 Inorganic pyrophosphatase  3.66 

A0A378BDW3 Respiratory nitrate reductase subunit beta  1.5 

A0A378E7S5 Sulfate-binding protein Sbp 2.44 

A0A377X5P1 Ubiquinol oxidase subunit 2  1.62 

Lipid metabolism 

A0A087FQL5 3-oxoacyl-(Acyl-carrier-protein) reductase  1.81 

A0A0E1CKI5 3-oxoacyl-[acyl-carrier-protein] synthase 2  2.06 

ACP Acyl carrier protein  3.02 

Nucleotide metabolism 

A0A0E1CKY2 Aspartate carbamoyltransferase 1.59 

A0A2N4W4D4 Deoxyuridine 5-triphosphate 

nucleotidohydrolase 

1.92 

PYRC Dihydroorotase  2.77 

A0A0E1CB16 Inosine-5-monophosphate dehydrogenase  2.09 

A0A4V4RRF6 Phosphoribosylformylglycinamidine cyclo-ligase  1.74 

A0A377VNS2 Purine nucleoside phosphorylase DeoD-type  2.03 

A0A0J2GCT6  Pyrimidine/purine nucleoside phosphorylase  3.16 

Amino acid metabolism 

A0A0E1CJL4 3-isopropylmalate dehydrogenase  1.78 
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DAPA 4-hydroxy-tetrahydrodipicolinate synthase  1.5 

C8TB42 5-methylthioadenosine/S-adenosylhomocysteine 

nucleosidase  

2.17 

W1ERN8 Agmatinase 3.33 

A0A5E3C022 Imidazole glycerol phosphate synthase cyclase 

subunit  

1.5 

A0A5D6NKJ7 Ornithine carbamoyltransferase 2.7 

A0A5E2RGB3 S-ribosylhomocysteine lyase 1.36 

W1I0E5 Thioredoxin reductase  2.79 

Metabolism of cofactors and vitamins 

W1HQ42 Glutathione reductase  3.19 

GCH1 GTP cyclohydrolase 1  1.74 

A0A5E3DWI0 NAD(P) transhydrogenase subunit alpha  2.39 

Genetic Information Processing 

Translation and Transcription 

A0A087FR93  30S ribosomal protein S1  3.36 

A0A5C2LI57 30S ribosomal protein S10  2.09 

W1ASV5 30S ribosomal protein S11  1.79 

A0A5D8RS19 30S ribosomal protein S13 (Fragment)  1.66 

A0A3S4GE18 30S ribosomal protein S16  3.52 

RS18 30S ribosomal protein S18 3.18 

RS2 30S ribosomal protein S2  2.18 

A0A0E1C8C7 30S ribosomal protein S21  4.22 

A0A0G3S1N1 30S ribosomal protein S3  1.94 
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RS4 30S ribosomal protein S4  2.18 

A0A0H3GQP2 30S ribosomal protein S6  2.31 

A0A0E1CC51 30S ribosomal protein S7  3.35 

A0A0B7GDW9 50S ribosomal protein L10  1.95 

W8UBP9 50S ribosomal protein L13  1.65 

RL15 50S ribosomal protein L15  2.27 

A0A485H895 50S ribosomal protein L16  2.29 

RL17 50S ribosomal protein L17  3.85 

RL18 50S ribosomal protein L18  4.19 

A0A483LQT7 50S ribosomal protein L20  3.38 

RL22 50S ribosomal protein L22  1.64 

RL24 50S ribosomal protein L24  4.09 

RL28 50S ribosomal protein L28  1.46 

W8UTK0 50S ribosomal protein L29 2.81 

R4YBE6 50S ribosomal protein L30  1.5 

A0A5C2LHL1 50S ribosomal protein L31 2.66 

RL32 50S ribosomal protein L32 6.19 

RL4 50S ribosomal protein L4  1.71 

RL6 50S ribosomal protein L6  1.79 

A0A0H3GH99 50S ribosomal protein L7/L12  3.62 

A0A0J2FQI9 DNA-directed RNA polymerase subunit alpha  2.43 

A0A486TUL5 DNA-directed RNA polymerase subunit omega  3.26 

A0A0H3GIJ5 Elongation factor Ts  1.56 

FUR Ferric uptake regulation protein  3.56 
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A0A0H3GTV2 Regulator of nucleoside diphosphate kinase  1.79 

J2XCH1 Ribosomal protein S20  2.47 

J2LN93 RNA polymerase sigma factor RpoD 1.93 

A0A0E1C9P5 RNA polymerase sigma factor RpoS 4.31 

A0A377V8U9 Transcription elongation factor GreA 3.63 

W1H193 Transcription termination/ antitermination 

protein NusA 

2.35 

A0A4P1KLH1 Translation initiation factor IF-1  2.79 

Stress response  

A0A0E1CCA0 Cold shock protein  1.86 

A0A0E1CMC7 Cold shock protein  2.57 

A0A087FU55 Cold-shock protein  1.89 

A0A2X1Q9T8 Universal stress protein F  1.59 

Environmental Information Processing 

Transport 

A0A377ZHT4 Amino acid ABC transporter periplasmic amino 

acid-binding protein  

1.5 

G7RUZ1 Arsenical pump-driving ATPase  160.74 

A0A5C8GF08 Arsenite efflux transporter metallochaperone 

ArsD (Fragment)  

167.12 

A0A430IE90 Cystine ABC transporter substrate-binding 

protein  

1.92 

A0A378F898 Deferrochelatase/peroxidase  1.965 

A0A1C1EYS9 Flavodoxin  3.14 
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A0A087FJ81 Histidine ABC transporter substrate-binding 

protein HisJ 

2.65 

A0A4S4UZU8 Lipoprotein  1.68 

W1EG70 Lipoprotein  2.07 

A0A1C3Q0R4 Mechanosensitive channel MscS 1.87 

A0A060VJP4 MotA/TolQ/ExbB proton channel family protein  6.68 

A0A0H3YGJ3 Outer membrane protein A 10.41 

A0A378EBK0 Outer membrane protein assembly factor BamB 5.93 

A0A0E1CM48 Peptidoglycan-associated protein  7.92 

PTHP Phosphocarrier protein HPr 3.08 

A0A193SH17 Polysaccharide export protein Wza 8.37 

A0A485VLI4 Putative TonB-dependent receptor  10.11 

A0A377VXJ2 Sulfate and thiosulfate binding protein CysP 2.6 

A0A367P3P4 Thiamine ABC transporter substrate-binding 

protein (Fragment) 

2.89 

A0A485WBU4 TonB-dependent receptor  8.32 

A0A2X3CS15 Vitamin B12/ cobalamin outer membrane 

transporter  

8.62 

Signal transduction 

A0A333FPM0 Copper-sensing two-component system response 

regulator CpxR 

1.69 

Drug resistance 

A0A0E1CIT3 Acriflavin resistance periplasmic protein  2.29 

A0A447RWL8 Peptidyl-prolyl cis-trans isomerase  1.68 
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A0A087FQ75 Peptidyl-prolyl cis-trans isomerase  3.09 

V0AVR5 Peptidyl-prolyl cis-trans isomerase  3.77 

Peptidoglycan biosynthesis 

A6TAE1 Murein lipoprotein  6.54 

Lipopolysaccharide biosynthesis proteins 

A0A2G5BZV7 3-deoxy-manno-

octulosonatecytidylyltransferase  

2.88 

Peptidases and inhibitors 

A0A0E1CJ09 Lon protease  1.73 

A0A4S4WAM1 Periplasmic serine endoprotease DegP-like 1.8 

Ribosome biogenesis 

A0A2L0KGW1 Ribonuclease E  1.72 

Transfer RNA biogenesis 

A0A486TNC6 Ribonuclease R  1.63 

Oxidation-reduction 

A0A422WG35 Arsenate reductase 169.67 

A0A080T0K7 Chromate reductase  1.31 

Replication and repair 

A0A086I6S5 DNA-binding protein  2.0 

A0A5E2EAS1 SsDNA-binding protein  3.4 

Chromosome and associated proteins 

A0A2S7SJN3 Cell division protein FtsZ 2.89 

A0A378E9F9 Cell division protein ZapB 2.65 

A0A4V6Z3U8 Integrase  1.78 
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Folding, sorting and degradation 

A0A377Y2R0 Polyribonucleotide nucleotidyltransferase 1.93 

Chaperones and folding catalysts 

CH10 10 kDa chaperonin  4.62 

A0A0E1CL18 ATP-dependent clp protease ATP-binding 

subunit clpA 

1.71 

A0A4S5VSQ4 Chaperone protein DnaK 3.49 

A0A060VDA9 Chaperone protein Skp 2.25 

A0A377WJ25 Glutaredoxin 2.87 

A0A5E1Q5N9 Heat shock protein 60 family chaperone 

GroEL 

2.23 

A0A377XWN3 Peptidyl-prolyl cis-trans isomerase  2.17 

A0A378GC92 Protein GrpE 2.01 

A0A2S6EHE6 Thiol: disulfide interchange protein  2.94 

A0A0H3GLK1 Thioredoxin  2.84 

Uncharacterized protein/ Hypothetical protein 

W1EJX3 Uncharacterized protein  2.58 

A0A377XQJ6 Uncharacterized protein  2.86 

A0A4S4UFZ6 Uncharacterized protein  5.03 

Exosome 

A0A087FNR9 Alkyl hydroperoxide reductase C  1.92 

Others 

A0A1C1EWN6 2-iminobutanoate/2-iminopropanoate deaminase  2.7 
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R4Y729 3-hydroxydecanoyl-[acyl-carrier-protein] 

dehydratase  

2.71 

W1DMF6 Alkyl hydroperoxide reductase subunit C-like 

protein  

3.33 

A0A0E1CGM6 Arginine-binding protein  3.43 

A0A0E1CLH7 Arginine-binding protein 2.51 

A0A4S7KNF7 Autonomous glycyl radical cofactor  2.05 

J2E284 Colicin I receptor  10.37 

A0A422XUR5 Cytosol nonspecific dipeptidase  1.78 

A0A0E1C6Z4 Dipeptide-binding protein  3.56 

A0A0E1C7Z2 ElaB protein  2.22 

A0A377V0Z4 Exported protein 2.45 

NFUA Fe/S biogenesis protein NfuA 4.16 

A0A0E1CKH1 Ferric aerobactin receptor 13.67 

A0A0C7KAE5 Glucans biosynthesis protein G  2.39 

A0A0E1CHC2 Glutamate/aspartate-binding protein  2.07 

W1DIM4 Iron-chelator utilization protein  1.74 

A0A087FSF3 Iron-sulfur cluster assembly scaffold protein IscU 6.94 

A0A5E3BEL5 LysM domain/BON superfamily protein  2.64 

A0A378EBU5 Multifunctional fusion protein  3.05 

A0A0J2GSR3 NADP-dependent malic enzyme  1.78 

A0A2X3H720 Osmotically inducible lipoprotein E  1.68 

A0A0E1CK02 Osmotically inducible protein Y  3.68 

A0A0W8AUH6 Outer membrane lipoprotein SlyB 6.29 
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W1HV56 Probable cytosol aminopeptidase  5.55 

A0A5C2LHQ7 Protein-export chaperone SecB 1.73 

R4Y7K4 PTS EIIB type-3 domain-containing protein  1.52 

A0A0E1CF19 PTS system, glucose-specific IIA component  3.86 

A0A378E8S0 Superoxide dismutase  1.77 

A0A377VZX4 Thiol peroxidase  1.73 

V0AVN8 Trigger factor  3.56 

A0A0J4W3X6 UPF0234 protein BANRA 2.39 

A0A377UXZ5 UPF0255 protein NCTC13443 2.99 

A0A087FUP6 UPF0325 protein CWM98 1.67 

 

5.1.2.7 Proteins downregulated under arsenite stress 

Moreover, several proteins were found to be down-regulated under arsenic stress 

(Fig. 5.9, Table 5.4). These include proteins involved in carbohydrate metabolism (20 

%), energy metabolism (7 %), lipid metabolism (2 %), nucleotide metabolism (7 %), 

amino acid metabolism (17 %), metabolism of cofactor and vitamins (2 %), transcription 

and translation (4 %), folding sorting and degradation (1 %), biosynthesis of siderophore 

group and nonribosomal peptides (1 %), signal transduction (2 %), stress response (1 %), 

transport (4 %), peptidoglycan biosynthesis (1 %), peptidases and inhibitors (2 %),  RNA 

biogenesis (7 %), replication and repair (1 %), lipopolysaccharide biosynthesis proteins 

(1 %), ribosome biogenesis (1 %), chaperones and folding catalysts (1 %), 

uncharacterized protein (2 %) and others (18 %). 
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Differential expression of proteins involved in metabolism, transcription and 

translation has been reported to occur under arsenic stress in bacteria (Shen et al. 2013; 

Andres and Bertin, 2016). A similar observation was also observed in strain SSSW7, 

indicating that metabolic functions of the cell were affected in the presence of arsenite. 

Earlier studies on bacterial isolates such as C. testosteroni CNB-1, Exiguobacterium sp. 

and Staphylococcus sp. NBRIEAG-8 also showed repression in proteins involved in 

translation processes on exposure to arsenic (Zhang et al., 2007; Srivastava et al., 2012; 

Sacheti et al., 2013).  

 

Many ABC transporter proteins involved in the transport of dipeptides, sugars 

etc. were found to downregulated on exposure to arsenite. Previously Daware et al. 

(2012) have reported downregulation of dipeptide and oligopeptide transport binding 

protein as a mechanism of arsenite resistance in K. pneumoniae. Thus, it is likely that in 

our study, the down-regulation of various ABC transporter proteins could be a 

mechanism of arsenite resistance. 

 

Similarly, some proteins with unknown functions such as uncharacterized protein 

and YodA were found to be highly downregulated with fold change value of 9.79 and 

6.7, respectively. Additionally, the strain SSSW7 also showed downregulation of several 

proteins involved in ribosomal biogenesis. Bacterial strains, such as Staphylococcus sp. 

NBRIEAG-8, Exiguobacterium sp. PS and C. estosterone CNB-1 also demonstrated 

repressed ribosomal biogenesis and translation on exposure to arsenic (Zhang et al., 

2007; Srivastava et al., 2012; Sacheti et al., 2013) indicating the involvement of other 

resistance processes such as chaperones etc. which was also evident in the present study. 
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Hence all the above facts indicated that up or down-regulation of several proteins 

involved in various processes enable Klebsiella sp. strain SSSW7 to maintain arsenite 

stress. This is the first study showing the involvement of several arsenite specific proteins 

imparting resistance in Klebsiella sp. through the proteomic approach. 
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Fig. 5.9: Graphical representation depicting the classification of the down-regulated proteins identified in Klebsiella sp. strain SSSW7 on 

exposure to 5 mM arsenite.
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Table 5.4: List of down-regulated proteins identified in Klebsiella sp. strain SSSW7 

exposed to 5 mM arsenite and the fold change in expression. 

Accession 

number 

Proteins Fold change 

Metabolism 

Carbohydrate metabolism 

A0A0H3GMJ2 3-isopropylmalate dehydratase large subunit 2.06 

A0A193SEV3 6-phosphogluconate dehydrogenase, 

decarboxylating 

1.84 

A0A087FJ69 Acetate kinase 1.89 

A6T4R3 Aconitate hydratase B 1.73 

W1E6E6 Aldehyde dehydrogenase  6.69 

A0A3S5DIA1 Aldehyde-alcohol dehydrogenase 1.68 

PFKA ATP-dependent 6-phosphofructokinase  3.74 

A0A378E671 Biotin carboxylase 1.93 

J2DN50 Citrate synthase 1.39 

A0A0E1CIH6 Citrate synthase  2.93 

A0A1Y0Q3I7 Fructose-1,6-bisphosphatase class 1 1.59 

A0A0E1C8T2 Fructose-bisphosphate aldolase  2.3 

GLK Glucokinase 1.95 

A0A0E1CCS1 Glucose-6-phosphate 1-dehydrogenase  2.42 

A0A0E1CL24 Glucose-6-phosphate isomerase  4.31 

A0A087FN25 Glutamine synthetase  2.39 
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A0A378B829 Glyoxylate/ hydroxypyruvate reductase 1.69 

A0A5E3KD25 Isocitrate dehydrogenase 1.96 

A0A483IRT4 Isocitrate lyase  5.56 

A0A5E1PGL4 Phosphate acetyltransferase 1.59 

A0A486EHY6 Phosphoenolpyruvate carboxykinase 1.63 

A0A0E1CEL7 Short chain dehydrogenase  2.33 

A0A377Z8L8 Succinate--CoA ligase [ADP-forming] subunit 

alpha 

1.82 

W1E946 Triosephosphate isomerase 1.77 

A0A0E1CHP2 UDP-glucose 4-epimerase  2.4 

A0A193SH34 UDP-glucose 6-dehydrogenase 1.75 

A0A5E2JR56 UTP-glucose-1-phosphate uridylyltransferase 4.39 

A0A336IHT3 UTP--glucose-1-phosphate uridylyltransferase 1.59 

Energy metabolism 

A0A331MVR4 ATP synthase subunit beta 1.99 

A0A0E1CHH8 D-3-phosphoglycerate dehydrogenase  2.23 

A0A5E1S4Q8 Glutamate synthase subunit alpha 1.59 

METAS Homoserine O-succinyltransferase 4.12 

A0A2X3CXG3 Nitrite reductase subunit NirD 2.13 

A0A4S5W2J2 Phosphoglycerate dehydrogenase 1.72 

W1BBE5 Phosphoserine aminotransferase 1.99 

A0A5D1MNC0 Sulfateadenylyltransferase subunit  1.99 

CYSD Sulfateadenylyltransferase subunit 2  2.83 

Nucleotide metabolism 
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A0A5E2S832  Bifunctional purine biosynthesis protein PurH 2.17 

A0A5E3A6D9 Carbamoyl-phosphate synthase large subunit 1.97 

A0A5D4KET1 CTP synthase (Glutamine hydrolyzing)  2.51 

GUAA GMP synthase [glutamine-hydrolyzing]  2.49 

NDK Nucleoside diphosphate kinase  1.55 

A0A0E1CLT7 Phosphoglucomutase  2.41 

PUR7 Phosphoribosylaminoimidazole-

succinocarboxamide synthase  

2.37 

A0A5E1RZ62 Ribose-phosphate pyrophosphokinase 1.61 

A0A2J4VE84 Uridylate kinase 1.83 

Amino acid metabolism 

V0AQQ9 1-(5-phosphoribosyl)-5-[(5-

phosphoribosylamino) methylideneamino] 

imidazole-4-carboxamide isomerase 

1.51 

AROA 3-phosphoshikimate 1-carboxyvinyltransferase  2.24 

A0A2N4W7Z0 4-hydroxy-tetrahydrodipicolinate reductase 1.89 

A0A0E1CDI0 5-methyltetrahydropteroyltriglutamate--

homocysteine methyltransferase 

1.55 

A0A5D0ZP75 5-methyltetrahydropteroyltriglutamate--

homocysteine S-methyltransferase  

2.89 

W1AUH9 Acetylornithine/succinyldiaminopimelate 

aminotransferase  

2.55 

C8TD88 Aminotransferase  2.37 

A0A0B7GBC3  Aminotransferase  2.15 
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A0A060VRU8 Anthranilate phosphoribosyltransferase 7.36 

A0A486BFT0 Anthranilate synthase component 1  2.29 

W9BJ69 Argininosuccinate lyase  2.31 

W8UBU9 Argininosuccinate synthase 1.85 

A0A0J4LGA3 Aspartokinase 2.58 

A0A2N5AHC6 Diaminopimelate decarboxylase  2.82 

A0A0E1CHG3 Enolase-phosphatase E1 1.97 

A0A080SSI8 Glutamine--fructose-6-phosphate 

aminotransferase [isomerizing]  

2.3 

A0A0C7KFT9 Glutathione synthetase  3.02 

A0A2V3K1Z7 Histidinol-phosphate aminotransferase 1.57 

A0A5E3LWV6 Homocysteine S-methyltransferase 1.52 

ILVC Ketol-acid reductoisomerase (NADP (+)) 1.6 

A0A370YJT0 Methionine synthase 1.79 

A0A3F3BCP9 Methylthioribulose-1-phosphate dehydratase 1.6 

A0A2N4W5R8 Phospho-2-dehydro-3-deoxyheptonate aldolase 1.94 

A0A0E1CNK1 Pyrroline-5-carboxylate reductase  3.59 

A0A235PX33 SAM-dependent methyltransferase 1.79 

TRPB Tryptophan synthase beta chain  2.16 

Metabolism of cofactors and vitamins 

A0A060VFS0 Aldo/keto reductase  2.25 

A0A0E1CG99 NAD(P)H dehydrogenase (quinone) 1.64 

Genetic Information Processing 

Translation and Transcription 
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A0A5C2LKJ9 30S ribosomal protein 1.66 

RS8 30S ribosomal protein S8  2.06 

A0A0E1CC61 50S ribosomal protein L2 1.56 

A0A0E1CBD0 50S ribosomal protein L25  3.95 

A0A5D1MVR3 Histidyl-tRNA synthetase  2.48 

A0A181Y230 Stringent starvation protein A  3.92 

RNA biogenesis 

SYR Arginine--tRNA ligase 1.64 

A0A087FQF5 Glutamate--tRNA ligase 2.08 

A0A5D1QC64 Glutaminyl-tRNA synthetase 1.56 

A0A060VDM5 Isoleucine--tRNA ligase 1.95 

A0A486SRK5 Serine--tRNA ligase 1.66 

A0A0E1CDI2 Tyrosine--tRNA ligase 1.79 

Environmental Information Processing 

Transport 

A0A422XPA4 ABC transporter substrate-binding protein  2.49 

A0A0C4MI82 Dipeptide-binding ABC transporter, periplasmic 

substrate-binding component 

1.52 

W8UIA3 High-affinity zinc uptake system protein znuA 3.3 

A0A060VMZ3 Hydroxymethylpyrimidine ABC transporter 

substrate-binding protein 

1.63 

A0A0E1C6L6 Lipoprotein  1.67 

A0A377UZB8 Sugar ABC transporter 1.65 

Lipopolysaccharide biosynthesis proteins 
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KDSA 2-dehydro-3-deoxyphosphooctonate aldolase 1.95 

A0A181VYK8 ADP-L-glycero-D-manno-heptose-6-epimerase  2.19 

Peptidoglycan biosynthesis 

A0A2X3E7L8 D-alanyl-D-alanine carboxypeptidase  2.74 

Replication and repair 

A0A485TFU7 DNA polymerase 1.63 

Peptidases and inhibitors 

A0A2L0KHD8 Aminopeptidase N  2.83 

A0A1Y5CDI2 Methionine aminopeptidase 1.51 

A0A422ZBW2 Oligopeptidase A  3.19 

Signal transduction 

A0A1C1EPK5 DNA-binding response regulator 1.56 

A0A087FRB0 DNA-binding transcriptional dual regulator, 

leucine-binding  

2.24 

Chaperones and folding catalysts 

A6T5I0 ATP-dependent Clp protease proteolytic subunit  3.57 

Uncharacterized protein/ Hypothetical protein 

R4Y5V0 Uncharacterized protein  9.79 

A0A5E3SSR0 Uncharacterized protein 1.78 

Biosynthesis of siderophore group nonribosomal peptides 

A0A0J4XXY1 Enterobactin synthase component F 2.4 

A0A483H0F6 Isochorismate synthase EntC 2.14 

Others 

A0A377VXX3 1,4-dihydroxy-2-naphthoyl-CoA synthase  3.59 
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W1B0C1 Acetyltransferase component of pyruvate 

dehydrogenase complex  

2.19 

A0A378BST9 Alkanesulfonates-binding protein  2.81 

A0A5D6AEA6 D-hexose-6-phosphate mutarotase 1.64 

A0A0E1CM50 Dipeptide-binding protein  2.65 

A0A0W8AM03 GTP-binding protein TypA 1.57 

A0A485YMQ0 Hemin transport protein HmuS 2.99 

A0A4S3AY45 Maltodextrin-binding protein 1.83 

A0A483GEK9 Multifunctional fusion protein  3.49 

A0A378F8S4 Multifunctional fusion protein  2.61 

A0A377TW07 Multifunctional fusion protein 1.73 

A0A486F1F8 Periplasmic hemin-binding protein  3.47 

A0A378E6M1 Phosphatase YidA 1.62 

W1DY13 Protein ydjA 1.63 

A0A0E1C9K5 Rossmann fold nucleotide-binding protein  2.57 

A0A5E3A7S7 Serine protein kinase (PrkA protein) 2.08 

W9BJG9 Thiamine-phosphate synthase  2.24 

A0A060VE16 T-protein  2.27 

A0A193SEU6 UDP-glucose pyrophosphorylase 2.45 

A0A377ZC34 UPF0265 protein 1.67 

C8T794 UPF0304 protein HMPREF0484 2.34 

V0AL84 YodA 6.7 
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Summary 

The arsenic resistant bacterial isolates in the present study showed differential expression 

of several proteins under arsenite stress. In Bacillus sp. strain SSAI1, 631 proteins were 

identified in arsenite exposed cells out of which 128 proteins were found to be up-

regulated and 122 were down-regulated. Proteins like transporter proteins, cell division 

proteins, sporulation proteins, antioxidant enzymes, lipoproteins and peptidoglycan 

biosynthesis proteins were found up-regulated on exposure to 5 mM arsenite. Moreover, 

numerous proteins involved in the metabolism of carbohydrates, amino acids, lipids, 

nucleotides, cofactors, vitamins and stress proteins, along with transcriptional and 

translational proteins were also differentially expressed. Whereas in case of Klebsiella 

sp. strain SSSW7, 360 proteins were identified in arsenite (5 mM) exposed cells, of which 

196 were found to be up-regulated and 168 were down-regulated proteins. Arsenic 

specific proteins viz. arsenate reductase, arsenical pump-driving ATPase and 

arsenite efflux transporter metallo-chaperone were found highly up-regulated. 

Likewise, several proteins involved in the metabolism of carbohydrates, energy, amino 

acids, nucleotides, lipids, cofactors, vitamins, along with transport, stress proteins, 

hypothetical proteins, antioxidant enzymes, DNA repair processes, lipopolysaccharide 

and peptidoglycan biosynthesis proteins were significantly expressed. 
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SALIENT FEATURES OF THE RESEARCH 

 Arsenite resistant Bacillus sp. strain SSAI1 and Klebsiella sp. strain SSSW7 

isolated in the present study exhibited the highest MIC of 25 and 21 mM for 

arsenite respectively. 

 The presence of aioA gene in chromosomal and/ plasmid DNA in strain SSAI1 

and SSSW7 has been first time reported. 

 Morphological changes were observed as resistance strategies in both strains and 

also demonstrated intracellular and periplasmic accumulation of arsenic in strain 

SSAI1 and SSSW7, respectively. 

 The strains also exhibited rapid oxidation potential converting toxic arsenite to 

arsenate. 

 This is the first report showing the effect of arsenite on protein profile of Bacillus 

sp. strain SSAI1 and Klebsiella sp. strain SSSW7. 
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Appendix-A 

Media 

A.1 Nutrient Agar      g L-1  

Peptone       10.0  

Beef extract       10.0  

Sodium chloride      5.0 

Agar agar       15.0    

pH        7.3±0.2 

 

A.2 Mineral Salt Medium Agar    g L-1 

Ferrous sulphate      0.06 g 

Dipotassium hydrogen ortho phosphate (12.6 %)  100 mL 

Potassium dihydrogen ortho phosphate (18.2 %)  20 mL 

Ammonium nitrate (10 %)     20 mL 

Magnesium sulphate (1 %)     20 mL 

Manganese sulphate (0.6 %)     0.2 mL 

Sodium molybdate (0.6 %)     0.2 mL 

Calcium chloride (1 %)     15 mL 

Agar agar       15.0 



136 

 

pH        7.3±0.2 

 

A.3 Luria Bertani (L.B) Broth    g L-1 

Tryptone       10.0  

Yeast extract       5.0 

Sodium Chloride      10.0 

pH        7.3±0.2 

 

A.4 Mueller Hinton Agar     g L-1 

Meat infusion       2.0  

Casein acid hydrolysate     17.5   

Starch        1.5   

Agar agar       15.0  

pH        7.3±0.2 
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Appendix-B 

Other Chemicals 

B.1 Metal/ Metalloid stock solutions  

B.1.1 Sodium (meta) arsenite 

Stock solution (1 M): 12.991 g was dissolved in 100 mL of deionized water. The solution 

was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a dark place. 

 

B.1.2 Silver nitrate 

Stock solution (0.1 M): 1.6987 g was dissolved in 100 mL of deionized water. The 

solution was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a 

dark place. 

 

B.1.3 Sodium arsenate                

Stock solution (1 M): 31.201 g was dissolved in 100 mL of deionized water. The solution 

was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a dark place. 

 

B.1.4 Zinc chloride                     

Stock solution (1 M): 13.6286 g was dissolved in 100 mL of deionized water. The 

solution was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a 

dark place. 
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B.1.5 Chromium nitrate 

Stock solution (1 M): 23.8011 g was dissolved in 100mL of deionized water. The solution 

was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a dark place. 

 

B.1.6 Lead nitrate 

Stock solution (1 M): 33.12 g was dissolved in 100 mL of deionized water. The solution 

was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a dark place. 

 

B.1.7 Nickel chloride 

Stock solution (1 M): 12.95994 g was dissolved in 100 mL of deionized water. The 

solution was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a 

dark place. 

 

B.1.8 Copper sulphate 

Stock solution (1 M): 15.9609 g was dissolved in 100 mL of deionized water. The 

solution was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a 

dark place. 

 

B.1.9 Ferrous sulphate 

Stock solution (1 M): 15.1908 g was dissolved in 100 mL of deionized water. The 

solution was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a 

dark place. 
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B.1.10 Manganese sulphate 

Stock solution (1 M): 15.1001 g was dissolved in 100 mL of deionized water. The 

solution was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a 

dark place. 

 

B.1.11 Cadmium nitrate 

Stock solution (1 M): 23.642 g was dissolved in 100 mL of deionized water. The solution 

was filter sterilized through a 0.22-micron membrane and stored at 4 °C in a dark place. 

 

B.2 Phosphate buffered saline (PBS) 

137 mM NaCl 

2.7 mM KCl 

10 mM Na2HPO4 

2 mM KH2PO4 

Adjust the pH to 7.4 

 

B.3 Sodium phosphate buffer 

Stock solution A: 0.2 M monobasic sodium phosphate, monohydrate (27.6 g L-1) 

Stock solution B: 0.2 M dibasic sodium phosphate (28.4 g L-1) 

Mix 28 mL of A and 72 mL of B and make total volume to 200 mL with deionized water 

to make 0.1M sodium phosphate buffer pH 7.2. 
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B.4 Enzyme Assay Buffers 

B.4.1 Washing Buffer 

20 mM Tris-HCl 

0.1 mM phenylmethylsulfonyl fluoride (PMSF) 

0.6 mM EDTA (pH 8.4) 

 0.9 % NaCl (pH 8.4) 

 

B.4.2 Suspension Buffer 

20 mM Tris-HCl buffer (pH 8.0)  

0.6 mM PMSF 

0.6 mM EDTA (pH 8.4) 

 

B.4.3 10mg mL-1 Lysozyme 

Dissolve 10.0 mg of lysozyme in 1 mL of 0.1 M Tris-HCl buffer (pH 8.0) and store at      

-20.  

 

B.4.4 NaOH 

Stock solution (2 M). 8 g was dissolved in 100 mL of Deionized water. The solution was 

filter sterilized through a 0.22-micron membrane and stored at 4 °C.  
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Appendix-C 

Agarose Gel Electrophoresis 

C.1 0.8 % and 1 % agarose 

Weigh 0.8 g or 1.0 g of agarose and dissolve in 100 mL of 1X TAE buffer to prepare 0.8 

% or 1 % agarose respectively. Melt the solution in microwave oven until a clear, 

transparent solution is obtained. Add ethidium bromide to a final concentration of 0.5 μg 

mL-1 and cast the gel. 

 

C.2 Ethidium Bromide 

Add 10.0 mg of ethidium bromide to 1mL of deionized water. Stir on magnetic stirrer 

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

coloured bottle and store at room temperature. 

 

C.3 Gel Loading Buffer 

0.05 % (w/v) Bromophenol blue 

40 % (w/v) Sucrose 

0.1 M Ethylenediamine tetra acetic acid (EDTA), pH 8.0 

0.5 % (w/v) Sodium dodecyl sulphate 
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C.4 50X Tris Acetate EDTA 

Tris base       24.2 g 

Glacial acetic acid      5.71 mL 

0.5M EDTA       10 mL 

Deionized water      100 mL 

 

C.5 10X Tris EDTA (TE) Buffer (pH 8.0) 

Tris Chloride       100 mM 

EDTA        10 mM 

Sterilize for 20 min at 15 psi. 
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Appendix-D 

Sodium Dodecyl Sulphate-Polyacrylamide gel electrophoresis  

(SDS-PAGE) 

D.1 Stock solutions for SDS-PAGE 

D.1.1 Acrylamide-bis-acrylamide solution (monomer solution) 

Acrylamide       29.0 g 

N, N’ methylene bis acrylamide    1.0 g 

Deionized water      100 mL 

Dissolve acrylamide and N, N’-methylene bis-acrylamide in 80 mL of warm deionized 

water. Adjust the pH of the solution to 7.0. Make the final volume to 100 mL using 

deionized water. Store in an amber coloured bottle at room temperature. 

 

D.1.2 Resolving gel buffer (Tris 1.5 M, pH 8.8) 

Tris (base)       18.171 g 

Deionized water      100 mL 

Dissolve tris base in 60 mL of deionized water. Adjust the pH of the solution to 8.8 with 

6 N HC1 and make the final volume to 100 mL with deionized water. Store the solution 

at 4 °C. 
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D.1.3 Stacking gel buffer (Tris 1.0 M, pH 6.8) 

Tris (base)       12.114 g 

Deionized water      100 mL 

Dissolve tris base in 60 mL of deionized water. Adjust the pH of the solution to 6.8 with 

6 N HC1 and make the final volume to 100 mL with deionized water. Store the solution 

at 4 °C. 

 

D.1.4 10 % ammonium per sulphate (APS) 

Ammonium per sulphate     0.1 g 

Deionized water      1 mL 

 

D.1.5 10 % Sodium dodecyl sulphate 

Sodium dodecyl sulphate     10 g 

Deionized water      100 mL 

 

D.1.6 6 N Hydrochloric acid 

Concentrated HCl      51 mL 

Deionized water      100 mL 
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D.1.7 1 % Bromophenol blue 

Bromophenol blue      0.1 g 

Deionized water      10 mL 

 

D.1.8 5X Tris-glycine electrophoresis buffer (pH 8.3) 

25 mM Tris base      3.02 g 

250 mM Glycine      18.8 g 

10 % (w/v) SDS      10 mL 

Deionized water      200 mL 

Preparation of 1X tank buffer: Make 100 mL of 5X Tris-glycine electrophoresis buffer 

to 500 mL using deionized water. 

 

D.1.9 2X Sample Solubilizing buffer 

1 M Tris HC1 (pH 6.8)     1 mL 

Glycerol      2 mL 

1 % (w/v) Bromophenol blue     2 mL 

10 % (w/v) SDS      4 mL 

200 mM β-mercaptoethanol     284 μL 

Deionized water      716 μL 
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D.1.10 Preparation of resolving and stacking gel 

Components 12 % Resolving gel (10 

mL) 

5 % Stacking gel (3 mL) 

Monomer  3.98 0.597 

1.5 M Tris (pH 8.8)  2.486 - 

1.0 M Tris (pH 6.8)  - 0.373 

10% (w/v) SDS  0.1 0.03 

10% (w/v) APS  0.05 0.015 

TEMED  0.005 0.0015 

Deionized water  3.381 1.984 

 

D.2 Visualization of SDS-PAGE gels 

D.2.1 Coomassie Brilliant Blue Staining Solution 

Coomassie Brilliant Blue R-250    0.05 g 

Methanol       50 mL 

Glacial acetic acid      10 mL 

Deionized water      100 mL 

 

D.2.2 Destaining Solution 

Methanol       30 mL 

Glacial acetic acid      10 mL 

Deionized water      100 mL 
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Appendix-E 

Polymerase Chain Reaction 

E.1 Primer sets 

Primer Primer sequence Gene References 

27F GAGAGTTTGATCCTGGCTCAG  

16S 

rDNA 

Studholme et 

al., 1999 
1495R CTACGGCTACCTTGTTACGA 

aioAF CCACTTCTGCATCGTGGG  

aioA  

Ghosh et al., 

2014 
aioAR TGTCGTTGCCCCAGATGA 

aoxBM1-

2F 

CCACTTCTGCATCGTGGGNTGYGGNTA  

aoxB 

Quéméneur et 

al., 2008; 

2010 
aoxBM2-

1R 

GGAGTTGTAGGCGGGCCKRTTRTGDAT 

dacr 1F GCCATCGGCCTGATCGTNATGATGTAYCC  

ACR3(1)  

 

Achour et al., 

2007 

dacr 1R CGGCGATGGCCAGCTCYAAYTTYTT 

dacr 5F TGATCTGGGTCATGATCTTCCCVATGMTG

VT 

 

ACR3(2)  

dacr 4R CGGCCACGGCCAGYTCRAARAARTT 
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E.2 PCR reaction mixture 

Component Concentration Quantity 

 Template DNA                       50 ng µL-1 4 µL 

Master mix                                                                          2X 25 µL 

 Forward primer                       20 pmol 1 µL 

 Reverse primer                        20 pmol 1 µL 

Deionized water                              - 19 µL 

Total volume                             - 50 µL 

 

E.3 PCR reaction cycle 

Temperature (ºC) Step Time (Min) 

95  Hot start 5  

95  Denaturation 1 

55 Annealing 1 

72  Extension 1 

72  Final extension 10  
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Standard curves 

 

Fig. A: Standard curve for estimation of protein by Bradford assay. 

 

Fig. B: Calibration curve of sodium arsenate for estimation of arsenate using 

molybdene blue method. 
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Fig. C: Calibration curve of DCIP for determining enzyme activity. 
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Abstract Arsenite oxidizing Klebsiella pneumoniae

strain SSSW7 isolated from shipyard waste Goa, India

showed a minimum inhibitory concentration of

21 mM in mineral salts medium. The strain possessed

a small supercoiled plasmid and PCR amplification of

arsenite oxidase gene (aioA) was observed on plasmid

as well as chromosomal DNA. It was confirmed that

arsenite oxidase enzyme was a periplasmic protein

with a 47% increase in arsenite oxidase activity at

1 mM sodium arsenite. Scanning electron microscopy

coupled with electron dispersive X-ray spectroscopic

(SEM–EDS) analysis of 15 mM arsenite exposed cells

revealed long chains of cells with no surface adsorp-

tion of arsenic. Transmission electron microscopy

combined with electron dispersive X-ray spectro-

scopic (TEM-EDS) analysis demonstrated plasma

membrane disruption, cytoplasmic condensation and

periplasmic accumulation of arsenic. The bacterial

strain oxidized 10 mM of highly toxic arsenite to less

toxic arsenate after 24 h of incubation. Fourier

transformed infrared (FTIR) spectroscopy confirmed

the interaction of arsenite with functional groups

present on the bacterial cell surface. Sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) analysis of 5 mM arsenite exposed cells

demonstrated over-expression of 87 kDa and 14 kDa

proteins of two subunits aioA and aioB of heterodimer

arsenite oxidase enzyme as compared to control cells.

Therefore, this bacterial strain might be employed as a

potential candidate for bioremediation of arsenite

contaminated environmental sites.

Keywords Arsenite � AioA gene � Bioremediation �
Biotransformation

Introduction

Extensive anthropogenic activities such as mining,

combustion of fossil fuels, arsenical pesticides, herbi-

cides, paints, ceramic, glass and pharmaceutical

industries have resulted in the release of highly toxic

metalloid arsenic in the environment which poses

serious threat to all living organisms (Welch et al.

2000; Smedley and Kinniburgh 2002; Cheng et al.

2009; Stolz et al. 2010). AlthoughWHO (1993) has set

the permissible limit of 10 lg/l arsenic in drinking
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water, many countries still exceed this permissible

limit (Chowdhury et al. 2000; Anawar et al. 2002;

Mitra et al. 2002; Smedley and Kinniburgh 2002;

Mukherjee et al. 2006).

Arsenic usually exists in four oxidation states such

as - 3 (arsine), 0 (elemental arsenic), ? 3 (arsenite)

and? 5 (arsenate) with arsenite and arsenate being the

most common forms of arsenic in the environment

(Oremland and Stolz 2005). Arsenite is 100 times

more toxic than arsenate and acts by interacting with

thiol groups of proteins and enzymes inhibiting their

functions (Hughes 2002; Rosen 2002; Rai et al. 2011).

Arsenic also causes mutagenic and genotoxic effects

on humans (Mandal and Suzuki 2002; Chen et al.

2002).

The ubiquity of arsenic in the environment has led

microorganisms to develop various transformation

mechanisms such as arsenite oxidation, arsenate

reduction and arsenite methylation governed by aio,

arr, arsC and arsM genes respectively which are

located either on chromosomal or plasmid DNA

(Silver and Phung 1996; Páez-Espino et al. 2009;

Arsene-Ploetze et al. 2010; Bahar et al. 2013;

Goswami et al. 2015). These mechanisms are com-

monly employed by various microorganisms to carry

out detoxification or energy generation for their

cellular growth and metabolism. The oxidation of

highly toxic arsenite to less toxic arsenate encoded by

arsenite oxidase enzyme is a key step of detoxification

mechanism by microorganisms (Qin et al. 2006;

Andreoni et al. 2012; Rauschenbach et al. 2012).

In recent years various bacterial strains capable of

arsenite oxidation by arsenite oxidase (aioA/aoxB)

gene have been reported in the genomes of Acineto-

bacter junii, Acinetobacter baumannii, Geobacillus

stearothermophilus, Thiomonas sp. 3As, Hermini-

imonas arsenicoxydans and Pseudomonas stutzeri

strain GIST-BDan 2 (Muller et al. 2007; Arsene-

Ploetze et al. 2010; Chang et al. 2010; Majumder et al.

2013). In case of Acinetobacter calcoaceticus and

Brevibacillus sp. KUMAs2 the aioA gene was present

only on plasmid DNA whereas in Acinetobacter soli,

the aoxB gene was located on genomic as well as

plasmid DNA (Mallick et al. 2014; Goswami et al.

2015). The aoxAB/aioAB genes encode an arsenite

inducible periplasmic protein which catalyzes the

oxidation of highly toxic arsenite to less toxic arsenate

(Silver and Phung 2005; Branco et al. 2009). It

consists of two subunits, a small iron-sulfur cluster

containing subunit aoxA/aioB and a large molyb-

dopterin containing catalytic subunit aoxB/aioA (Sil-

ver and Phung 2005; Oremland et al. 2009). The aoxB/

aioA gene acts as a genetic marker for arsenite

oxidation (Hamamura et al., 2008; Quemeneur et al.

2008). Two families of arsenite transporters (ArsB and

Acr3p) are known in bacteria (Rosen 1999) and Acr3p

is divided into two subsets, Acr3(1)p and Acr3(2)p

(Achour et al. 2007). Although these transporters have

similar sizes and functions, they differ in mechanisms,

as well as have different metalloid specificity. ArsB

confers resistance to arsenite and antimonite, however

Acr3p is highly specific to arsenite (Rosen 1999).

Keeping in view the potential of arsenic toxicity in

humans and other life forms it is imperative to remove

arsenic present in the environment. The traditional

methods to remove arsenic from contaminated envi-

ronmental sites are expensive, time-consuming and

hazardous (Mahimairaja et al. 2005). Therefore,

bioremediation of arsenic holds a great potential since

it is an eco-friendly method involving

microorganisms.

In the present investigation, we characterized one

potential arsenite oxidizing bacterial strain from

shipyard waste of Goa, India with reference to

presence of arsenite oxidase gene, enzyme activity,

arsenite uptake, morphological changes, presence of

arsenic deposits, protein expression induced by arsen-

ite stress using PCR, SEM, TEM, EDS and SDS-

PAGE analysis.

Materials and methods

Isolation of arsenite oxidizing bacteria

Environmental samples were collected from shipyard

waste, from Bicholim, Goa, India, in sterile zip-lock

bags. Appropriate dilutions of the soil samples were

made in 0.85% saline and plated on mineral salt

medium (MSM) agar (Mahtani andMavinkurve 1979)

supplemented with 10 mM of sodium (meta) arsenite

along with 0.2% glucose as a carbon source. Plates

were incubated at 28 �C for 24 h and morphologically

distinct bacterial colonies were selected for further

studies.
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Determination of minimum inhibitory

concentration (MIC) of arsenite

Bacterial isolates were spot inoculated on MSM agar

plates amended with increasing concentrations of

0–46 mM sodium arsenite along with 0.2% glucose.

The plates were checked for visible bacterial colonies

after incubation at 28 �C for 24–48 h. The bacterial

strains showing highest MIC values were selected for

determining MIC in MSM broth. Selected bacterial

strains were inoculated in MSM broth supplemented

with different concentration of arsenite (0–25 mM)

and flasks were incubated at 28 �C, 150 rpm for 24 h.

Growth was monitored by recording the absorbance at

600 nm using Biospectrometer (Eppendorf, Ger-

many). The lowest concentration of arsenite which

completely inhibited bacterial growth was considered

as its MIC value.

Growth behavior of the selected bacterial isolate

in presence of sodium arsenite

The selected bacterial strain was inoculated in MSM

broth amended with different concentrations of

sodium arsenite viz. 5 mM, 10 mM, 15 mM, 20 mM

and 21 mM, whereas flask without sodium arsenite

was maintained throughout the experiment as control.

The flasks were incubated at 28 �C, 150 rpm for

24–30 h and absorbance at 600 nm was recorded after

every 2 h using Biospectrometer (Eppendorf,

Germany).

Identification of arsenite oxidizing bacterial isolate

The identification of selected bacterial strain was

performed by extracting its genomic DNA using

Dneasy Blood and Tissue Kit (Qiagen, Hilden,

Germany) followed by amplification of 16S rRNA

gene using universal eubacterial primers: 27F and

1495R (Studholme et al. 1999). The PCR was carried

out using Nexus Gradient Mastercycler (Eppendorf,

Germany) and the resulting PCR product was analyzed

on 1% agarose gel. The PCR product was purified

using PCR clean-up kit (Promega, USA) and

sequenced. The nucleotide sequence obtained was

subjected to BLAST (tblastn) search analysis using

National Center for Biotechnology Information

(NCBI) database. The sequence was submitted to

GenBank (accession number: MG430351) and its

taxonomical relatedness to closely associated genera

was determined using the neighbor-joining method

with MEGA 7 package (Kumar et al. 2016).

Plasmid profile

The plasmid DNA of the selected bacterial strain was

extracted using Gen Elute Plasmid Miniprep kit

(Sigma-Aldrich, USA) and was analyzed using 0.8%

agarose gel electrophoresis. After electrophoresis gel

was visualized under G:BOX gel documentation

system (Syngene, UK).

PCR amplification of arsenite oxidase (aioA)

and transporter (ACR3) genes

The large molybdopterin containing catalytic subunit

(aioA) and one of the arsenite transporter (ACR3)

genes were PCR amplified with gene-specific primers

(Supplementary Table S1) using chromosomal and

plasmid DNA separately as templates. The thermal

cycler program comprised of an initial denaturation of

5 min at 94 �C, followed by 30 cycles of denaturation
at 94 �C for 1 min, annealing at 55 �C for 1 min,

extension at 72 �C for 1 min and a final extension at

72 �C for 5 min. The PCR products were analyzed on

1% agarose gel and visualized under G: BOX gel

documentation system (Syngene, UK).

Arsenite oxidase enzyme assay

Preparation of cell-free extract

The bacterial cells were grown in MSM broth in

presence of 15 mM sodium arsenite. Late log phase

cells were harvested by centrifugation at 8000 rpm at

4 �C for 10 min. The cell pellet was washed thrice

with washing buffer (20 mM Tris–HCl, 0.1 mM

phenylmethylsulfonyl fluoride (PMSF), 0.6 mM

EDTA with pH 8.4 and 0.9% NaCl with pH 8.4) and

the pellet was resuspended in 10 ml 20 mM Tris–HCl

buffer (pH 8.0) containing 0.6 mMPMSF and 0.6 mM

EDTA. The cell suspension was incubated with

1 mg ml-1 lysozyme at 28 �C for 2 h with occasional

stirring. Magnesium sulfate (20 mM), magnesium

acetate (100 mM), DNase (100 lg) and RNase

(500 lg) (Bangalore GeNei) were added to the cell

suspension and incubated at 28 �C for 30 min. The

cell suspension was sonicated thrice with 2 min bursts
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and 10 min cool-down intervals followed by incuba-

tion at 60 �C for 1 min in water bath. Subsequently,

the suspension was cooled on ice, followed by

centrifugation at 8000 rpm for 10 min and the pH of

the clear supernatant was adjusted to 8.4 with 2 M

NaOH (Prasad et al. 2009).

Preparation of periplasmic and spheroplast fractions

Bacterial cells grown inMSM broth were harvested by

centrifugation at 8000 rpm for 10 min and cell pellets

suspended in 20 mMTris–HCl buffer, 0.1 mMPMSF,

10 mM EDTA pH 8.4 along with 20% sucrose. The

outer membrane was lysed using lysozyme

(0.5 mg ml-1) at 28 �C for 40 min followed by

centrifugation at 8000 rpm for 10 min. The super-

natant was collected in a fresh centrifuge tube and cell

pellet containing spheroplast was washed twice in

buffer containing 20 mM Tris–HC1, 0.1 mM PMSF,

10 mM EDTA (pH 8.4), 20% sucrose and assayed for

arsenite oxidase activity.

Enzyme assay

The arsenite oxidase enzyme activity was determined

in cell free extract, periplasmic and spheroplast

fractions following standard method (Anderson et al.

1992). The enzyme sample was mixed with 1 ml of

assay buffer containing 60 lM 2,6-dichlorophenol-

indophenol (DCIP), 200 lM sodium arsenite and

50 mM morpholino ethelene diol sulfonic acid

(MES) buffer (pH 6.0). The change in absorbance

due to reduction of DCIP per minute was monitored at

600 nm for 5 min using Biospectrometer (Eppendorf,

Germany). The specific activity of the enzyme was

expressed as lmol of DCIP reduced min-1 mg-1 of

protein. Similarly, the effect of arsenite (0.5 and

1 mM) on periplasmic protein was also studied. The

protein concentration in the supernatants was deter-

mined by Folin Lowry method (Lowry et al. 1951)

using bovine serum albumin (Himedia, Mumbai,

India) as standard.

Scanning electron microscopy coupled

with energy dispersive X-ray spectroscopic (SEM-

EDS) analysis

The bacterial isolate was grown in MSM broth

supplemented with 15 mM sodium arsenite (test)

and without sodium arsenite (control). The flasks

were incubated at 28 �C, 150 rpm for 8–20 h and

bacterial cells in exponential growth phase (8 and

20 h) were harvested from control and test samples by

centrifugation at 8000 rpm, 4 �C for 10 min (Eppen-

dorf, Germany). The pellet obtained was washed

thrice with 0.1 M phosphate buffer saline (PBS) with

pH 7.4. The washed bacterial cells were evenly spread

on a clean grease-free cover slip and fixed overnight

using 2.5% glutaraldehyde. After incubation, cells

were washed with PBS and were subjected to ethanol

gradient of 30%, 50%, 70%, 90% and 100% by

incubating for 10 min at each concentration. The

samples were analyzed by SEM–EDS (Carl-Ziess,

Germany).

Transmission electron microscopy coupled

with energy dispersive X-ray spectroscopic (TEM-

EDS) analysis

The TEM analysis of the bacterial strain was carried

out to evaluate intracellular morphological changes

and metal uptake by the cells. Cells grown with

15 mM sodium arsenite were harvested in the expo-

nential growth phase (8 and 20 h) by centrifugation at

8000 rpm for 10 min followed by washing with 0.1 M

sodium phosphate buffer (pH 7.2). The pellets

obtained were fixed in a mixture of 2.5% glutaralde-

hyde and 2% paraformaldehyde prepared in 0.1 M

sodium phosphate buffer (pH 7.2) for 2–3 h at 4 �C.
The fixed bacterial cells were further incubated for 1 h

in 1% OsO4 and propylene oxide followed by graded

series of dehydration in ethanol. The samples were

then embedded in Epon 812 resins and ultra-thin

sectioning (60 nm) was performed. This was followed

by examining the samples using transmission electron

microscope (TEM-JEOL 2100F, Germany) which

were further analyzed for elemental content by EDS.

A control without arsenite exposure under similar

conditions was also maintained.

Arsenic transformation assay

The arsenite oxidizing ability of bacterial strain was

determined qualitatively by silver nitrate test with

minor modifications (Lett et al. 2001). The bacterial

cells were grown in MSM broth with 15 mM sodium

arsenite (test) and without sodium arsenite (control) at

28 �C, 150 rpm for 24 h. One ml culture suspension
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was mixed with one ml of 0.1 M AgNO3 and observed

for colour change from colourless to light brown.

Quantitative determination of oxidized arsenite (i.e.

arsenate) was performed using molybdene blue

method with some modifications (Lenoble et al.

2003; Cai et al. 2009). Cells were harvested at

8000 rpm for 10 min and resulting cell pellet was

disrupted by sonication (three times for 2 min with

10 min cool-down intervals). The supernatant

(0.3 ml) obtained after centrifugation was added to a

mixture of 4 ml Milli Q water, 0.4 ml 50% H2SO4 (v/

v), 0.4 ml of 3% Na3MoO4 (w/v) and 0.2 ml of 2%

ascorbic acid (w/v). The tubes were incubated at 90 �C
in water bath for 20 min. The samples were cooled and

final volume was adjusted to 10 ml using Milli Q

water. The same protocol was also followed for

control sample and absorbance of the samples was

measured at 838 nm using Biospectrometer (Eppen-

dorf, Germany). The standard curve of arsenate was

used to determine the concentration of arsenate in the

test sample.

Fourier transformed infrared (FTIR) spectroscopy

The FTIR samples were prepared using bacterial cells

grown with and without 15 mM sodium arsenite. The

cell suspension was harvested at 8000 rpm for 10 min

followed by washing with 0.1 M PBS (pH 7.4). The

cell pellet was dried at 45 �C for 48 h. The dried pellet

was subjected to fine grinding in presence of KBr. The

IR spectrum was recorded on IR prestige-21 instru-

ment (Shimadzu, Japan) in the region of

4000–400 cm-1.

SDS-PAGE

The bacterial cells were grown with and without

5 mM sodium arsenite and protein profile of extracted

protein was studied using standard protocol (Laemmli

1970). Whole cell proteins were extracted and ana-

lyzed on 15% sodium dodecyl sulfate-polyacrylamide

gel (SDS-PAGE) at a constant voltage of 90 V using

BIORAD Mini-PROTEAN Tetra System (BIO-RAD,

USA). The gel was stained overnight using freshly

prepared 0.05% (w/v) Coomassie Brilliant blue R250

and destained using destaining solution (Sambrook

et al. 1989).

Statistical analysis

All the experiments were carried out in triplicates and

their mean, as well as standard error were calculated

and incorporated as ± in the manuscript.

Results

Isolation of arsenite resistant bacterial strain

and determination of MIC of arsenite

Among ten morphologically different arsenite resis-

tant bacterial isolates, strain SSSW7 showed the

highest MIC of 46 mM and 21 mM on MSM agar

and in MSM broth respectively. The growth pattern of

the bacterial strain SSSW7 exposed to sodium arsenite

interestingly revealed an extended lag phase at higher

concentrations of arsenite. A prominent shift in lag

phase with increasing concentrations of sodium

arsenite (10, 15, 20 mM) was observed compared to

control (Supplementary Fig. 1).

Identification of arsenite oxidizing bacterial isolate

Strain SSSW7 was Gram-negative, non-motile rod

which showed oxidase negative and catalase positive

reaction. Based on BLAST analysis of 16S rDNA

sequence the bacterial strain SSSW7 has been iden-

tified as Klebsiella pneumoniae (Supplementary

Fig. 2) and the sequence has been submitted to

Genbank (accession number: MG430351).

Plasmid profile and PCR amplification of arsenite

oxidase and arsenite transporter genes

Klebsiella pneumoniae strain SSSW7 possessed a

plasmid of[ 10 kb in size (Fig. 1a). PCR amplifica-

tion of aioA gene using plasmid and chromosomal

DNA as template clearly revealed the presence of

arsenite oxidase gene with amplicon size of 1100 bps

(Fig. 1b). There was no PCR amplification of ACR3

gene encoding arsenite transporter using genomic as

well as plasmid DNA as a template.

Arsenite oxidase assay

Klebsiella pneumoniae strain SSSW7 exhibited high-

est specific arsenite oxidase activity in the periplasmic
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fraction as the activity was recorded 1.328 lmol DCIP

min-1 mg-1 protein, followed by cell free extract and

spheroplast fraction with enzyme activity of

0.58 lmol DCIP min-1 mg-1 protein and 0.059 lmol

DCIP min-1 mg-1 protein respectively. This clearly

shows that arsenite oxidase enzyme is predominant in

the periplasmic space. Interestingly, 12% and 47%

increase in enzyme activity was observed in presence

of 0.5 mM and 1 mM sodium arsenite indicating a

high Km.

Fig. 1 Plasmid profile and

PCR amplification of aioA

gene of Klebsiella

pneumoniae strain SSSW7.

Lane 1a and 5b: 1 kb DNA

markers. Lane 2a: Plasmid

DNA of K. pneumoniae

strain SSSW7. Lane 3b:

PCR amplicon of aioA gene

using chromosomal DNA as

template. Lane 4b: PCR

amplicon of aioA gene using

plasmid DNA as template

Fig. 2 SEM-EDS micrograph of Klebsiella pneumoniae strain

SSSW7. a Bacterial cells in exponential growth phase (8 h)

without exposure to arsenite showing rod shape morphology

(control). b EDS micrograph of bacterial cells in exponential

growth phase (8 h) without arsenite exposure (control).

c Bacterial cells exposed to 15 mM arsenite in exponential

growth phase (20 h) showing interconnected chains of cells.

d EDSmicrograph of bacterial cells in exponential growth phase

(20 h) exposed to 15 mM arsenite
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SEM-EDS analysis

The scanning electron micrograph of K. pneumoniae

strain SSSW7 exposed to 15 mM arsenite demon-

strated altered morphology from rods to intercon-

nected chains of cells (Fig. 2a, c). The EDS spectrum

of the cells exposed to 15 mM arsenite did not reveal

any surface adsorption of arsenite (Fig. 2b, d).

TEM-EDS analysis

The intracellular structural analysis of K. pneumoniae

strain SSSW7 by TEM clearly revealed that arsenite

caused disruption of the plasma membrane, conden-

sation of cytoplasm and presence of electron dense

deposits throughout the periplasm (Fig. 3a, c). The

presence of an arsenic peak in EDS spectrum of cells

treated with 15 mM arsenite further confirmed intra-

cellular accumulation of arsenic which was absent in

control (Fig. 3b, d).

Arsenic transformation assay

The K. pneumoniae strain SSSW7 demonstrated

arsenite oxidizing ability since a light brown coloured

precipitate of silver-orthoarsenate was formed, indi-

cating oxidation of arsenite to arsenate (Supplemen-

tary Fig. 3). Quantitative estimation of arsenate

through molybdene blue method revealed that the

bacterial strain SSSW7 internalized 10 mM of arse-

nate within 24 h.

Fourier transformed infrared (FTIR) spectroscopy

The FTIR spectrum analysis of 15 mM arsenite

exposed bacterial cells of K. pneumoniae strain

SSSW7 showed shifting as well as sharpening of

many peaks which could be assigned to various

functional groups responsible for arsenite accumula-

tion (Fig. 4; Table 1). Arsenite exposed bacterial cells

showed spectral changes in the region of

Fig. 3 TEM micrograph of Klebsiella pneumoniae strain

SSSW7. a Bacterial cells in exponential growth phase (8 h)

without arsenite exposure showing intact plasma membrane,

clear cytoplasm and periplasm (control). b EDS micrograph of

bacterial cells in exponential growth phase (8 h) without

arsenite exposure (control). c Bacterial cells exposed to

15 mM sodium arsenite in exponential growth phase (20 h)

showing disrupted plasma membrane, condensed cytoplasm and

dark periplasm. d EDS micrograph of bacterial cells exposed to

15 mM arsenite in exponential growth phase (20 h)
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3300–2800 cm-1 which may be attributed to stretch-

ing of amide and hydroxyl groups. Shifting of FTIR

peaks was observed in the region spanning from

1750–1500 cm-1 and 1500–1200 cm-1 which

showed the interaction of amide linkages from protein

and peptides. The sharpening and peak shifts from

1200 to 1000 cm-1 was also observed in arsenite

exposed cells which may be assigned to C–N stretch-

ing of an aliphatic amine and C–O stretching of

alcohols, carboxylic acids, esters, and ethers.

SDS-PAGE

The SDS-PAGE analysis of whole-cell proteins of K.

pneumoniae strain SSSW7 in presence of 5 mM

arsenite clearly revealed up-regulation of several

proteins as compared to control. Interestingly, two

up-regulated proteins of molecular weight 87 kDa and

14 kDa were also observed (Supplementary Fig. 4)

which may resemble the two subunits of arsenite

oxidase enzyme aioA and aioB respectively.

Discussion

The arsenite resistant bacterial strain SSSW7 isolated

from shipyard waste of Goa, India was identified as K.

pneumoniae. It is interesting to note that K. pneumo-

niae strain SSSW7 exhibited the highest MIC of

21 mM in MSM broth as compared to previously

reported bacterial strains. For instance, K. pneumoniae

strains MNZ4 and MNZ6 tolerated up to 2.3 mM and

2.9 mM sodium arsenite in acetate minimal medium,

whereas K. pneumoniae strain MR4 showed MIC of

5 mM in Luria–Bertani broth (Daware et al. 2012;

Abbas et al. 2014). However, it would be inappropriate

to compare the MIC values of present study with

previous reports since the media composition alters

availability of arsenite in the growth medium. Growth

studies revealed extended lag and delayed log phases

for this strain at increasing concentrations of arsenite

in MSM broth. The slower growth of this bacterial

strain exposed to arsenite may be attributed to ensuing

Fig. 4 FTIR spectrum of Klebsiella pneumoniae strain SSSW7. a Bacterial cells exposed to 15 mM arsenite. b Bacterial cells without

exposure to arsenite (control)
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physiological adaptation during extended lag phase

leading to increase in doubling time (Paul et al. 2014).

PCR amplification using gene specific primers

revealed that K. pneumoniae strain SSSW7 possessed

aioA gene on both plasmid as well as chromosomal

DNA. A similar study using Acinetobacter soli having

aioA gene on both plasmid and chromosomal DNA

has been reported (Goswami et al. 2015). Many

arsenite transforming bacteria possessing arsenite

oxidizing gene (aoxB) located only on chromosomal

or plasmid DNA has been previously reported (Ma-

jumder et al. 2013; Mallick et al. 2014; Goswami et al.

2015). Interestingly, the absence of ACR3 gene from

the plasmid and chromosomal genome of K. pneumo-

niae strain SSSW7 suggested an intracellular accu-

mulation of arsenite since ACR3 protein has been

reported to specifically transport arsenite in bacteria

(Wysocki et al. 1997; Achour et al. 2007). Arsenite

oxidase assay using different cell fractions further

confirmed higher expression of arsenite oxidase

enzyme in the periplasmic space. Similarly, arsenite

oxidase enzyme is also reported in the periplasm of

Hydrogenophaga sp strain NT-14, Rhizobium NT-26

andOchrobactrum triticii SCII24 (Santini and Vanden

Hoven 2004; Vanden Hoven and Santini 2004; Branco

et al. 2009).

The exposure of bacterial cells to 15 mM arsenite

demonstrated significant morphological alterations

which were prominent as compared to control cells

(Fig. 2a, c). This could be one of the strategies of

bacterial cells to overcome arsenite toxicity since

decrease in cell to volume ratio reduces toxicity.

Similar morphological alterations have also been

observed in arsenite exposed cells of Acinetobacter

lwoffii, Pseudomonas resinovorans and Acinetobacter

calcoaceticus (Banerjee et al. 2011). The EDS anal-

ysis revealed that there was no surface adsorption of

arsenite and it may accumulate intracellularly. It was

further substantiated by the absence of ACR3 gene

which regulates transport of arsenite. Furthermore,

TEM analysis of arsenite exposed cells evidently

demonstrated structural changes which were similar to

previous observations in Microbacterium oleivorans

strain Ransu-1 and Acinetobacter sp. (Goswami et al.

2015). The TEM-EDS analysis of arsenite exposed

cells also revealed intracellular accumulation of

arsenic in the periplasm which is in agreement with

the report of Banerjee et al. (2011). The bacterial strain

SSSW7 could oxidize arsenite and showed intracellu-

lar accumulation of 10 mM arsenate which was higher

than previous reports in bacterial strains (Jain et al.

2014; Naureen and Rehman 2016).

Table 1 Characteristic IR absorption peaks indicating functional groups on the surface of K. pneumoniae strain SSSW7

Control

(frequency, cm-1)

Arsenite-exposed

(frequency, cm-1)

Band assignment

3296.70 3296.70 N–H stretch of amides and O–H stretch of hydroxyl groups

2922.16 2927.94 C–H stretch of alkanes and O–H stretch of carboxyl acids

2852.72 – C–H stretch of alkanes, O–H stretch of carboxyl acids

1734.01 1658.78 –C=C– stretch of alkenes

1647.21 1546.91 N–O asymmetric stretch of nitro compounds

1583.56 – N–H bend of 18 amine

1458.10 1442.75 C–C stretch of aromatics

1381.03 1382.96 –C–H, bend of alkane

1230.58 1228.86 C–O stretch of alcohols, carboxylic acids, esters ethers

– 1138.00 C–N stretch of aliphatic amine and C–O stretch of alcohol

carboxylic acids, esters, ethers

1076.28 1066.64 C–O stretch of alcohol carboxylic acids, esters, ethers

987.56 987.56 =C–H bend of alkenes

867.97 871.82 =C–H, bend of alkenes, C–H bend, aromatics

678.94 677.01 C–Br stretch of alkyl halide

651.94 651.94 C–Cl and C–Br stretch of alkyl halide

530.42 532.35 C–Br stretch of alkyl halide
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FTIR spectroscopic analysis further revealed inter-

action of functional groups such as carboxyl, hydroxyl

and amino groups on bacterial cell surface with

arsenite anions. Similar observations have also been

reported in E. coli and Bacillus aryabhattai strain

NBRI014 (Wu et al. 2010; Singh et al. 2016). SDS-

PAGE analysis of whole cell proteins of strain SSSW7

exposed to 5 mM arsenite revealed over-expression of

87 kDa and 14 kDa proteins which may resemble with

two subunits of arsenite oxidase enzyme. Therefore, it

is clear that under stress of arsenite, over-expression of

aioA gene facilitates transformation of arsenite to

arsenate by bacterial cells in order to overcome the

arsenite toxicity. This enzyme has been previously

reported in Rhizobium NT-26 and Hydrogenophaga

sp. strain NT-14 (Santini and Vanden Hoven 2004;

Vanden Hoven and Santini 2004).

Conclusion

The K. pneumoniae strain SSSW7 isolated from

shipyard waste demonstrated presence of arsenite

oxidase gene and periplasmic arsenite oxidase

enzyme. It showed high resistance to arsenite and

could oxidize 10 mM arsenite to less toxic arsenate

within 24 h which was found to be accumulated in the

periplasmic space. Therefore, this bacterial strain

SSSW7 has potential to bioremediate arsenite present

in contaminated environmental sites.
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Abstract Bacillus flexus strain SSAI1 isolated from

agro-industry waste, Tuem, Goa, India displayed high

arsenite resistance as minimal inhibitory concentra-

tion was 25 mM in mineral salts medium. This

bacterial strain exposed to 10 mM arsenite demon-

strated rapid arsenite oxidation and internalization of

7 mM arsenate within 24 h. The Fourier transformed

infrared (FTIR) spectroscopy of cells exposed to

arsenite revealed important functional groups on the

cell surface interacting with arsenite. Furthermore,

scanning electron microscopy combined with electron

dispersive X-ray spectroscopy (SEM-EDAX) of cells

exposed to arsenite revealed clumping of cells with no

surface adsorption of arsenite. Transmission electron

microscopy coupled with electron dispersive X-ray

spectroscopic (TEM-EDAX) analysis of arsenite

exposed cells clearly demonstrated ultra-structural

changes and intracellular accumulation of arsenic.

Whole-genome sequence analysis of this bacterial

strain interestingly revealed the presence of large

number of metal(loid) resistance genes, including

aioAB genes encoding arsenite oxidase responsible for

the oxidation of highly toxic arsenite to less toxic

arsenate. Enzyme assay further confirmed that arsenite

oxidase is a periplasmic enzyme. The genome of strain

SSAI1 also carried glpF, aioS and aioE genes

conferring resistance to arsenite. Therefore, multi-

metal(loid) resistant arsenite oxidizing Bacillus flexus

strain SSAI1 has potential to bioremediate arsenite

contaminated environmental sites and is the first report

of its kind.

Keywords Arsenite � Arsenite oxidase �
Bioremediation � Metal resistance � WGS

Introduction

Arsenic (As) is a toxic metalloid and ubiquitously

present in the environment (Sodhi et al. 2019). Arsenic

contamination of terrestrial and aquatic ecosystems

has resulted from various natural and anthropogenic

activities. Arsenicals are highly toxic due to their

carcinogenic, mutagenic and genotoxic potential

(Mandal and Suzuki 2002; Zhao et al. 2010). Arsenic

toxicity causes severe diseases in humans viz.

melanosis, hyperkeratosis, chronic respiratory disor-

der, miscarriages in women, cardiovascular diseases,
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gastrointestinal disorders and cancer of bladder, lung,

liver, skin and uterus (Rahman et al. 2009; Banerjee

et al. 2011; Khairul et al. 2017; Palma-Lara et al.

2020). Conventional methods used for arsenic

removal, including filtration, ion exchange and reverse

osmosis are expensive, labour-intensive and also

generate environmental pollutants (Rehman et al.

2010). Therefore, bioremediation of arsenic contam-

inated environmental sites employing bacteria is

getting more attention due to it’s efficient, affordable

and eco-friendly advantages.

Bacterial strains possess several strategies to evade

toxic arsenic mainly through arsenate reduction,

arsenite oxidation and arsenic methylation (Satyapal

et al. 2016; Jia et al. 2019; Mujawar et al. 2019).

Arsenite is several-fold more toxic than arsenate and

biotransformation of arsenite to arsenate is success-

fully achieved by microorganisms, including bacteria

(Jebelli et al. 2018; Mujawar et al. 2019). Arsenite

oxidizing bacteria oxidize arsenite to arsenate employ-

ing arsenite oxidase encoded by aio genes (Bahar et al.

2013; Majumder et al. 2013; Koechler et al. 2015)

while arsenate reducing bacteria reduce arsenate to

arsenite through pathway encoded by ars genes (Guo

et al. 2015; Saunders and Rocap 2016; Bermanec et al.

2020). Whereas arsenic methylation involves the

reduction of arsenate followed by addition of methyl

group generating intermediates viz. monomethyl

arsenite, dimethyl arsenate, dimethyl arsenite and

trimethyl arsine (Kruger et al. 2013; Thomas and

Rosen 2013). The primary role of these processes is to

reduce arsenic toxicity to bacterial cells. The oxidation

of arsenite by bacterial strains to arsenate is an

essential step of detoxification in microorganisms.

Arsenite oxidation has been studied in several

bacteria including Acinetobacter calcoaceticus,

Acinetobacter soli (Goswami et al. 2015), Alcaligenes

faecalis SRR-11 (Chang 2015), Bacillus sp., Aneurini-

bacillus aneurinilyticus (Dey et al. 2016), Bacillus

flexus strain As-12 (Jebeli et al. 2017), Pseudomonas

chengduensis (Jebelli et al. 2018), Klebsiella pneu-

moniae strain SSSW7 (Mujawar et al. 2019), Bacillus

cereus, Lysinibacillus boronitolerans (Aguilar et al.

2020) and Bacillus firmus L-148 (Bagade et al. 2020).

Arsenite oxidation mainly depends on aio genes

belonging to aioSRABcytC operon conferring resis-

tance to arsenite (Kashyap et al. 2006; Muller et al.

2007). It consists of sensor kinase gene aioS, regulator

gene aioR, arsenite oxidase enzyme encoded by aioAB

gene, c-type cytochrome gene cytC2/aioC and molyb-

dopterin biosynthesis gene, chlE/aioD (Santini and

vanden Hoven 2004; Kashyap et al. 2006; Koechler

et al. 2010). The presence of aioRSABC operon has

been reported in Rhizobium sp. strain NT-26 and

Achromobacter sp. SY8 (Santini and vanden Hoven

2004; Cai et al. 2009a, b). Previously the presence and

involvement of aioR, aioS and RpoN sigma factor in

arsenite oxidation has been reported in Agrobacterium

tumefaciens 5A and Herminiimonas arsenicoxydans

(Koechler et al. 2010; Sardiwal et al. 2010; Kang et al.

2012).

In the present communication, we have identified

and biologically characterized arsenite oxidizing bac-

terial strain from the waste of agro-industry in Tuem,

Goa, India which displayed high arsenite resistance,

fast arsenite oxidation, peculiar morphological and

cytoplasmic alterations along with the presence of

genes conferring arsenite oxidation and resistance to

multiple metal(loids) in it’s genome.

Materials and methods

Isolation of arsenite resistant bacteria

Soil samples were collected in sterile zip-lock bags

from agro-industry waste, Tuem, Goa, India. Soil

samples were serially diluted in 0.85% saline and

plated on mineral salt medium (MSM) agar amended

with 10 mM of sodium (meta) arsenite and glucose

(0.2%) as a carbon source (Mahtani and Mavinkurve

1979). The agar plates were incubated at 28 �C for

24 h, and morphologically distinct arsenite resistant

bacterial colonies were selected for further

characterization.

Determination of minimum inhibitory

concentration (MIC) of arsenite

Bacterial isolates obtained were spot inoculated on

MSM agar plates with increasing arsenite (0–41 mM)

concentrations. These plates were incubated at 28 �C
for 24 h and checked for visible colonies. Bacterial

isolates showing higher MIC value onMSM agar were

selected for determining their MIC in liquid medium.

To determine MIC in liquid medium selected bacterial

isolates were inoculated inMSM broth with increasing

arsenite concentrations (0–25 mM), and the flasks
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were incubated at 28 �C, 150 rpm for 24 h. Growth

was monitored by taking absorbance at 600 nm using

Biospectrometer (Eppendorf, Germany). The lowest

concentration of arsenite which inhibited growth was

considered as MIC.

Identification of arsenite resistant bacterial strain

The selected arsenite resistant bacterial strain SSAI1

was characterized morphologically and biochemi-

cally, followed by molecular identification. Genomic

DNA of bacterial strain was extracted using Dneasy

Blood and Tissue Kit (Qiagen, Hilden, Germany). The

amplification of 16S rRNA gene was performed using

Nexus Gradient Mastercycler (Eppendorf, Germany)

with universal eubacterial primers 27F and 1495R

(Studholme et al. 1999). Subsequently, the PCR

product was analyzed on 1% agarose gel, purified

and sequenced at Eurofins Genomics (Bangalore,

India). The identification of the bacterial isolate was

performed with BLASTn program, and the sequence

obtained was submitted to GenBank. The phyloge-

netic tree of 16S rRNA gene was constructed by the

neighbour-joining method in the MEGA 7 program

(Kumar et al. 2016).

Growth behaviour of selected bacterial isolate

in the presence of arsenite

The bacterial strain SSAI1 was inoculated in MSM

broth amended with different arsenite (0–25 mM)

concentration and incubated at 28 �C, 150 rpm for

38 h. Growth of the isolate was determined by

recording absorbance at 600 nm at 2 h intervals using

Biospectrometer (Eppendorf, Germany). The experi-

ment was carried out in triplicates and the standard

deviation was determined.

Fourier transformed infrared (FTIR) spectroscopy

The bacterial strain SSAI1 was inoculated in MSM

broth with 10 mM and without arsenite and the flasks

were incubated at 28 �C, 150 rpm for 24 h. The cell

pellet was obtained by centrifugation at 8000 rpm for

10 min, washed with 0.1 M phosphate-buffered saline

(PBS, pH 7.4) and dried in an incubator at 45 �C for

48 h. The dried pellet was ground in the presence of

KBr to a fine powder and IR spectrum was recorded in

the region of 4000–400 cm-1on IR prestige-21 instru-

ment (Shimadzu, Japan).

SEM-EDAX analysis

Bacterial isolate SSAI1 was grown in MSM broth

supplemented with 0.2% glucose along with 10 mM

arsenite as a test and without sodium arsenite as

control at 28 �C, 150 rpm for 24–48 h. The bacterial

cells in exponential phase were harvested by centrifu-

gation at 8000 rpm for 10 min (Eppendorf, Germany)

followed by washing with 0.1 M PBS (pH 7.4).

Bacterial cells were spread on coverslips, fixed

overnight in 2.5% glutaraldehyde and then subjected

to drying in acetone series (20–100%). The samples

were finally then analyzed by SEM-EDAX (Carl-

Ziess, Germany).

TEM-EDAX analysis

Cells grown in the presence (10 mM) and absence of

sodium arsenite were harvested in the exponential

growth phase by centrifugation at 8000 rpm for

10 min. The pellet obtained was then washed in

sodium phosphate buffer (0.1 M, pH 7.2) and fixed in

a mixture of glutaraldehyde (2.5%) and paraformalde-

hyde (2%) prepared in sodium phosphate buffer

(0.1 M, pH 7.2) at 4 �C for 2–3 h. The cells were

further incubated for 1 h in OsO4 and propylene oxide

(1%) followed by dehydration in graded ethanol

series. The samples were embedded in Epon 812

resins, sectioned and analyzed using TEM-EDAX

(TEM-JEOL 2100F, Germany).

Arsenite transformation and bioaccumulation

The bacterial strain SSAI1 was grown in MSM broth

supplemented with 10 mM sodium arsenite and the

flask was incubated at 28 �C, 150 rpm for 24 h. The

ability of strain SSAI1 to transform arsenite to

arsenate in the culture medium was evaluated using

silver nitrate test (Lett et al. 2001). Briefly, culture

suspension (1 mL) was mixed with 0.1 M AgNO3

(1 mL) solution and observed for colour change. The

quantification of arsenate in the cell was performed

using the molybdene blue method as described by

Mujawar et al. (2019).
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Whole Genome sequencing of strain SSAI1

Genomic DNA from strain SSAI1 was extracted using

Dneasy Blood and Tissue Kit (Qiagen, Hilden,

Germany) from overnight grown culture. The whole-

genome shotgun sequencing was performed through

the NextSeq 500 platform at Eurofins Genomics

(Bangalore, India). The functional annotation of genes

was carried out using Gene Ontology (GO) and Kyoto

Encyclopedia of Genes and Genomes (KEGG)

databases. The genes associated with metal resistance

were identified based on sequence similarity to know

metal/metalloid resistance genes in BacMet database.

Preparation of periplasmic and spheroplast

fractions

The SSAI1 cells were grown in MSM broth and

harvested by centrifugation at 8000 rpm for 10 min.

The cell pellet obtained was suspended in suspension

buffer containing 20 mM Tris–HCl, 0.1 mM PMSF

and 10 mMEDTA (pH 8.4) along with sucrose (20%).

The cells were subsequently incubated with 0.5 mg/

mL lysozyme at 28 �C for 40 min and centrifuged at

8000 rpm for 10 min. The supernatant constituting

periplasm was collected in a fresh centrifuge tube, and

the cell pellet containing spheroplast was retrieved,

washed twice in the above buffer and finally resus-

pended in Tris-HC1 buffer. The arsenite oxidase

enzyme activity in periplasmic and spheroplast frac-

tions was determined following the method of Ander-

son et al. (1992). The protein concentration in all the

fractions was estimated through Folin Lowry method

(Lowry et al. 1951) with bovine serum albumin

(Himedia, Mumbai, India) as standard and the specific

enzyme activity was defined as lmol DCIP reduced/

min/mg protein.

Cross tolerance to other heavy metals

and metalloids

The isolate was examined for cross-tolerance to

various other heavy metals/metalloids such as Zn,

Cr, Pb, Ni, Cu, Fe, Mn, As(V) and Cd. It was grown in

MSM broth containing arsenite (5 mM), glucose

(0.2%) and varying concentration of different heavy

metals/metalloid. The flasks were incubated at 28 8C,
150 rpm for 24 h and growth was checked by

measuring optical density at 600 nm using

Biospectrometer (Eppendorf, Germany). The lowest

metal/metalloid concentration that completely inhib-

ited bacterial growth was considered as the MIC for

that metal/metalloid.

Results and discussion

Screening and identification of arsenite resistant

bacteria

The soil samples of the sampling site exhibited 27 �C
temperature and pH was 7.6. Overall, ten morpholog-

ically different arsenite resistant bacterial strains were

isolated from agro-industry waste, Tuem, Goa, India.

Among all the arsenite resistant bacterial isolates,

strain SSAI1 showed the highest MIC of 41 mM

arsenite on solid medium and 25 mM arsenite in liquid

medium, which lead to it’s further characterization.

This strain was Gram-positive, with rod-shaped motile

cells and demonstrated positive reaction for catalase,

oxidase, gelatinase and nitrate reductase. Based on

16S rRNA gene sequence analysis, the strain SSAI1

was identified as Bacillus flexus (Fig. 1) and the

sequence has been submitted to GenBank (accession

number: MH031690). The bacterial strain SSAI1

exhibited high MIC compared to previously isolated

arsenite resistant bacterial isolates. For instance,

bacterial strain Alishewanella sp. GIDC-5 isolated

from an effluent treatment plant exhibited MIC of

18 mM, whereas, Brevibacillus sp. KUMAs2 isolated

from arsenic contaminated soil was reported to

tolerate 17 mM arsenite (Jain et al. 2014; Mallick

et al. 2014). A recent study on Bacillus flexus strain

As-12 has reported to tolerate 5 mM arsenite in liquid

medium (Jebeli et al. 2017) which is much lower than

MIC for strain SSAI1 in the present study. Therefore,

the strain SSAI1 with MIC of 25 mM for arsenite is a

potential candidate for bioremediation of arsenite

contaminated environmental sites.

Growth behaviour of selected bacterial isolate

in the presence of arsenite

The Bacillus flexus strain SSAI1 showed sigmoidal

growth and different concentrations of arsenite sig-

nificantly influenced its growth which was evident

from extended lag phase with increasing arsenite in

MSM broth (Fig. 2). A shift in the initiation of log
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phase was observed from 4 to 6, 12, 16, 20 and 24 h

respectively when cells were exposed to 5 mM,

10 mM, 15 mM, 20 mM and 24 mM arsenite

respectively.

Fourier transformed infrared (FTIR) spectroscopic

analysis

IR spectra analysis of Bacillus flexus strain SSAI1

exposed to arsenite indicated shifting and sharpening

Fig. 1 Phylogenetic tree of 16S rRNA gene sequence of Bacillus flexus strain SSAI1 with other strains of Bacillus constructed using the
neighbour-joining method. (The bootstrap values are based on 1000 replicates)

Fig. 2 Growth behaviour of Bacillus flexus strain SSAI1 grown in the presence and absence of arsenite
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of various peaks as compared to control (Fig. 3).

These peaks could be assigned to various functional

groups present in the biomolecules of bacterial cells

involved in arsenite resistance and bioaccumulation

(Table 1). A clear peak shift from 3278.99 to

3280.92 cm-1 attributed to stretching of carboxylic

acids was observed in arsenite treated cells of strain

SSAI1. Shifting of peaks was also seen in the regions

1700–1500 cm-1 and 1500–1200 cm-1 ascribed to

proteins, peptides and fatty acids present in bacterial

cell wall indicating their interaction with arsenite

(Naumann et al. 1991; Oust et al. 2004). Sharpening

and peak changes were observed in 1200–900 cm-1

region of arsenite exposed cells which can be assigned

to stretching of aliphatic amine and alkenes. Spectrum

changes obtained in this region are attributed to

polysaccharides present within the cell wall indicative

of involvement in arsenite interaction (Naumann et al.

1991; Oust et al. 2004). Peak shifts observed from

867.97 to 891.11 cm-1 and 530.42 to 534.28 cm-1

were assigned to bending of aromatics and stretching

of alkyl halides respectively. Therefore, this study

clearly revealed arsenite interaction with various

functional groups present on the cell wall of arsenite

resistant bacterial strain, which provides various

metal-binding sites leading to its bioaccumulation

(Bueno et al. 2008; Pandi et al. 2009). In Escherichia

coli involvement of several functional groups viz.

alkane, amino, amide and amine in arsenite binding

have already been demonstrated (Wu et al. 2010).

Similarly, studies on Bacillus aryabhattai strain

NBRI014 and Klebsiella pneumoniae strain SSSW7

have demonstrated the interaction of amino, carboxyl

and hydroxyl groups with arsenic (Singh et al. 2016;

Mujawar et al. 2019).

Fig. 3 FTIR spectrum ofBacillus flexus strain SSAI1. Purple-Bacterial cells in the absence of arsenite (control), Golden- Bacterial cells
exposed to 10 mM arsenite
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SEM-EDAX analysis

SEM analysis of the arsenite exposed cells of Bacillus

flexus strain SSAI1 displayed unique morphological

changes where cells fused forming aggregates (Fig. 4a,

c). This may be the possible mechanism of bacterial

cells to overcome arsenite toxicity. It has also been

reported earlier that Pseudomonas aeruginosa RJB-1,

Bacillus circulans RJB-4 and Vogesella indigofera

RJB-C demonstrated reduction in their cell size when

exposed to arsenite as a resistance strategy to

overcome arsenite stress (Banerjee et al. 2011).

Similarly, Acinetobacter sp., Pseudomonas resinovo-

rans, Lysinibacillus sp. B2A1 and Klebsiella pneu-

moniae strain SSSW7 formed long interconnected

chains of cells in the presence of arsenite (Banerjee

et al. 2011; Mujawar et al. 2019; Rathod et al. 2019).

Interestingly, EDAX analysis did not reveal any

arsenic adsorption peak, confirming no arsenite

adsorption at the cell surface and indicating

the possibility of it’s intracellular accumulation

(Fig. 4b, d).

TEM-EDAX analysis

The TEM analysis of the strain SSAI1 exposed to

10 mM arsenite clearly revealed that arsenite

adversely affected the plasma membrane’s integrity

and caused condensation of cytoplasm (Fig. 5a, c).

Furthermore, electron-dense deposits throughout the

cytoplasm were observed in strain SSAI1 demonstrat-

ing intracellular accumulation of arsenic while no such

electron-dense regions were observed in untreated

control cells (Fig. 5a, c). The presence of specific

arsenic peak in the EDAX spectrum of treated cells

also confirmed the intracellular accumulation of

arsenic (Fig. 5b, d). These results have strengthened

our previous findings based on SEM-EDAX analysis.

Similar findings have also been reported in Kocuria

flava strain AB402, Bacillus vietnamensis AB403,

Acinetobacter lwoffii strain RJB-2 and Klebsiella

pneumoniae strain SSSW7on exposure to arsenite

(Banerjee et al. 2011; Mallick et al. 2018; Mujawar

et al. 2019).

Arsenite transformation and bioaccumulation

The silver nitrate test confirmed the ability of strain

SSAI1 to oxidize arsenite to arsenate as there was

formation of light brown silver ortho-arsenate when

cells reacted with silver nitrate. The rate of arsenite

oxidation of strain SSAI1 as determined bymolybdene

blue method was pretty fast as it oxidized arsenite to

arsenate and internalized 7 mM arsenate within 24 h.

The strain SSAI1 was found to be much more efficient

in the oxidation of arsenite to arsenate than previously

reported strains such as Stenotrophomonas panaci-

humi (500 lM within 12 h), Variovorax sp. MM-1

(500 lM within 3 h), Pseudomonas stutzeri (1 mM

within 25-30 h), Alcaligenes faecalis SRR-11 (1 mM

Table 1 IR peak changes/shifts in Bacillus flexus strain SSAI1 exhibiting different functional groups on the surface of bacterial cells

Control cells

(cm-1)

10 mM arsenite treated cells

(cm-1)

Functional groups

3278.99 3280.92 O–H stretch of carboxylic acids

1651.07 1651.07 –C=C– stretch of alkenes

1529.55 1537.27 N–O asymmetric stretch of nitro compounds

1382.96 1373.32 –C–H, bend of alkane

1282.66 1301.96 C–N stretch of aromatic amines, C–O stretch of alcohols, carboxylic acids,

esters, ethers

1217.08 1217.08 C–N stretch of aliphatic amines

1138 1122.57 C–N stretch of aliphatic amines

1062.78 1062.78 C–N stretch of aliphatic amines

987.55 987.55 =C–H bend of alkenes

867.97 891.11 C–H bend of aromatics

530.42 534.28 C–Br stretch of alkyl halides
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within 35–40 h), Achromobacter xylosoxidans TSL-

66 (1 mM within 35-40 h), Bacillus flexus strain As-

12 (45% after 48 h) and Pseudomonas chengduensis

As-11 (48% after 72 h) which makes it a more

economical candidate for future application of detox-

ification of arsenite (Chang et al. 2010; Bahar et al.

2012, 2013; Majumder et al. 2013; Chang 2015; Jebeli

et al. 2017; Jebelli et al. 2018).

Draft genome of Bacillus flexus strain SSAI1

The Whole-genome sequence (WGS) analysis of

arsenite oxidizing Bacillus flexus strain SSAI1 showed

total genome of 4,1,31,040 bps comprising of a single

circular chromosome of 4,046,812 bps and 2 plasmids

with total genome size of 84,228 bps. Annotation

using Prokka version 1.12 identified 4,358 genes with

4269 within the chromosome and 89 genes in the

plasmids. Additionally, 108 tRNA and 7 rRNA genes

were identified on the chromosome of this strain

SSAI1. No rRNA and tRNA encoding genes were

found on the plasmids. Gene ontology annotations of

the genes on the genome across the categories

(biological processes, molecular functions and cellular

components) were carried out through WEGO portal

and Blast2GO platform (Figs. S1 and S2). Total 1,591

and 9 genes were annotated into 22 and 6 functional

pathways categories for chromosomal genome and

plasmids, respectively using the KEGG pathway

database via KAAS (Table S1).

Identification of arsenite oxidase genes

and localization of arsenite oxidase enzyme

It is well known that several genes within the aio

operons present on the genome of microorganisms

confer arsenite resistance (Kashyap et al. 2006; Muller

et al. 2007). In order to reveal genes responsible for

arsenite resistance, whole-genome sequencing and

gene annotations were performed. Interestingly aioAB

Fig. 4 Scanning electron micrograph showing the effect of

arsenite on the morphology of Bacillus flexus strain SSAI1

a Bacterial cells in the absence of arsenite (magnification:

10,000X), b EDAX spectrum of bacterial cells without arsenite,

c Bacterial cells exposed to 10 mM arsenite (magnification:

10,000X) and d EDAX spectrum of bacterial cells exposed to

10 mM arsenite
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genes encoding arsenite oxidase enzyme responsible

for the oxidation of highly toxic arsenite to less toxic

arsenate was identified from the draft genome of

Bacillus flexus strain SSAI1. Previously studies on

Acinetobacter spp., Geobacillus stearothermophilus,

Herminiimonas arsenicoxydans, Pseudomonas stut-

zeri, Polaromonas sp. GM1, P. xanthomarina S11 and

Thiomonas sp.3As have showed aioA gene-mediated

arsenite oxidation (Muller et al. 2007; Arsène-Ploetze

et al. 2010; Chang et al. 2010; Majumder et al. 2013;

Koechler et al. 2015). Additionally, the strain also

showed the presence of glpF, aioS and aioE genes

encoding glycerol uptake protein, sensor kinase and

oxidoreductase, respectively. Due to structural simi-

larity of glycerol, glpF have been reported to transport

arsenite and has been identified in many strains such as

Leishmania major, E. coli and Pseudomonas putida

(Gourbal et al. 2004; Meng et al. 2004; Páez-Espino

et al. 2009). Moreover, the presence of aioR and aioS

genes associated with regulation of arsenite oxidation

have been characterized in various bacterial strains

viz. Achromobacter sp. SY8, Agrobacterium tumefa-

ciens 5A and Herminiimonas arsenicoxydans (Cai

et al. 2009a, b; Koechler et al. 2010; Sardiwal et al.

2010; Kang et al. 2012). The presence of aioE gene

was reported in Agrobacterium tumefaciens GW4 and

found to be induced by arsenite (Wang et al. 2017).

Therefore, the prevalence of aio genes in the genome

of strain SSAI1 further confirmed the potential of

strain SSAI1 to transform arsenite to less toxic

arsenate. However, all these genes were located on

the chromosome and not on plasmids indicated that

chromosomal DNA solely governed arsenite resis-

tance. It is interesting to note that the aioAB gene

which plays a vital role in arsenite detoxification along

with other genes viz. glpF, aioS and aioE involved in

arsenite resistance in Bacillus flexus strain SSAI1 are

being reported for the first time.

The periplasmic fraction of cells showed the

highest enzyme activity of 2.168 lmol DCIP/min/

Fig. 5 Transmission electron micrograph of Bacillus flexus
strain SSAI1. a Bacterial cells in the absence of arsenite

(magnification: 6000X), b EDAX spectrum of bacterial cells

without arsenite, c Bacterial cells exposed to 10 mM arsenite

(magnification: 6000X) and d EDAX spectrum of bacterial

cells exposed to 10 mM arsenite
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mg protein, followed by spheroplast fraction with

enzyme activity of 0.338 lmol DCIP/min/mg protein.

This clearly demonstrated that arsenite oxidase is a

periplasmic enzyme. The periplasmic arsenite oxidase

has also been reported in Rhizobium NT-26, Hy-

drogenophaga sp. strain NT-14 and Ochrobactrum

triticii SCII24 (Santini and Vanden Hoven 2004;

Vanden Hoven and Santini 2004; Branco et al. 2009).

Cross tolerance to other metals and metalloids

and identification of resistance genes

The Bacillus flexus strain SSAI1 showed highest cross

tolerance to arsenate (60 mM) while least tolerant to

cadmium, nickel and copper (i.e. 2 mM each) com-

pared to other metal ions. The MTCs of this strain

SSAI1 for chromium, iron, manganese, zinc and lead

were 12, 12, 10, 6 and 4 mM respectively in MSM

broth. Manymetal andmetalloid resistance genes have

been confirmed as revealed by WGS analysis of the

strain SSAI1 (Table S2). It included resistance genes

and operons to aluminium, arsenic, cadmium, chro-

mium, cobalt, copper, gold, iron, lead, magnesium,

manganese, mercury, nickel, silver, tellurium, tung-

sten and zinc (Fig. 6). Besides chromosomal genome,

plasmids also possessed genes conferring resistance to

nickel, cobalt, cadmium, copper, lead, zinc, arsenic,

manganese and mercury (Fig. 6). These genes on

chromosomal and plasmid genomes are probably

responsible for cross-tolerance in this strain. The

presence of large number of other metal/metalloid

resistance genes along with arsenic resistance deter-

minants make this arsenite oxidizing strain a suit-

able candidate for bioremediation of environmental

sites contaminated with multiple metals and

metalloids.

Nucleotide sequence accession numbers

The complete genome sequences of Bacillus flexus

strain SSAI1 chromosome and two plasmids viz.

plasmid 1 and plasmid 2 have already been deposited

Fig. 6 Graphical representation of metal(loid) resistance gene profile of Bacillus flexus strain SSAI1 genome. aChromosomal genome,

b Plasmid 1 and c Plasmid 2
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in Genbank with accession numbers CP060274,

CP060273 and CP060275 respectively.

Conclusion

In the present investigation arsenite resistant Bacillus

flexus strain SSAI1 from agro-industry waste of Goa,

India has been characterized. This strain showed MIC

of 25 mM arsenite in mineral salts medium (MSM)

and on exposure to 10 mM arsenite demonstrated

rapid arsenite oxidation and internalization of 7 mM

arsenate within 24 h. Transmission electron micro-

scopy coupled with electron dispersive X-ray spec-

troscopic (TEM-EDAX) analysis of arsenite exposed

cells clearly demonstrated ultra-structural changes and

intracellular accumulation of arsenic. Furthermore,

whole-genome sequence analysis of this bacterial

strain interestingly revealed presence of large number

of metal(loid) resistance genes, along with aioAB

genes encoding periplasmic arsenite oxidase respon-

sible for oxidation of highly toxic arsenite to less toxic

arsenate. The whole-genome sequence of this strain

has also clearly demonstrated several other arsenite

resistance genes viz. glpF, aioS and aioE. Therefore,

multi-metal(loid) resistant arsenite oxidizing Bacillus

flexus strain SSAI1 has the potential to bioremediate

arsenite contaminated environmental sites.
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A B S T R A C T

Functional screening of marine metagenomic library resulted in a single protease positive clone (GUSK-1)
containing a 4.0 kbps insert. The DNA insert was sub-cloned using pET-22b expression vector system.
Phenylmethylsulfonyl fluoride (PMSF) caused 28% inhibition of protease activity, while 60% inhibition was
observed with Disodium ethylenediaminetetraacetic acid (EDTA-Na2) suggesting it to be a serine metallopro-
tease. The pH and temperature optima for protease activity were found to be 10 and 70 °C. Bivalent metal cations
such as Mg2+, Fe2+, Mn2+, and Ca2+ enhanced the protease activity indicating their possible role either at the
catalytic site or in the stabilization of the enzyme. Additionally, common organic solvents viz. isopropanol,
ethanol, methanol, butanol, chloroform, and benzene also improved the protease activity. Sequence analysis of
the DNA insert demonstrated an open reading frame (ORF) of 861 bps encoding 286 amino acids corresponding
to a protease belonging to transpeptidase superfamily. In silico docking revealed interesting interactions of this
serine metalloprotease with a gp41 protein of HIV-1 and cell adhesion protein of Listeria monocytogenes.
Therefore, the novel characteristics of this protease make it a potential candidate for various biotechnological
and pharmaceutical industries.

1. Introduction

The marine environment is a diverse source of microorganisms with
a cell count as high as 106–109/mL [1]. Since the potential of marine
microbes is still underexplored, the community of microbiologists is
shifting its focus of research from terrestrial to marine resources [2–4].
Metagenomics has gained a lot of attention as a powerful tool as it can
unveil the uncultivable microbial community constituting > 99% of
the actual microbial population [5–9]. The marine environment is al-
ways under a variety of physiological stresses i.e. temperature, pres-
sure, and salinity that allows the marine microbes to adapt to such
extreme conditions leading to the production of novel bioactive mole-
cules [10–14]. These include diverse industrially important enzymes
such as proteases, lipases, xylanases, amylases, cellulases, and chit-
inases.

Protease diversity and specificity are two valuable characteristics
which have made them industrially important hydrolytic enzymes.
They cover almost 60% of the worldwide sale of enzymes used in
various industries viz. detergent, leather, pharmaceutical and cosmetic
[15–17]. Interestingly, microbial proteases belonging to alkaline,

neutral and acidic categories constitute approximately 45% of the total
sale of proteases. Among these alkaline proteases cover around 30% of
the total enzyme production worldwide due to their extensive use in
detergent, leather, food, feed, textile, organic compound synthesis,
pharmaceutical, silk industries and in the removal of proteinaceous
wastes from the environment [18–25].

Although cloning and expression of alkaline protease genes have
been done extensively through culture-dependent approach [22,24,26],
reports on culture-independent approach are few [27,28]. In the pre-
sent communication, we demonstrate the isolation of a novel serine
metalloprotease gene from marine environment of Goa, India using a
metagenomic approach and subsequent characterization of the protease
enzyme at biochemical as well as at molecular level by employing
various bioinformatics tools.
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2. Materials and methods

2.1. Sample collection, bacterial strains, plasmid vectors and growth
conditions

The sediment samples from various estuarine sites of Goa, India
were collected in sterile zip-lock bags and their physiological para-
meters (moisture content and pH) were recorded. Samples were pro-
cessed immediately for extraction of metagenomic DNA using our
modified method [29]. Escherichia coli JM109 (HiMedia, India) was
used as cloning host and pUC18 (Merck, India) as a cloning vector,
whereas E. coli BL-21(DE3) as an expression host and pET-22b as an
expression vector. Throughout the experiment, E. coli was grown in
Luria-Bertani (LB) medium at 37 °C. The medium was supplemented
with 50 μg/mL as the final concentration of ampicillin in order to screen
positive transformants.

2.2. Construction of metagenomic library and screening of protease positive
clones

The metagenomic library was constructed by partial digestion of
metagenomic DNA with Sau 3A1 followed by ligation of DNA fragments
into Bam HI cut and dephosphorylated pUC18 vector DNA [30]. The
ligation mixture was incubated at 16 °C overnight and subsequently
used for transformation of E. coli JM109 competent cells by heat shock
method [31]. The transformation mix (100 μL) was plated on LB agar
plates amended with ampicillin (50 μg/mL) followed by an overnight
incubation at 37 °C. Colonies appearing on LB agar plate containing
ampicillin (50 μg/mL) were replica plated on (1%) skimmed milk agar
plate supplemented with ampicillin (50 μg/mL) to screen protease po-
sitive clones.

2.3. Sub-cloning and IPTG induced expression of the protease gene

Recombinant plasmid DNA from protease positive metagenomic
clone was extracted and restriction digested with Bam HI. Restriction
digested sample was electrophoresed on 0.8% agarose gel and DNA
insert was purified from the gel using gel extraction kit (Qiagen, Hilden,
Germany) followed by its sub-cloning into an expression vector, pET-
22b and E. coli BL-21 (DE3) as a host. The positive transformant was
grown at 37 °C in LB broth supplemented with ampicillin (50 μg/mL).
IPTG ranging from 0.2mM to 1mM was added to the growth medium
after 6 hours (mid-log phase) and was further incubated at 37 °C. The
bacterial cells were harvested at 11,000 rpm for 10min at 4 °C after
overnight induction by IPTG.

2.4. Purification of protease enzyme

The enzyme from the cell-free supernatant of the positive clone was
purified by ammonium sulfate precipitation method with a range of
30%–80% saturation level and kept overnight at 4 °C on a magnetic
stirrer. The precipitate was harvested by centrifugation at 11,000 rpm
for 20min at 4 °C (Eppendorf, Germany). It was re-suspended in 1ml of
0.1 M sodium carbonate buffer (pH 10) followed by dialysis against the
same buffer by keeping it at 4 °C overnight under continuous stirring
condition. The enzyme obtained was further purified using a DEAE
cellulose column (12 cm×2.5 cm) pre-equilibrated with 0.1M sodium
carbonate buffer (pH 10.0). The column was washed with the same
buffer to remove unbound proteins and the bound protease was eluted
by applying a gradient of increasing concentration of NaCl (0–1M). The
eluted fractions were checked for protein by recording the absorbance
at 280 nm followed by estimation of protease activity as per Kunitz
assay [32] using tyrosine as a standard. All the fractions showing pro-
tease activity were pooled together. One unit of enzyme was defined as
the amount of enzyme required to liberate 1 μg of tyrosine per minute
under standard assay conditions. The protein content of the samples

was estimated using Bradford assay [33] taking bovine serum albumin
(BSA) as a standard.

2.5. SDS-PAGE and Zymography

The purified protein fraction was analysed by SDS-PAGE to de-
termine the molecular weight of protease using 12% polyacrylamide gel
following standard procedure [34] and using a broad range protein
molecular weight marker (New England Biolabs, USA). Zymography
was carried out to check protease activity using 1% casein co-poly-
merized with 12% polyacrylamide resolving gel. The electrophoresis
was performed at a constant voltage of 100 volts using Mini-PROTEAN
Tetra Cell (BIO-RAD, USA). After electrophoresis, the gel was sub-
merged in 2.5% (V/V) Triton X-100 solution and incubated on a rocker
at room temperature for 45min with gentle shaking. Triton X-100 was
removed by washing the gel several times with Milli-Q water followed
by flooding the gel with a renaturing solution, Tris-Cl (pH 8.0) for
1 hour at 25 °C under gentle agitation. The renaturing solution was
decanted after incubation and the gel was incubated overnight at room
temperature in the developing buffer (pH 7.5) containing Tris base,
NaCl, ZnCl2, CaCl2 and Brij 35. The gel was then stained with Coo-
massie brilliant blue R-250 for 4 hours followed by de-staining (me-
thanol: water: glacial acetic acid in the ratio of 4:5:1) until clear band
indicating protease activity appeared on the gel [35].

2.6. Characterization of protease enzyme

Characterization of protease activity with respect to pH, tempera-
ture, metal ions, inhibitors, surfactants and common organic solvents
was done. In order to determine optimum pH for protease activity
different buffers such as glycine-HCl buffer (pH 2.0, 3.0), sodium
acetate buffer (pH 4.0, 5.0, 6.0), sodium phosphate buffer (pH 7.0, 8.0)
and glycine-NaOH buffer (pH 9.0–12.8) were used. Whereas for op-
timum temperature determination, the temperature was varied from
30 °C to 80 °C under standard assay conditions. In order to determine
the effect of various metal ions on protease activity, several metal salts
with concentration ranging from 1mM and 5mM were used viz. CaCl2,
MnCl2, ZnSO4, PbSO4, FeSO4, MgSO4, NiSO4 and CoCl2. The enzyme
was incubated in respective metal solution for 30min prior to assay and
residual enzyme activity in terms of percentage was estimated con-
sidering the control as 100%. Similarly, the effect of various enzyme
inhibitors such as β-mercaptoethanol (β-ME), dithiothreitol (DTT),
EDTA-Na2, and PMSF on protease activity at 1mM and 5mM was de-
termined. Effect of common organic solvents on enzyme activity at 5%
and 10% levels (V/V) was also checked. These solvents included bu-
tanol, isopropanol, ethanol, methanol, chloroform, benzene, and to-
luene. The enzyme was mixed with solvents separately, incubated for
1 hour at 40 °C and residual enzyme activity were recorded. All ex-
periments are performed in triplicates.

2.7. Statistical analysis

Data analysis was carried out using the statistical package,
GraphPad Prism version 7.03 (GraphPad Software, La Jolla California,
USA). One way ANOVA was used to test the variation between the
temperatures and pH with respect to enzyme activity as well as enzyme
stability. Results were considered to be statistically significant if
p < 0.05.

2.8. Sequence analysis of DNA insert

The 4.0 kbps insert was sequenced by employing next-generation
sequencing using Illumina MiSeq (Illumina, USA) and the obtained
sequenced reads were assembled into one contig (CLC genomics
workbench, QIAGEN, Denmark). The sequence reads as FASTQ files
were submitted to Sequence Read Archive (SRA) in NCBI. It was
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analyzed using NCBI ORF finder to search for the open reading frames
present in the DNA sequence.

2.9. Physiochemical properties of protease

The physicochemical characterization of the protease for theoretical
measurements was done using ExPASy’s ProtParam tool (http://web.
expasy.org/protparam/) [36]. The parameters such as amino acid
compositions, isoelectric point, molecular weight, total number of po-
sitive as well as negative charged residues, instability index, extinction
coefficient, Grand Average of Hydropathy (GRAVY) and aliphatic index
were determined in the analysis.

2.10. Phylogenetic analysis and homology modeling

The ORF’s were subjected to BLAST analysis to determine the
identity as well as homology of the sequences [37]. The ORF corre-
sponding to protease was used to deduce the encoded protein. The
encoded peptide sequence along with closely related sequences were
aligned and evolutionary relatedness of the peptide was inferred using
neighbor-joining method in MEGA 7.0 [38].

The three dimensional (3-D) structure of this protein was con-
structed using the Swiss- Model Server [39]. The constructed model was
assessed using several protein model assessment tools at the Swiss-
Model server comprising of various local and global quality estimation
parameters. This model was further assessed and verified by several
programs viz. PROCHECK [41], VERIFY3D [42] and ERRAT [43,44]
using the verification server, SAVES. This model was also evaluated
using Phyre 2.0 software, which predicts the α and β-strands in the 3-D
model [45].

2.11. Protein-protein docking studies

Patchdock server was used as a tool to dock gp41 coat protein (PDB
ID: 3U91) of HIV-1 and cell adhesion protein of Listeria monocytogenes
(PDB ID: 4EZG) with identified metagenomic protease [46]. Structures
showing minimum atomic contact energies were downloaded and
viewed using PyMOL software.

3. Results

3.1. Metagenomic DNA isolation and library construction

The pH of the collected sediment samples ranged from 7.9 to 8.2
while moisture content ranged from 59 to 65%. The concentration of
the extracted DNA ranged from 1185 to 4579 μg/g using our modified
method, Shamim et al. [29]. This DNA was used to construct a meta-
genomic library in E. coli JM109 carrying pUC 18. Approximately
25,000 recombinant clones were obtained.

3.2. Screening and sub-cloning of protease positive clone

Functional screening of approximately 25,000 clones of metage-
nomic library resulted in one protease positive clone i.e. GUSK-1. DNA
insert of approx. 4.0 kbps was confirmed by restriction diagnostic
analysis of this positive clone with Bam HI restriction endonuclease
(Supplementary data Fig. 1). Sub-cloning of the protease positive insert
in expression vector system resulted in overexpression of protease
which was evident from the skimmed milk agar plate supplemented
with ampicillin (Supplementary data Fig. 2).

3.3. Purification of protease, SDS-PAGE and zymogram analysis

Maximum protease activity was observed at 70% ammonium sulfate
precipitation. This concentrate was purified using DEAE cellulose
column and the protein fractions showing good protease activity

(Table 1) were pooled together for SDS-PAGE. The purified protease
enzyme showed a single band of approximately 40 kDa on SDS-PAGE
when compared with protein molecular weight marker. The zymogram
analysis revealed single band showing a zone of clearance against dark
blue background confirming protease activity. This zone of clearance
was a result of casein hydrolysis caused by a protease from a metage-
nomic marine library (Supplementary data Fig. 3).

3.4. Effect of temperature and pH on protease activity

The optimum temperature and pH for maximum enzyme activity of
this protease from clone GUSK-1 were observed to be 70 °C and 10
respectively (Supplementary data Figs. 4 and 5). A significant variation
was observed at all temperatures and pH using one way ANOVA
(p < 0.0001; F= 20106 and 32114 respectively). Interestingly, this
protease showed 100% stability at 70 °C (p < 0.0001; F=715.9) for
one hour, however, the enzyme activity declined to 78.91% at 80 °C
(Supplementary data Fig. 6). It also showed 100% stability at pH 10.0
(p < 0.0001; F=2363405) but the enzyme activity declined to
95.83% at pH 12.0 (Supplementary data Fig. 7). This could be due to
the alkaline nature of sediment samples that were used for extracting
the metagenomic DNA. These interesting characteristics i.e. thermo-
stability and tolerance to high pH mark its potential for industrial ap-
plications, especially in detergent and leather industries.

3.5. Effect of metal ions, organic solvents, and inhibitors on enzyme activity

The activity of the protease from a metagenomic marine library was
found to be significantly enhanced in presence of most of the bivalent
cations used in the study. The maximum increase in enzyme activity
was observed in case of Mg2+ ions (5mM) i.e. by 88% followed by
Fe2+, Mn2+ and Ca2+ ions i.e. 63%, 46% and 34% respectively at pH
10 and temperature 70 °C (Supplementary data Table 1) suggesting
their possible involvement at the catalytic site of protease in addition to
their role in stabilization of the enzyme [47]. The protease activity was
slightly inhibited in presence of 5mM Pb2+ (3%) and Co2+ (2%).

Protease from the metagenomic marine library also demonstrated a
high tolerance to commonly used organic solvents viz. isopropanol,
chloroform, ethanol, methanol, butanol, benzene and toluene which
was evident from the substantial increase in protease activity in pre-
sence of 10% solvents at pH 10 and temperature 70 °C (Supplementary
data Table 2). While in case of inhibitors, enzyme activity was sig-
nificantly inhibited in presence of EDTA-Na2 (5mM) as only 40% re-
sidual protease activity was observed, confirming it to be a metallo-
protease. Moreover, even PMSF (5mM) was found to inhibit the
enzyme activity up to 28% suggesting it to be a serine protease
(Supplementary data Table 3). Interestingly, iodoacetate (5 mM), a
potent cysteine protease inhibitor enhanced the enzyme activity
proving that this protease did not belong to cysteine proteases [25].
Additionally, the enzyme activity got enhanced in presence of 5mM
DTT and β-mercaptoethanol indicating a possible role of these reducing
agents in enzyme stability.

Table 1
Purification of serine metalloprotease.

Enzyme Sample Total
enzyme
activity
(U)

Total
Protein
content
(mg/mL)

Specific
enzyme
activity
(U/mg)

Purification fold

Crude enzyme 121.06 2.25 53.80 –
Purified

enzyme
193.46 0.86 224.95 4.18
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3.6. DNA sequence analysis

Next-generation sequencing of the 4.0 kbps DNA insert resulted in a
sequence of 4040 bps with 24 ORFs as revealed by ORF finder. The
entire DNA sequence has already been submitted to NCBI (Accession
No. SRP112498). The nucleotide to protein BLAST (blastx) analysis of
ORFs revealed the presence of one ORF encoding protease (ORF 4)
which possessed 861 nucleotide pairs encoding for 286 amino acid
residues. Other ORFs didn’t code for any of the hydrolytic enzymes. The
deduced peptide sequence showed a significant homology with a pep-
tidase belonging to transpeptidase superfamily and serine was observed
to be a conserved amino acid residue in the catalytic site of enzyme
which is one of the characteristic features of transpeptidase super-
family.

3.7. Physicochemical properties of serine metalloprotease

The PostParam analysis of serine metalloprotease resulted in in-
stability index of 41.26, pI value of 5.69, the molecular weight of
31.55 kDa and a total number of positively as well as negatively
charged amino acids were 30 and 36 respectively. The extinction
coefficient which is in direct correlation with the tryptophan, cysteine,
and tyrosine content, was found to be 28085M−1 cm−1 at 280 nm for
serine metalloprotease. The GRAVY value which predicts the hydro-
phobicity and solubility of any proteins was −0.099. The higher value
of aliphatic index i.e. 94.55 indicates the stability of serine metallo-
protease over a wide range of temperature.

3.8. Phylogenetic analysis of serine metalloprotease

Metagenomic serine metalloprotease demonstrated 93% homology
with Shewanella baltica (WP_006086906.1), Vibrio sp. (ANP66759.1 and
NP_799737.1), Thermococcus thioreducens (WP_055430299.1), Bacillus
sp. (1WMD_A and AJF89972.1), Alteromonas sp. (AAC60459.1) and
Mortierella elongata (OAQ29870.1) (Fig. 1). The scale bar was found to
be 0.2 which indicates 20 amino acid substitutions per 100 positions.

3.9. Model prediction and assessment

In the current study, the best model of protease enzyme (Fig. 2) was
chosen using Swiss-Model Server which gave Z-scores of −1.365 [48],
QMEAN6 scores of 0.653 [49] and Dfire energy value of −414.90 kJ

mol1 [50]. The local model quality estimation based on Anolea,
Gromos, and QMEAN6 (Supplementary data Fig. 8) also validated the
quality of the protease model [51]. The QMEAN Z-score is the degree of
nativeness of any given model and it helps in predicting the model
quality i.e. whether the provided model is of comparable quality to the
experimental structure or not. The analysis of Z-scores of an individual
model helps in identification of the geometrical features of that protein
model.

Further validation of this model using PROCHECK software clearly
demonstrated that the amino acid residues located in the most favoured
region is 73.2% and amino acid in the disallowed region is only 1.9%.
Therefore almost 98.1% of the amino acid residues are in favoured and
allowed regions. The analysis of the Ramachandran plot classifies the
residues according to their region in the quadrangle. The yellow area of
the graph represents the allowed regions while the red area represents
the most allowed regions. Glycine is indicated by triangle and rest of
the residues are represented by squares (Fig. 3). ERRAT analysis of this
model resulted in an overall quality factor of approximately 88.59. The
VERIFY3D analysis determined the compatibility of 3D with its own 1D
model showing 86.27% match resulting in an average 3D-1D Score
of > 0.2. The SAVES software also passed this model for further stu-
dies. The evaluation of 3-D model using Phyre 2.0 revealed that α-helix
is 49%, β-strand is 14% and only 12% is disordered confirming it to be
the best possible model as the disorder percentage is< 50% (Supple-
mentary data Fig. 9).

3.10. In silico docking studies

In silico studies using our serine metalloprotease interestingly re-
vealed docking of the serine metalloprotease (shown in green) with
gp41 coat protein (PDB ID: 3U91) of HIV-1 (shown in red) and cell
adhesion protein of L. monocytogenes (PDB ID: 4EZG). The amino acid
residues of the serine metalloprotease SER 74 and SER 138 docked
against ARG 20 of the gp41 coat protein of HIV-1 (Fig. 4) whereas GLU
211 and LYS 55 of serine metalloprotease interacted with ASN 103 and
SER 218 of cell adhesion protein of L. monocytogenes respectively
(Fig. 5).

4. Discussion

A metagenomic approach has been employed to isolate and char-
acterize a novel protease from estuarine sediments. The experimental
procedures used for extraction of metagenomic DNA from estuarine
sediments often lead to co-extraction of humic substances which may
cause partial or total inhibition of enzyme-mediated molecular reac-
tions [52] therefore, isolation of pure as well as intact metagenomic
DNA from the sediment samples is a major constraint. Our previously
published method [29] removes these contaminants and maintains the
integrity of the metagenomic DNA for subsequent molecular studies.

Fig. 1. The phylogenetic tree of serine metalloprotease from metagenomic
clone GUSK-1. Evolutionary relationship of the serine metalloprotease from
GUSK-1 with serine proteases from other bacterial strains using Maximum
Likelihood method in MEGA 7. The bootstrap values are based upon 10000
replicates.

Fig. 2. Best predicted 3-D model of serine metalloprotease using Swiss Model
server. The best model of serine metalloprotease was chosen using Swiss Model
Server which gave Z-scores of −1.365, QMEAN6 scores of 0.653 and Dfire
energy value of −414.90 kJ mol−1 respectively.
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Since the previous studies have reported that the cloned genes for
protease lied in a range of 0.5 to 2.8 kbps [53], a plasmid cloning vector
was chosen for the synthesis of a functional recombinant protein.
Functional screening of the metagenomic library resulted in a single
protease positive clone, GUSK-1. This could be an indicative of the
difference in expression level of diverse taxonomic groups as per the use
of expression systems. The optimum IPTG concentration for over-
expression of the protease was found to be 1.0 mM. Similar studies

regarding cloning and expression of protease gene have already been
reported from various metagenomic libraries [27,28,54–62].

The reported molecular weight of proteases from metagenomic
approach ranges from 41–63 kDa [27,54–56,63] indicating the diverse
nature of sources in contrary to cultural dependent approach. It is im-
mensely important for a biocatalyst to have a high enzyme activity as
well as stability to be a potential candidate for industrial applications
[21]. The protease from GUSK-1 clone proved to be thermophilic and
alkalophilic in nature as it showed maximum activity as well as stability
at high temperature and pH. In earlier reports, alkaline proteases from
metagenomic sources have shown different temperature and pH op-
timas ranging from 42 °C to 55 °C with pH from 8.0 to 10.0
[27,54,56,63]. Moreover, this protease also showed better character-
istics than the alkaline proteases reported from cultivable Bacillus sp
[19,22,64]. demonstrating that the metagenomic approach is an ex-
tremely useful tool for isolation of industrially valuable enzymes.

Protease activity was found to increase in presence of most of the
bivalent cations used in this study elucidating their possible role at the
catalytic site of the enzyme. There are similar reports on the enhance-
ment of enzyme activity in presence of Ca2+ ions by metagenomic
proteases [54–56,63] and also in case of cultivable bacteria, Bacillus sp.
JB-99 and Bacillus cereus SIU1 [43,65]. On the other hand, common
organic solvents significantly enhanced the protease activity which
could be due to alterations in the catalytic site attributable to breakage
of hydrogen bonds, hydrophobic interactions bringing about some po-
sitive conformational changes in the protein structure [39]. Isopropanol
(1%) has been reported to enhance the enzyme activity by 25% for
alkaline protease from metagenomic sources whereas 2.5% isopropanol
enhanced the activity by 10% as compared to that of control [27,54].
This valuable characteristic of a metalloprotease from GUSK-1 i.e.,

Fig. 3. Ramachandran plot for serine metalloprotease using PROCHECK soft-
ware. This plot revealed that up to 73.2% amino acid residues were located in
the most favoured region confirming the validity of the 3-D model.

Fig. 4. Docking of serine metalloprotease (in green) with the gp41 coat protein
of HIV-1 (in red). Amino acid residue SER 74 and SER 138 of serine metallo-
protease are docking with amino acid residue ARG 20 of the coat protein of
HIV-1 (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Fig. 5. Docking of serine metalloprotease (in green) with cell adhesion protein
of L. monocytogenes (in red). (a) Amino acid residue GLU 211 of serine me-
talloprotease docking with amino acid residues ASN 103 of cell adhesion pro-
tein of L. monocytogenes respectively (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
(b) Amino acid residue LYS 55 of serine metalloprotease docking with amino
acid residues SER 218 of cell adhesion protein of L. monocytogenes respectively.
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increase in enzyme activity in presence of solvents makes it a beneficial
candidate for the peptide synthesis industries.

Enzyme inhibitors like EDTA-Na2 and PMSF are known to inhibit
proteases isolated from different metagenomic sources [55,56,63] as
well as from Bacillus lehensis [25]. The inhibition pattern of the isolated
protease was also in line with the above studies and hence was con-
firmed to be a serine metalloprotease. However, the enzyme activity
was also enhanced in presence of 5mM DTT and β-mercaptoethanol
suggesting a possible role of these reducing agents in increasing enzyme
stability.

Eventually, the 4.0 kbps DNA insert was sequenced to confirm the
identity of the protease to be one from transpeptidase superfamily.
Interestingly, we found that protease from a metagenomic marine li-
brary showed a significant homology (93%) to the serine proteases from
other bacteria.

The instability index was found to be> 40 indicating that serine
metalloprotease may remain unstable if not stored in a correct solvent.
The GRAVY value indicates a higher enzyme hydrosolubility which
corroborates with the residual activity measured in presence of
common organic solvents. Similarly, the aliphatic index shows higher
value indicating stability of the enzyme at a wide range of temperature
thereby supporting our experimental observation [36,66–68].

The evaluation of three-dimensional (3-D) model of a protein pro-
vides valuable information for studies related to site-specific inhibitors,
disease-associated mutations and site-specific mutagenesis [69]. This
further helps in manipulating the cellular and biochemical functions of
an enzyme/protein [70]. The 3-D structure of serine metalloprotease
from GUSK-1 has been well predicted and evaluated. There is a single
earlier report describing the 3-D model of an alkaline metagenomic
protease, eventually identified as serine protease from a saline habitat
[52].

Proteases play a crucial role in several pathological and pathophy-
siological processes [71]. Docking studies clearly demonstrated that the
protease encoded by the ORF 4 of metagenomic clone GUSK-1 may be
useful in designing drugs against HIV-1 and L. monocytogenes which are
serious human pathogens. In case of HIV-1, combination therapies in-
volve the usage of drugs targeting the HIV- protease and reverse tran-
scriptase. However, a major drawback is that viruses may develop re-
sistance or the drug may even cause side effects in humans. Therefore,
there is a need for an alternative approach that can target the virus at
an initial stage. This implies that the entry of HIV-1 needs to be blocked
which is mediated primarily by two glycoproteins i.e. gp120 and gp41
[72]. On the other hand, L. monocytogenes being an intracellular food-
borne pathogen mostly targets an immunocompromised host. Listeria
adhesion protein (LAP) plays an important role in crossing the barrier
via paracellular route [73]. Thus, blocking LAP may serve as a re-
sistance mechanism against L. monocytogenes. There has also been a
report of a metagenomic metalloprotease showing fibrinolytic activity
that could be used to develop therapeutic agents for the treatment of
thrombosis [55]. It is interesting to note that there is no report so far
about serine metalloprotease from marine environments using meta-
genomic approach targeting human pathogens viz. HIV-1 and L.
monocytogenes. Therefore, such environments should be explored for
development of novel therapeutics.

5. Conclusion

Microbial diversity is the primary source for biotechnological pro-
ducts, specifically the uncultivable microbial community, which may
produce novel enzymes with enhanced properties to meet the in-
creasing commercial demands. In this study, next-generation sequen-
cing (NGS) analysis of the DNA insert clearly revealed an ORF encoding
a serine metalloprotease belonging to transpeptidase superfamily.

This serine metalloprotease exhibited tolerance to high tempera-
ture, pH, bivalent metal ions and common organic solvents.
Additionally, the interesting interactions of this serine metalloprotease

with the gp41 coat protein of HIV-1 and cell adhesion protein of Listeria
monocytogenes suggests its potential role in designing drugs against
these human pathogens.

This study on characterization of a thermostable and alkaline serine
metalloprotease has clearly verified the significance of metagenomics in
exploring novel bioactive compounds valuable for several biotechno-
logical and pharmaceutical industries.
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A B S T R A C T

Tellurite reducing bacterial strain was isolated from Zuari estuary, Goa India which could tolerate 5.5 mM
potassium tellurite with a minimum inhibitory concentration of 6mM. This strain was designated as GUSDZ9
and was identified as Shewanella baltica (accession number: MF350629) based on 16S rRNA gene sequencing and
BLAST analysis. The Diethyl-dithiocarbamate based colorimetric analysis clearly demonstrated a complete re-
duction of 2 mM tellurite to elemental tellurium during the late stationary phase. Te Nanoparticles (TeNPs)
biosynthesis which initiated at early log phase (i.e. 4 h) was evidently monitored through colour change and a
peak due to surface plasmon resonance at 210 nm using UV–Vis spectroscopic analysis. X-ray crystallographic
studies and transmission electron microscopy revealed unique nano-rods with a diameter ranging from 8 to
75 nm. Energy dispersive X-ray analysis further confirmed the presence of pure tellurium. The biogenic TeNPs at
10 and 5 µg/mL evidently demonstrated 90% degradation of methylene blue dye and anti-biofilm activity
against potential Gram-positive and Gram-negative human pathogens respectively. The alkaline comet assay
revealed time and dose-dependent genotoxicity at concentrations higher than 15 µg/mL of TeNPs. This study
clearly demonstrated the potential of Shewanella baltica strain GUSDZ9 in bioremediation of toxic tellurite
through bio-reduction into elemental tellurium and involvement of biogenic TeNPs in the photo-catalytic re-
duction of methylene blue and anti-biofilm activity. This is the first report of its kind on the synthesis of biogenic
TeNPs from Shewanella baltica demonstrating photo-catalytic, anti-biofilm activity as well as genotoxicity.

1. Introduction

Estuarine environment is the most common dumping site for in-
dustrial, electronic and mining wastes. Consequently, estuaries are
heavily contaminated with various persistent toxic metals viz. Cu, Hg,
Cd, Pb and metalloids viz. Se, Te, As posing a serious threat to aquatic
biota including microorganisms (Tchounwou et al., 2012). During the
last several decades, metal and metalloid bioremediation of polluted
sites using metal/metalloid resistant microorganisms have been studied
extensively (Satyanarayana et al., 2012; Khalilian et al., 2015; Gupta
et al., 2016). Tellurium (Te) is a metalloid present at 0.027 ppm con-
centration in the earth crust. It occurs in the environment as inorganic,
unstable telluride [Te2-], water-soluble, toxic tellurate [TeO4

2-] and
tellurite [TeO3

2-]; organic form as dimethyl telluride (CH3TeCH3) and

elemental tellurium (Te°). Industrially Te and its compounds find ap-
plications in solar panels, glasses, rubber, photocopying machine, metal
alloys, rechargeable batteries, semiconductors in electronics, protein
crystallographic analysis and as catalysts in various chemical processes
(Chasteen et al., 2009; Naumov, 2010).

Tellurite is highly toxic to microorganisms at concentrations as low
as 1 µg/mL (Taylor, 1999). The toxicity of tellurite is of great concern to
prokaryotes as well as eukaryotes since its lethal concentration is sev-
eral folds lower than that of other metals viz. Fe, Hg, Cd, Cu, Cr, Zn, Co
and Se which is a metalloid (Chasteen et al., 2009; Presentato et al.,
2016). Some microorganisms have evolved resistance mechanisms such
as reduction of tellurite to black elemental tellurium, intracellular and
extracellular accumulation of reduced tellurium and volatilization by
methylation (Trutko et al., 2000; Basnayake et al., 2001; Fuentes et al.,
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2007; Chasteen et al., 2009). Few tellurite resistant marine bacteria
have already been reported for their possible role in tellurite bior-
emediation (Rathgeber et al., 2002; Csotonyi et al., 2006; Amoozegar
et al., 2008; Ollivier et al., 2008; Kim et al., 2012; Arenas et al., 2014;
Borghese et al., 2014; Soda et al., 2018; Valdivia-González et al., 2018).

Bioreduction of soluble tellurite to insoluble elemental tellurium by
microorganisms can occur with the formation of nanostructured parti-
cles. Since reductive biotransformation and synthesis of nanostructures
proceed contextually, the use of estuarine microbes for simultaneous
tellurite bioreduction in polluted environments and biogenesis of na-
nomaterials appears highly promising and economically attractive.
Microbially-mediated strategies for nanoparticle synthesis are en-
vironment-friendly because they occur in mild reaction conditions
avoiding energy-intensive procedures as well as the use of highly toxic
stabilizing reagents, which are usually associated with physical and
chemical approaches (Xi et al., 2005; Kaushik et al., 2010). There are
few strains of bacteria which have been reported to synthesize TeNPs
and include Bacillus sp., Rhodococcus aetherivorans, Rhodobacter capsu-
latus, Bacillus selenitireducens, Sulfurospirillum barnesii and Shewanella
oneidensis (Klonowska et al., 2005; Baesman et al., 2007; Kim et al.,
2012; Zare et al., 2012; Borghese et al., 2014; Presentato et al., 2016).

Nanoparticles are in high demand in various fields viz. medicine,
electronic, catalyst, biosensors, paint, glass, alloy and battery industries
(Li et al., 2011). Te in nano-dimensions possesses unique properties
such as high surface to volume ratio, piezo-thermoelectrical, photo-
conductivity, catalytic and non-linear optical characteristics which
have attracted the attention of several researchers around the world
(Liu et al., 2003; Kurimella et al., 2013). More recently, Te and Cd
quantum dots have been reported to have great potential in solar cells
and imaging (Liu et al., 2003; Li et al., 2014). Application of nano-
particles in photo-catalytic degradation of toxic and hazardous effluents
containing dyes, phenols and pesticides from textile, paper and agro-
industries has drawn a lot of attention from environmental scientists.
Since current methods employed for the degradation of organic pollu-
tants are laborious and expensive, there is a pressing need for safe,
efficient and eco-friendly methods to treat these organic pollutants.
Thus, the use of nanoparticles in photo-catalytic degradation of organic
pollutants may prove to be a better alternative.

Nanoparticles also find applications in medicine as antimicrobial
agents to treat bacterial infections resistant to multiple antibiotics. Over
the last few decades, the effectiveness of antibiotic treatment has de-
creased significantly due to the emergence of bacterial resistance to
multiple antibiotics in hospital and community settings. The problem is
particularly more serious in the treatment of biofilm-associated mi-
crobial infections. Therefore, there is an urgent need to develop novel
nanomaterial-based antimicrobials possessing high bactericidal activity
against biofilm forming pathogenic microorganisms.

However, with the profound use of nanoparticles in biomedical
applications viz. antibacterial therapy and drug delivery, along with
enhanced exposure to nanomaterials in everyday life, it is mandatory to
investigate the toxicity of these nanoparticles. Under these circum-
stances, the genotoxicity of nanomaterials is a burgeoning issue in the
area of nanotechnology. Although the genotoxicity of chemically-syn-
thesized nanoparticles has been studied extensively, the genotoxicity of
biologically-synthesized nanomaterials is scarcely reported (Foldbjerg
et al., 2011; Ghosh et al., 2012; De Lima et al., 2013; Lebedová et al.,
2017). Moreover, there are no reports on the genotoxicity of TeNPs
even though they have been already studied for their antimicrobial and
anti-biofilm applications (Lin et al., 2012; Zare et al., 2012; Mohanty
et al., 2014; Pugin et al., 2014; Srivastava et al., 2015; Zonaro et al.,
2015). Thus, it is highly imperative to study the genotoxic effect of
biogenic TeNPs, intended for biomedical and environmental applica-
tions.

In the present study, the tellurite reduction potential of Shewanella
baltica strain GUDSZ9 from Zuari estuary Goa, India, is discussed along
with the simultaneous synthesis of TeNPs. We have also studied the

potential application of these biogenic TeNPs in photo-catalytic de-
gradation of methylene blue dye, anti-biofilm activity and genotoxicity
against human lymphocytes.

2. Materials and methods

2.1. Materials

All the chemicals used for the present study were of certified ana-
lytical grade and were procured from Himedia (Mumbai, India) unless
specified otherwise.

2.2. Enrichment and isolation of tellurite reducing estuarine bacteria from
Zuari estuary, Goa, India

Estuarine surface water was collected from the Zuari estuary Goa,
India (Latitude: 15°24’31.03’’N, Longitude: 73°53’31.02’’E and tem-
perature: 27 °C) using a sterile polycarbonate bottle. One mL of water
sample was added to 50mL Zobell Marine Broth (ZMB) supplemented
with 0.5 mM potassium tellurite (K2TeO3) and was incubated at
28 ± 2 °C on a shaker at 150 rpm for 48 h. Isolation of tellurite redu-
cing bacteria was done by dilution plating of the enriched sample on
Zobell marine agar (ZMA) plates amended with 2mM K2TeO3 and
plates were incubated at 28 ± 2 °C for 24 h. Discrete black coloured
colonies were re-streaked on ZMA plates without K2TeO3 in order to
ensure that blackening of the colonies was certainly due to the reduc-
tion of K2TeO3 to elemental tellurium and not because of bacterial
pigment. Morphologically distinct tellurite reducing bacterial colonies
were selected for further studies.

2.3. Determination of minimum inhibitory concentration (MIC) of tellurite

Total 20 bacterial isolates were selected and spot inoculated on
ZMA plates with increasing concentrations of K2TeO3 (0–20mM). These
plates were incubated at 28 ± 2 °C for 24 h and were checked for the
appearance of metallic black coloured colonies. The minimum con-
centration of tellurite at which no visible colonies were obtained was
designated as MIC. Ten bacterial isolates with the high MIC on ZMA
plates were selected for determining the MIC in ZMB. MIC in liquid
medium was determined by inoculating the selected bacterial isolates in
ZMB with various concentrations of K2TeO3 (0–20mM). The flasks were
incubated at 28 ± 2 °C for 24 h and absorbance at 600 nm was re-
corded. The lowest concentration of tellurite which inhibited growth
was considered as MIC. Out of ten isolates, the bacterial strain ex-
hibiting the highest MIC in ZMB for K2TeO3 was considered for further
characterization.

2.4. Identification of potential tellurite reducing bacterial strain

The selected tellurite-resistant strain was characterized morpholo-
gically and biochemically followed by molecular identification. DNA
extraction of the tellurite reducing bacterial strain was carried out using
Dneasy® Blood & Tissue Kit (Qiagen, Hilden, Germany). The 16S ribo-
somal RNA gene (16 S rRNA) was amplified with 27 F (5' AGAGTTTG
ATCMTGGCTCAG 3') and 1492R (5' TACGGYTACCTTGTTACGACTT 3')
universal eubacterial primers using Nexus Gradient Mastercycler
(Eppendorf, Germany). The PCR amplicon was analysed on 1% agarose
gel followed by purification using Wizard SVGel and PCR clean-up
system (Promega, USA). The 16S rRNA gene was sequenced at Eurofins
Genomics Bangalore, India. The DNA sequence was analysed by BLAST
(Altschul et al., 1990) and submitted to GenBank. Neighbor-joining
method was used for the construction of a phylogenetic dendrogram
using MEGA 7 package (Tamura et al., 2013).
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2.5. Growth behaviour of potential tellurite reducing bacterial strain

The potential tellurite reducing bacterial strain GUSDZ9 was in-
oculated in ZMB supplemented with different concentrations (0–6mM)
of K2TeO3 under constant shaking at 150 rpm and temperature at
28 ± 2 °C for 48 h. The growth behaviour of the strain at various
concentrations of K2TeO3 was monitored by recording the absorbance
at 600 nm at specific time intervals using UV–Vis spectrophotometer
(Shimadzu model-1601, Japan). The experiment was carried out in
triplicates and the standard deviation was determined.

2.6. Tellurite uptake studies using selected tellurite reducing bacterial strain

Tellurite uptake was estimated by modified diethyldithiocarbamate
(DDTC) colorimetric assay (Turner et al., 1992). The bacterial strain
was grown in ZMB with 2mM K2TeO3 and after every 4 h, 0.5 mL
culture aliquots were removed and centrifuged at 9727× g for 10min.
The supernatant (100 µL) was added to the tube containing 0.3M Tris
buffer (pH 7) and 2mM DDTC and absorbance was recorded at 340 nm
in order to determine unreduced tellurite remaining in the supernatant.
The assay was carried out in triplicates and the standard deviation was
determined.

2.7. TeNPs biosynthesis

The tellurite reducing bacterial strain GUSDZ9 was inoculated in
ZMB supplemented with 2mM K2TeO3 and incubated at 28 ± 2 °C
under constant shaking at 150 rpm for 24 h. Reduction of K2TeO3 by the
strain was confirmed by visual observation of black colour which is an
indication of tellurite reduction to black elemental Te. Un-inoculated
medium with K2TeO3 and culture supernatant with K2TeO3 were kept
as appropriate controls.

2.8. Optimization and time course study of TeNPs biosynthesis using strain
GUSDZ9

The tellurite and pH optima for TeNPs biosynthesis was determined
at different concentrations of K2TeO3 and pH by inoculating overnight
grown culture separately in ZMB containing different concentrations of
K2TeO3 (0.5, 1.0, 1.5, 2.0, 2.5 and 3.0mM) and pH (5, 6, 7, 8, 9 and 10)
respectively. One mL aliquot of culture suspension was withdrawn after
42 h and centrifuged at 9727× g for 10min. The pellet obtained was
suspended in phosphate buffered saline (PBS), sonicated and cen-
trifuged at 7782× g for 10min. The resulting supernatant was cen-
trifuged again at 9727× g for 30min and pellet obtained was re-sus-
pended in methanol: chloroform (2:1 v/v). The suspension was
monitored using UV–Vis spectrophotometer by recording absorbance at
210 nm which is characteristic for elemental Te. These optimized con-
ditions were maintained for subsequent time course study of TeNPs
biosynthesis.

In order to obtain TeNPs, the culture containing TeNPs was har-
vested by centrifugation at 9727 X g for 10min and the resultant black
coloured pellet was washed thrice with PBS. The cell pellet was re-
suspended in methanol: chloroform (2:1 v/v) and sonicated (0.5 pulses
for 10min with 5min interval). After cell lysis, the suspension was
centrifuged at 3502× g for 10min, the supernatant was retained and
the pellet containing cell debris was discarded. The black colloidal
suspension obtained was further harvested at 9727× g for 30min and
the pellet obtained was subsequently washed twice with deionised
water and ethanol. The pellet was dried at 80 °C using an oven in order
to get TeNPs.

2.9. Characterization of biogenic TeNPs

2.9.1. UV–Vis spectroscopic analysis
The biogenic TeNPs were suspended in methanol: chloroform

solvents (2:1 v/v) and absorbance was recorded in the range of
190–800 nm with methanol: chloroform (2:1 v/v) as blank.

2.9.2. X-ray diffraction analysis
X-ray diffraction pattern for biosynthesized TeNPs was obtained

using Rigaku Miniflex X-ray diffractometer operated at 40 keV voltage,
20mA of current and 1.541Å of Cu Ka radiation. The data obtained was
plotted in Origin 8 software and FWHM (Full Width Half Maxima) was
obtained. The crystal size of the nanoparticle was calculated using
Scherer's equation as follows: D=Kλ/βCosθ where D is the mean grain
size, k is constant, λ is the X-ray wavelength for CuKa radiation, β is the
FWHM of the diffraction peak in radians and θ is the Bragg's angle.

2.9.3. Transmission electron microscopic analysis
TEM analysis of biogenic TeNPs was carried out by dispersing

powdered TeNPs in methanol and mounting on a carbon-coated copper
TEM grid (Philips, model- CM200). The machine was operated at an
accelerating voltage of 190 keV and images were taken at a resolution
of 2.4Å. The size of TeNPs was calculated using Image J software.

2.9.4. Energy dispersive X-ray analysis
A thin film of powdered TeNPs was placed on a carbon-taped

sample holder followed by coating the TeNPs with carbon. The energy
dispersive X-ray analysis of the coated sample was carried out using
scanning electron microscope (JSM 5800 LV, model- JEOL, Japan)
equipped with energy dispersive X-ray analysis operated at 20 keV to
determine the elemental composition of the biogenic TeNPs.

2.10. Applications of biogenic TeNPs

2.10.1. Photo-catalytic activity of biosynthesized TeNPs
The photo-catalytic degradation of methylene blue dye using bio-

synthesized TeNPs was investigated in sunlight. TeNPs (10 µg/mL) was
added to a methylene blue solution. This colloidal suspension was in-
cubated in sunlight. The methylene blue solution without nanoparticles
was also incubated under similar conditions as a control. The methylene
blue degradation was monitored at different time intervals viz. 30, 60,
90, 120, 150, 180, 210 and 240min by withdrawing 1mL aliquots of
colloidal mixture followed by centrifugation. The supernatant obtained
was scanned by UV–Vis spectrophotometer in the wavelength range of
190–800 nm. Absorbance maxima at 664 nm was considered as char-
acteristic for methylene blue and was monitored at various time in-
tervals. The extent of methylene blue dye degradation was calculated
using the following formula:

= −

×

%Decolourization (Initial absorbance absorbance after treatment)

/Initial absorbance 100

2.10.2. Anti-biofilm activity assay of biosynthesised TeNPs
The anti-biofilm activity of biogenic TeNPs against potential human

pathogens procured from Goa Medical College, Goa, India was studied
using modified crystal violet assay in a 96 well sterile polystyrene mi-
crotiter plate as described previously (Baygar and Ugur, 2017). In-
itially, 300 µL of nutrient broth was added into a sterile polystyrene
microtiter plate to which 12 h old pathogenic bacterial cultures viz.
Streptococcus pyogenes, Staphylococcus aureus, Klebsiella pneumoniae and
Escherichia coli were inoculated separately along with three different
concentrations of biogenic TeNPs (5, 10 and 15 μg/mL). Un-inoculated
nutrient broth and pathogens grown in nutrient broth without TeNPs
were maintained as controls. The microtitre plate was incubated at
37 °C for 48 h under static conditions. Subsequently, the microtiter
plate was drained, washed gently with sterile PBS and distilled water to
remove unbound cells, followed by drying for 30min. Crystal violet
(0.2% w/v) was added (300 µL) to each well and incubated at 28 °C for
30min, excess dye was gently washed with sterile distilled water.
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Methanol (300 µL) was added to the dried wells of the microtitre plate
and absorbance was measured at 660 nm keeping methanol as a blank.
The anti-biofilm effect was estimated using the following formula:

% Anti-biofilm activity = (Absorbance of control–absorbance of
sample)/absorbance of control × 100; where Absorbance of control
corresponds to the bacterial cells grown in nutrient broth without
TeNPs. The anti-biofilm assay was carried out in triplicate and the
standard deviation was determined.

2.11. Genotoxicity of biogenic TeNPs using comet assay

Genotoxicity of the biogenic TeNPs against human lymphocytes was
studied using comet assay. Blood sample (5mL) was collected from a
healthy human blood donor in a heparinized centrifuge tube and was
centrifuged at 1953×g for 15min. The white buffy coat at the inter-
phase of plasma layer and sedimentary blood cells were collected in a
microcentrifuge tube. The blood cell pellet was washed with 0.5 mL of
freshly prepared 0.85% NH4Cl (w/v) in order to remove contaminant
red blood cells. Lymphocytes which appeared as a white pellet after
subsequent washes were re-suspended in PBS (pH 7) and stored at 4 °C.

The viability of the lymphocytes was ensured by determining the
total cell count of lymphocytes prior to the comet assay. The lympho-
cyte suspension having a cell count of 104–105 cells/mL were used to
study the genotoxic effect of nanoparticles.

Tubes containing lymphocytes (25 µL) were suspended with 15, 20,
25 and 50 µg/mL of biogenic TeNPs separately and were incubated at
37 °C for 0, 1 and 2 h. DNA damage was monitored in the lymphocytes
by employing the comet assay (Bausinger and Speit, 2016; D’Costa
et al., 2017). Briefly, the lymphocyte suspension exposed to different
concentrations of TeNPs was mixed with 150 µL of 0.5% low melting
agarose at 37 °C and was overlaid on a frosted slide pre-coated with 1%
normal melting agarose. This was gently covered with a coverslip and
allowed to solidify at 0 °C. The coverslip was removed gently, followed
by placing a layer of 0.5% low melting agarose. After solidification of
the final layer, the slide was immersed in freshly prepared lysing so-
lution consisting of 2.5 M NaCl, 100mM EDTA, 10mM Tris-HCl, 10%
DMSO and 1% Triton X-100 (pH 10) at 4 °C overnight. The slides were
then immersed in electrophoresis buffer containing 300mM NaOH and
1mM EDTA, pH 10 for 20min for DNA unwinding. Electrophoresis was
carried out for 20min at 25 V. After electrophoresis, the slides were
placed in a cold neutralizing buffer comprising of 0.4M Tris-HCl, pH
7.5 for 10min. The slides were then stained with 15 µg/mL ethidium
bromide and examined under a BX53 Olympus fluorescence microscope
(Japan) at 200× magnification. The images of the comets were cap-
tured using ProgRes®Capture Pro 2.7. CASP image analysis software
was used to analyse the percent tail DNA as an indicator of single-strand
DNA damage. Two slides per specimen (500 comets) were selected for
analysis. Lymphocytes exposed to H2O2, a known genotoxic agent
served as a positive control.

2.12. Statistical analysis

Statistical analysis was performed using graph pad prism 7 software.
Data was analysed using the Student t-test and one way ANOVA. The
significance of the data for each dose against that of the respective
controls were analysed by the Student t-test. Whereas, one way ANOVA
was used to determine variation in the dose-response and time response
of the biogenic TeNPs on human lymphocytes. Data were considered as
statistically significant at p < 0.05.

3. Results and discussion

3.1. Enrichment and isolation of tellurite reducing estuarine bacterial strains

After enrichment of estuarine water sample in ZMB containing
0.5 mM K2TeO3, black colouration was observed in the flask indicating

the reduction of tellurite to black coloured elemental tellurium.
Subsequently, plating the enriched sample on ZMA plates containing
2mM K2TeO3 resulted in the appearance of discrete metallic black
colonies after incubation for 24 h (Supplementary Fig. 1). Twenty
morphologically diverse bacterial isolates were selected for further
studies. These isolates did not show any black pigmentation upon
streaking on ZMA plates without K2TeO3 (Supplementary Fig. 2).
However, it was observed that extent of tellurite reduction was also
different in all twenty isolates which was evident from the difference in
intensities of the black colour.

The Zuari estuary of Goa is polluted with several metal and me-
talloids due to extensive shipping and other industrial activities.
Interestingly, bacteria from Zuari estuary have already been reported to
tolerate high levels of various metal, organo-metal and metalloid pol-
lutants (Khanolkar et al., 2015; Pereira, 2017; Samant et al., 2018;
Sunitha et al., 2015). Zuari estuary is also flanked by various electronic
and electrical industries. In the present communication, we have con-
firmed that the bacterial isolates from Zuari estuary are resistant to
tellurite, which may be due to exposure of these bacterial isolates to
tellurite.

3.2. Determination of MIC of tellurite using selected estuarine bacterial
strains

Out of 20 isolates, 10 bacterial isolates exhibiting MIC higher than
15mM on ZMA were chosen for further studies. In ZMB the estuarine
bacterial strain GUSDZ9 showing highest MIC (i.e. 6 mM) was selected
for further characterization. The bacterial strain GUSDZ9 showed very
high MIC as compared to previously isolated marine tellurite resistant
bacterial isolates for instance, bacteria isolated from the Caspian Sea
exhibited MIC of 0.8mM, whereas, marine bacterial strain 14 B isolated
from Rehoboth beach, DE, United States was reported to tolerate
0.3–0.4mM K2TeO3 (Ollivier et al., 2008; Zare et al., 2012). A recent
study by Valdivia-González et al. (2018) on Shewanella spp. has re-
ported MIC values ranging from 0.05 to 1mM. This is much lower as
compared to MIC for strain GUSDZ9. Thus, estuarine strain GUSDZ9
with MIC 6mM for K2TeO3 is a potential candidate which may be used
for bioremediation of tellurite contaminated estuarine sites.

3.3. Identification of tellurite reducing estuarine bacterial strain GUSDZ9

The bacterial strain GUSDZ9 was found to be Gram-negative, mo-
tile, rod-shaped, oxidase and catalase positive, H2S producing and fa-
cultative anaerobic bacteria. Based on 16 S rRNA gene sequence and
comparison of the sequence against GenBank database using NCBI-
BLAST search, the strain GUSDZ9 was identified as Shewanella baltica
(accession number MF350629). The dendrogram analysis has clearly
revealed phylogenetic relatedness with other species of Shewanella
(Fig. 1). Bacteria belonging to genus Shewanella are capable of anae-
robic respiration using several electron acceptors. Moreover, the family
Shewanellaceae is considered to play a pivotal role in bioremediation of
sites contaminated with heavy metals and radioactive wastes
(Fredrickson et al., 2008). Although few reports are available on tell-
urite reducing Shewanella spp. viz. S. oneidensis, S. putrefaciens and S.
baltica (Klonowska et al., 2005; Kim et al., 2012, 2013, 2014; Valdivia-
González et al., 2018), but Shewanella baltica strain GUSDZ9 isolated
from Zuari estuary showed a higher level of tellurite reduction as
compared to previously reported spp. of Shewanella.

3.4. Growth behaviour of tellurite-reducing Shewanella baltica strain
GUSDZ9

Growth pattern of Shewanella baltica strain GUSDZ9 in presence of
different tellurite concentrations (0–6mM) indicated that the growth of
the isolate was adversely affected only at a higher concentration of
tellurite (Supplementary Fig. 3). This was evident by the extended lag
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phase at 4.0 and 5.5mM K2TeO3 which is 6 h and 8 h respectively.

3.5. Uptake of tellurite by tellurite reducing Shewanella baltica strain
GUSDZ9

Tellurite uptake by Shewanella baltica strain GUSDZ9 grown in ZMB
with 2mM K2TeO3 was observed during the early log phase of growth
(2 h) with a steady increase during mid-log phase (Fig. 2). At mid-log
phase (22 h), a 50% reduction of tellurite was observed. However,
complete utilization of tellurite was achieved at the end of the sta-
tionary growth phase (38 h). The previous study on Salinococcus sp.
showed a 75% reduction of tellurite after 72 h of bacterial growth
supplemented with 0.4mM K2TeO3 (Amoozegar et al., 2008). A similar
reduction pattern was also reported in Rhodococcus sp. after 120 h
while, Bacillus sp. BZ showed higher reduction rate (i.e. 80%) after 48 h
of bacterial growth (Zare et al., 2012; Presentato et al., 2016). Al-
though, most of the studies pertaining to Shewanella spp. on tellurite-
reduction have been reported to be more effective under anaerobic

conditions, our study showed a higher reduction of tellurite under
aerobic conditions. This is in agreement with one recent study which
has reported 70–80% tellurite removal under aerobic conditions effi-
ciently (Soda et al., 2018). Knowing the fact that Shewanella spp. are
facultative anaerobes the bacterial strain GUSDZ9 may also be used for
tellurite-reduction under anaerobic conditions.

The present study holds considerable significance since a 100%
reduction of 2mM K2TeO3 was achieved at the end of the stationary
growth phase (i.e. 38 h) which is the shortest time recorded so far.

3.6. TeNPs Biosynthesis using Shewanella baltica strain GUSDZ9

Reduction of tellurite to elemental tellurium which is tentatively
indicated by metallic black colouration was observed in culture sup-
plemented with 2mM K2TeO3. Control flasks without K2TeO3 and that
of culture supernatant with 2mM of K2TeO3 did not show any black
colouration indicting that nanoparticle synthesis is growth dependent
and is intracellular (Supplementary fig. 4). Intracellular biosynthesis of

Fig. 1. Phylogenetic tree showing the relatedness of Shewanella baltica strain GUSDZ9 with other strains of Shewanella constructed using neighbor-joining method
(Tamura et al., 2013). The bootstrap values are based on 1000 replicates.

Fig. 2. Growth pattern and tellurite uptake shown by Shewanella baltica strain GUSDZ9 in ZMB with 2mM K2TeO3.
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TeNPs has been previously demonstrated in various bacteria viz. Pseu-
domonas pseudoalcaligenes KF707, Shewanella oneidensis and Rhodo-
coccus aetherivorans (Di Tomaso et al., 2002; Kim et al., 2012;
Presentato et al., 2016).

3.7. Optimization and time course study for TeNPs biosynthesis using
Shewanella baltica strain GUSDZ9

Optimum K2TeO3 concentration and pH for TeNPs biosynthesis
were found to be 2mM and 7 respectively (Fig. 3a, b). It was interesting
to note that the strain GUSDZ9 could synthesize TeNPs at broad pH
range i.e. 6–10 and tellurite concentrations (0.5–3mM). However,
variation in the intensity of black colouration was observed indicating
differences in the extent of TeNPs biosynthesis at different pH and
K2TeO3 concentrations. Time course study of TeNPs interestingly re-
vealed that the biosynthesis was initiated during early log phase (4 h) of
bacterial growth which was evident by the change in colour of the
media and a distinct peak at 210 nm. Although the reduction of tellurite
was initiated during the second hour, no prominent peak was observed
at 210 nm since threshold concentration for nanoparticle detection was
not achieved. Biosynthesis of TeNPs was found to be time-dependent
i.e. there was an increase in absorbance (210 nm) with time (Fig. 3c).
However, nanoparticle synthesis was found to be maximum during mid-
log to early stationary phase. The optimum time for maximum nano-
particle synthesis was found to 28 h. Even though complete reduction of

tellurite was observed at the end of the stationary phase there was a
shift in surface plasmon resonance for TeNPs after early stationary
phase indicating the formation of TeNPs with a larger diameter. A si-
milar shift in surface plasmon with the formation of larger diameter
nanoparticles has been reported (Stoeva et al., 2002). Our strain syn-
thesises TeNPs faster than the previously reported bacterial strain
Pseudomonas pseudoalcaligenes KF707 (Di Tomaso et al., 2002) since the
Te crystallites’ synthesis began at the mid-exponential phase.

3.8. Characterization of TeNPs

3.8.1. UV–Vis analysis
An absorption peak at 210 nm by the black colloidal solution due to

surface plasmon resonance clearly indicated the presence of TeNPs
(Fig. 4a). Similar findings have already been published confirming
synthesis of TeNPs (Gautam, Rao, 2004; Zare et al., 2012; Forootanfar
et al., 2015).

3.8.2. XRD analysis
The XRD spectrum clearly illustrated characteristic Bragg's peaks at

23.02, 27.5, 38.2, 40.5, 47.0 and 49.65 which corresponds to [100,
101, 102, 110, 200] and [201] of hexagonal phase of Te nanocrystals
respectively (Fig. 4b). The average grain size was found to be 57.7 nm.
This was in accordance with a standard card of tellurium (ICDD card
no. 36) and is also in agreement with the earlier reports (Yuan et al.,

Fig. 3. TeNPs biosynthesis at different: K2TeO3 concentrations (a); pH (b); Time course study for TeNPs biosynthesis under optimized conditions (c).
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2013; Manikandana et al., 2015; Srivastava et al., 2015).

3.8.3. TEM analysis
TEM analysis of nanoparticles revealed unique nano-rod mor-

phology for TeNPs with a diameter in the range of 8–75 nm (Fig. 4c i,
ii). Previously, various bacterial isolates have been reported to syn-
thesise Te nano-rods viz. Bacillus selenitireducens (10 nm), Shewanella

oneidensis MR-1 (10–20 nm), Bacillus sp. (20 nm), Shewanella oneidensis
(10–20 nm) and P. pseudoalcaligenes (22 nm) (Baesman et al., 2007; Kim
et al., 2012; Zare et al., 2012; Mohanty et al., 2014; Forootanfar et al.,
2015). However, nano-sphere and needle-shaped TeNPs have also been
reported (Di Tomaso et al., 2002; Klonowska et al., 2005). Interestingly,
our study is the first evidence demonstrating TeNPs biosynthesis by
Shewanella baltica.

Fig. 4. Characterization of biogenic TeNPs: Absorbance maxima for biosynthesized TeNPs suspended in methanol: chloroform (2:1 v/v) at 210 nm (a); XRD pattern
for biosynthesized TeNPs exhibiting characteristics Bragg's angles (b); TEM micrograph of biogenic TeNPs (c) (i) & (ii); EDAX spectrum showing characteristic peak of
elemental tellurium at 3.6 keV(d).
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3.8.4. Energy dispersive X-ray analysis
EDAX analysis of TeNPs clearly revealed a prominent peak of ele-

mental tellurium at 3.6 keV (Fig. 4d). However, the peak due to carbon
may be attributed to the carbon taped sample holder as well as coating
with carbon.

3.8.5. Photo-catalytic activity of TeNPs
Methylene blue reduction under sunlight demonstrated a gradual

change in colour from blue to pale blue. However, in presence of TeNPs
as a catalyst, an enhanced decrease in absorbance was observed. In the
control flask without Te nanorods, only 20% reduction of methylene
blue was observed within 4 h. Whereas, in presence of TeNPs 90% re-
duction was observed which is very significant (Fig. 5a, b, c). There are
various drawbacks associated with current physical and chemical
methods employed for the degradation of organic pollutants. However,
chemically synthesized TeNPs have already been reported for photo-
catalysis but there is no report on biogenic TeNPs-mediated photo-
catalysis (Shanmugam et al., 2015). The use of nanoparticles in photo-
catalytic degradation is advantageous since it is a reusable and re-
cyclable process which does not require any additional step for disposal
(Piella et al., 2013). Thus, biosynthesized TeNPs act as stable photo-
catalysts to reduce and bioremediate methylene blue dye which is
present in the effluents of textile industries. This is the first report
showing the photo-catalytic activity of biogenic TeNPs in methylene
blue degradation through reduction.

3.9. Anti-biofilm activity assay using TeNPs

Anti-biofilm activity of biogenic TeNPs against clinically important
microbial strains clearly demonstrated that these nanoparticles

exhibited excellent anti-biofilm activity, which was dose-dependent. It
was observed that TeNPs were very effective against E. coli wherein
92% of biofilm eradication was achieved at 15 µg/mL, whereas 64%
was achieved at 10 µg/mL and 42% at 5 µg/mL concentration of TeNPs.
K. pneumoniae showed a reduction in biofilm formation by 89%, 47%
and 22% when treated with 15, 10 and 5 µg/mL TeNPs respectively. In
the case of S. aureus, 81% biofilm removal was recorded at 15 µg/mL
which was followed by 51% and 22% at 10 and 5 µg/mL of TeNPs re-
spectively. A similar pattern was observed in case of Streptococcus
pyogenes which recorded 63% biofilm removal at 15 µg/mL whereas, at
10 and 5 µg/mL concentrations, it was 20% and 9% respectively
(Fig. 6). There are few reports on the antimicrobial activity of TeNPs
(Lin et al., 2012; Zare et al., 2012; Mohanty et al., 2014; Pugin et al.,

Fig. 5. UV–visible spectra of photo-catalytically degraded methylene blue dye: in absence of TeNPs (a); in presence of TeNPs (b); percent reduction of methylene blue
(c).

Fig. 6. Anti-biofilm activity of biosynthesized TeNPs against pathogenic clinical
isolates.
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2014; Srivastava et al., 2015). However, removal of planktonic and
biofilm forming bacteria by biogenic TeNPs have also been reported
which ensured biofilm eradication at much higher concentrations of
TeNPs (Zonaro et al., 2015). Therefore, TeNPs biosynthesised by She-
wanella baltica strain GUSDZ9 are comparatively more effective in in-
hibiting potential biofilm forming Gram-positive and Gram-negative
human pathogens at very low concentrations. This opens a new arena of
applications for TeNPs as coating agents in medical and health-related
devices in order to prevent bacterial infections. Furthermore, these
TeNPs may also have promising applications in industrial sectors as
potential tools to combat biofouling. Additionally, they can also serve
as excellent candidates to eradicate biofilm formation in sewage tanks
and other sewerage systems.

3.10. Genotoxicity of biogenic TeNPs

The percent (%) DNA damage induced by biogenic TeNPs at 15, 20,
25 and 50 µg/mL concentrations in the human lymphocytes at various
time intervals (0, 1 and 2 h) are depicted in the Fig. 7. Interestingly,
DNA damage observed at 15 µg/mL concentration of TeNPs with in-
creasing time (1 and 2 h) was found to be insignificant compared to the
control thus conferring that biogenic TeNPs do not induce any DNA
damage in human cells at this concentration. However, a significant
dose-dependent increase in the mean % tail DNA, with respect to the
control was observed with time which was proved by the Student's t-
test. Significant DNA damage was observed at 20 µg/mL (0 h) which
increased in a time-dependent manner. A similar trend was also ob-
served with 25 µg/mL concentration wherein 12.1% tail DNA damage
was recorded, reaching maxima (30%) for 1 h whereas, at 2 h nearly
47% damage was observed. The highest DNA damage for lymphocytes
was recorded at the 50 µg/mL concentration wherein significant % tail
DNA recorded was 16%, 41% and 61% at 0, 1 and 2 h of treatments
respectively ( Fig. 8).

Increase in DNA damage at different concentrations of TeNPs (15,
20, 25 and 50 µg/mL) at all-time intervals (0, 1 and 2 h) was significant
(except at 15 µg/mL) which was proved by one way ANOVA
(F= 499.4, p < 0.0001).

Even though TeNPs have been studied for various applications
majorly in the biomedical field but there are no reports as far as toxicity
on human cells is concerned. Thus, these studies are of immense im-
portance since this is the first ever report demonstrating the genotoxi-
city of biogenic TeNPs. Based on this study it is also advisable that
utmost care must be taken in handling nano-wastes. Since insignificant
DNA damage was observed at 15 µg/mL TeNPs, these nanorods can be
effectively used to control biofilms inhabiting various medical as well as
industrial appliances.

4. Conclusion

Tellurite-reducing Shewanella baltica strain GUSDZ9 isolated from
Zuari estuary tolerated 5.5mM K2TeO3 with a MIC of 6mM in ZMB.
Complete reduction of 2mM K2TeO3 within 38 h of bacterial growth
was observed using the diethyl-dithiocarbamate method. Interestingly,
this strain successfully synthesized Te nanoparticles which was initiated
at early log phase (4 h) and was found to be maximum during mid-log
phase (28 h) to early stationary phase. A prominent peak of tellurium
due to surface plasmon resonance at 210 nm assured the presence of
TeNPs. XRD and TEM analysis confirmed the hexagonal tellurium na-
nocrystals exhibiting nanorod morphology with 8–75 nm average dia-
meter. EDAX analysis further confirmed the elemental tellurium. These
biogenic TeNPs also demonstrated 90% reductive degradation of me-
thylene blue dye. TeNPs also exhibited anti-biofilm activity against
potential human pathogens at even 5 µg/mL concentration. However,
insignificant genotoxicity against human lymphocytes was also ob-
served at 15 µg/mL. Thus, Shewanella baltica strain GUSDZ9 can be
exploited simultaneously for bioremediation of toxic tellurite to ele-
mental tellurium and TeNPs biosynthesis. We also report for the first
time TeNPs biosynthesis by Shewanella baltica exhibiting photo-cata-
lytic degradation of methylene blue dye, anti-biofilm activity against
human pathogens and genotoxicity towards human lymphocytes.
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Abstract In the present study, three marine Ulva lactuca-

associated bacteria capable of producing agarase, k-car-
rageenase, amylase, cellulase and protease were isolated

from rocky intertidal region of Anjuna beach, Goa, India,

and designated as DM1, DM5 and DM15. Based on 16S

rRNA sequence analysis and biochemical tests, bacteria

were identified as Vibrio brasiliensis, Bacillus subtilis and

Pseudomonas aeruginosa. Bacteria DM1, DM5 and DM 15

could able to utilize seaweed waste (Sargassum powder) in

seawater-based media by releasing reducing sugars,

503.3 ± 17.5 lg/ml, 491.6 ± 20 lg/ml and 376.6 ±

16 lg/ml, respectively, which was confirmed through 3,5-

dinitrosalicylic acid method. Therefore, the eco-friendly

reuse of seaweed waste is possible by using marine bacteria

for the production of reducing sugars in ethanol-producing

industry. All three bacterial isolates were found to produce

indole acetic acid (IAA) at concentration 98 ± 12 lg/ml,

113.6 ± 13 lg/ml and 121.6 ± 8.5 lg/ml, respectively.

Nitrogen fixation by bacterial strains was confirmed when

they showed growth on artificial seawater devoid of

nitrogen and comprising of 5% carrageenan as a sole

source of carbon and gelling agent. Photosynthetic sea-

weed, Ulva lactuca, provides organic carbon and O2 for

associated bacteria and associated bacteria fix atmospheric

N2 and provides iron by siderophore production and syn-

thesize hormone IAA for algal growth during their coop-

erative association.

Keywords Seaweed � Associated bacteria �
Polysaccharide � Enzymes � Cooperative association

Introduction

Marine macroalgae are diverse photosynthetic eukaryotes

and play an important ecological role in sustainable pro-

ductivity of rocky intertidal coastal areas [1]. Marine

macroalgal biomass is mainly composed of polysaccha-

rides, and marine heterotrophic bacteria are primarily

responsible for cycling of polysaccharide in marine envi-

ronment [2]. Carrageenan and agar which are component of

algal cell wall in marine ecosystem constitute a massive

biomass and therefore a valuable carbon source for marine

heterotrophic bacteria [2]. Extracellular substances

released from marine macroalgae also serve as food for

diverse associated bacteria in coastal ecosystems [3].

Macroalgae-associated marine bacteria benefit from

organic compounds produced by a host macroalgae, and

bacteria, in turn, provide CO2, minerals, produce auxin and

fix atmospheric N2 and play a crucial role in algal health

[2, 4]. Marine environment is a potential source of
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microbial enzymes having novel biochemical and func-

tional properties which are very important in industries [4].

Moreover, seaweed-associated bacteria also produce a

variety of industrially important enzymes viz. car-

rageenase, agarases, esterases, cellulase, amylases, phos-

phatases, lipases, ureases and b-galactosidases inured to be

able to assimilate macroalgal organic compounds and play

important role in carbon, nitrogen and sulphur cycles [4–8].

Marine bacteria, and in particular those associated with

macroalgae, are potential source of novel carbohydrate-

active enzymes [5]. Therefore, multiple polysaccharide-

degrading bacteria associated with macroalgae play a main

role in recycling of carbon from algal complex polysac-

charides (CPs) in marine environment [6–8].

Macroalgae contribute significantly to global primary

production and are composed of agar and carrageenan,

which find their application as constituents in food, per-

sonal care, laboratory experiments in microbiology and

cosmetic industries owing to their gelling and emulsifying

properties [2]. Agar is a polysaccharide and consists of

mixture of agarose and agaropectin. In agar, structural

repeats are D-galactose and 3,6-anhydro-L-galactose with

alternate a-1,3- and b-1,4-linkages, with various residues

such as hydroxyl, sulphate and methoxyl. Agar is obtained

from the cell walls of Gelidium and Gracilaria [9] and has

been extensively used in various laboratory and industrial

applications, due to its jellifying properties [10]. There are

two types of agarases: a-agarase and b-agarase depending

on the cleavage site; a-agarases recognize and cleave a-1,3
linkages of agarose to yield agaro-oligosaccharides,

whereas b-agarases identify and cleave b-1,4 linkages of

agarose to produce neoagaro-oligosaccharides [5]. Cell

walls of marine red seaweeds are also made up of sulphated

galactans known as carrageenan, and depending on the

number of sulphate ester groups and their position, car-

rageenans are classified [11]. The most sulphated car-

rageenan containing at least three sulphates per

disaccharide unit is k-carrageenan (most negatively

charged and form highly viscous solutions) followed by i-

iota (two SO4 group) and k-kappa carrageenan (one SO4

group). All three carrageenans are made up of linear chains

of galactose with alternating a-(1 ? 3) and b-(1 ? 4)

linkages. Seaweeds also comprise of polysaccharides like

starch and cellulose, which are degraded by amylases and

cellulases produced by bacteria. Among multiple polysac-

charide-degrading (MPD) marine bacteria isolated in

recent years which play a significant role in recycling of

carbon from complex polysaccharide (CP), Saccharopha-

gus degradans and Microbulbifer are dominant MPD

bacteria [12]. There are ample of reports on marine bacteria

producing agarases and carrageenases[13–19], but there are

very few reports on marine macroalgae-associated bacteria

producing agarases and carrageenases [12, 20]. Cell wall of

seaweed comprises array of heterologous polysaccharides

and promotes biofilm formation by complex polysaccha-

ride (CP)-degrading bacteria by offering unique econiche

[12]. But still the relationship between macroalgae and

associated bacteria is poorly understood.

Modification of repeating units of algal polysaccharide

with diverse functional groups such as sulphate, methoxy

and hydroxyl makes them recalcitrant [12]. Domestic food

waste, microbiology laboratory waste and industrial waste

containing carrageenan and agar are directly discharged

into marine water bodies which persist for long time and

affect marine biota, and therefore, there is pressing need to

remove these pollutants from marine-polluted sites or

treated before discharging into marine environment.

Therefore, isolation of multiple polysaccharide-degrading

(MPD) marine bacteria is very crucial which serve as

potential candidates for eco-friendly degradation of

macroalgal waste. In the present study, the authors are

investigating marine alga (Ulva lactuca)-associated

potential agar, carrageenan, starch, cellulose and protein-

degrading bacteria for bioremediation of marine environ-

ment polluted with algal waste and also to study coopera-

tive association between seaweed Ulva lactuca and

associated bacteria.

Material and Methods

Collection of Marine Macroalgae

Marine macroalgae (Ulva lactuca) [21] were collected

from rocky intertidal zone of Anjuna Goa, India, using

sterile forceps in sterile Petri plates. Ulva lactuca samples

were immediately processed to isolate of macroalgae-as-

sociated bacteria.

Isolation of Agarase-Producing Marine Ulva

lactuca-Associated Bacteria

For isolation of Ulva lactuca-associated agarase-producing

bacteria, Ulva lactuca (approx 1 g) was gently rinsed with

sterile seawater and then suspended in 50 ml sterile sea-

water in Erlenmeyer flask and kept on incubator shaker for

1 h at room temperature (RT) with constant shaking at

250 rpm. Algae are removed aseptically from flask, and

resultant seawater suspension (0.1 ml) was spread plated

on seawater-based agar medium (2% agar without any

other added carbon source) and incubated at RT

(28 ± 2 �C) for 24–48 h. Colonies, which showing proper

depression in agar plates, were selected as potential agar-

ase-producing marine bacteria. Agarase production was

further confirmed by flooding plates with Lugol’s iodine

and observing zone of clearance around colony [12]. Best
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agarase-producing bacteria were selected based on size of

zone of clearance after adding Lugol’s iodine.

k-Carrageenase Production by Ulva lactuca-

Associated Marine Bacteria

Carrageenase production by selected agarase-producing

marine Ulva lactuca-associated bacteria was checked by

spot inoculating bacterial isolates on seawater-based media

plate (5% carrageenan as gelling agent without any other

added carbon source) and incubated at RT (28 ± 2 �C) for
48 h. Then, agar plate was flooded with phenol red [12].

Production of Cellulase, Amylase and Protease

by Ulva lactuca-Associated Bacteria

Amylase production by Ulva lactuca-associated bacteria

was checked by spot inoculating on seawater-based starch

agar plate (1.5% agar with 2% starch) and incubated at RT

(28 ± 2 �C) for 24 h. After incubation, starch agar plate

was flooded with iodine solution. Also, starch utilization

was checked in sea water-based broth containing 2% starch

as sole, a source of carbon and incubated at RT

(28 ± 2 �C) for 24 h with constant shaking at 150 rpm.

Cellulase production was checked by spot inoculating on

seawater-based agar plates containing 1% carboxymethyl

cellulose (CMC) and incubated at RT (28 ± 2 �C) for

48 h. Plates were flooded with 1% (w/v) congo red and

allowed to stand for 15 min, and after pouring out excess

congo red, plates were flooded with 1 M NaCl solution

(decolourization). Excess NaCl solution was discarded

after incubating for 15 min. This step was repeated three

times to wash off excess unbound congo red. The zone of

clearance around colony [22] was observed. Protease

activity was checked by spot inoculating on skim milk agar

and incubated at RT (28 ± 2 �C), and zone of clearance

around bacterial colony was observed.

Identification of Seaweed-Associated Bacteria

Identification of seaweed-associated bacterial isolates was

done based on biochemical tests and 16S rDNA sequenc-

ing. PCR amplification of 16S rDNA was done using fol-

lowing eubacterial primers: 27F (50 AGA GTT TGA TCM

TGG CTC AG 30) and 1492R (50 CGG TTA CCT TGT

TAC GAC TT 30). 16S rDNA sequencing was done at

Eurofins Genomics Pvt. Ltd., Bangalore. 16S rDNA

sequence was compared against GenBank database using

NCBI BLAST search [23].

Nitrogen-Fixing Potential and Auxin-Producing

Potential of Ulva lactuca-Associated Bacteria

Nitrogen fixation by Ulva lactuca-associated bacteria was

tested by growing strains DM1, DM5 and DM15 on arti-

ficial seawater devoid of nitrogen and containing 5% car-

rageenan as a sole source of carbon and gelling agent and

incubated at RT (28 ± 2 �C) for 48 h [24]. The appearance

of colonies on artificial seawater-based media devoid of N2

after 48 h was observed, which will confirm N2-fixing

ability of isolates, and then plates were flooded with 1%

phenol red. See colour change around bacterial colony after

flooding with phenol red. Indole acetic acid (IAA) pro-

duction by seaweed-associated bacteria was tested by

inoculating bacterial isolates in Zobell marine broth con-

taining tryptophan and incubated at RT (28 ± 2 �C) for

24 h. After incubation, culture broth was centrifuged at

8000 rpm for 5 min and culture supernatant (1 ml) was

mixed with 2 ml Salkowski’s reagent (2% of 0.5 M FeCl3
in 35% HClO4 solution) and one drop of orthophosphoric

acid and kept in the dark for 30 min. The optical density

(OD) was recorded at 530 nm [25, 26]. The concentration

of IAA was determined using standard calibration curve of

pure IAA following linear regression analysis.

Siderophore Production

Siderophore production by Ulva lactuca-associated bacte-

ria was checked by spot inoculating on chrome azurol S

agar (CAS) plates and incubated at RT (28 ± 2 �C) for

48 h [27].

Seaweed Waste (Sargassum powder) Degradation

by Ulva lactuca-Associated Bacteria

Sargassum algae were collected from Anjuna beach and

sun-dried for 1 month. The dried Sargassum samples were

ground using mortar and pestle/electronic mixer to make

fine powder and used as algal waste. Seawater-based agar

was prepared by using 2% ground Sargassum powder as

carbon source, and 1.5% agar was added as gelling agent.

Selected bacterial cultures were spot inoculated and incu-

bated at RT (28 ± 2 �C) for 48 h. The plate was flooded

with Lugol’s iodine, and zone of clearance around bacterial

colony was observed. Seawater-based broth was prepared

by using 2% ground Sargassum powder as a sole carbon

source and sterilized. Broth was inoculated with bacterial

culture and incubated for 72 h with constant shaking at

150 rpm. After 72 h incubation, culture broth (5 ml) was

centrifuged at 8000 rpm to pellet bacterial cells and

supernatant was taken in another tube and reducing sugar

was analysed by 3,5-dinitrosalicylic acid (DNSA) method

[28], which measures the release of reduced sugar from
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algal waste equivalents at 540 nm, with D-galactose as a

standard. Appropriate control was kept, and all experi-

ments were performed in triplicate.

Results and Discussion

Isolation of Agarase-Producing Marine Ulva

lactuca-Associated Bacteria

Twenty-three bacterial colonies which showing proper

depression in agar plates were selected as potential agar-

ase-producing marine bacteria. Out of 23 agarase-produc-

ing bacteria, only three bacterial isolates which show the

best (highest) depression in agar plates were selected for

further study and designated as DM1, DM5 and DM15.

Agarase production was further confirmed by zone of

clearance around colonies, and rest of the plates stained

dark brown when plates were flooded with Lugol’s iodine.

It was also observed that bacterial isolates DM1, DM5 and

DM15 showed maximum zone of clearance among 23

isolates and hence selected (Fig. 1).

Carrageenase Production by Marine Ulva lactuca-

Associated Bacteria

Growth of all three (DM1, DM5 and DM15) selected Ulva

lactuca-associated bacterial isolates on seawater-based

media plate (5% carrageenan as gelling agent without any

other added carbon source) was observed after incubation

at RT (28 ± 2 �C) for 48 h which confirms utilization

(degradation) of carrageenase. This was further confirmed

by production of yellow zone around colonies of DM1 and

DM5 due to the production of acidic product during

carrageenan degradation (Fig. 2) which changed the colour

of phenol red from red to yellow. Microbulbifer strain

CMC-5 showed similar results [12]. Interestingly, bacterial

isolate DM15 showed pink colouration around colony

when flooded with phenol red which indicate alkaline

product formation during degradation of carrageenan

which increase the pH and change colour of phenol red

from red to dark pink (Fig. 2).

Production of Cellulase, Amylase Protease

All three Ulva lactuca-associated bacterial isolates pro-

duced amylase, protease and cellulase. Amylase production

was confirmed when zone of clearance around bacterial

colonies was seen after adding iodine solution, whereas rest

of plate stained dark blue. Also, growth in sea water-based

broth containing 1% starch as sole source of carbon con-

firmed amylase production. Cellulase production was

detected when zone of clearance was observed around

bacterial colonies and rest of plate stained dark red colour

(Fig. 3a, b). Protease activity was confirmed when zone of

clearance was seen around colonies spot inoculated on

skim milk agar due to casein hydrolysis.

Identification of Seaweed-Associated Bacteria

The 16S rDNA sequence analysis was followed by NCBI

BLAST search and biochemical tests (Supplementary data

1) by referring to Bergey’s manual of systematic bacteri-

ology [29]. The authors confirmed multiple polysaccha-

ride-degrading Ulva lactuca-associated bacteria which

were identified as Vibrio brasiliensis strain DM1, Bacillus

subtilis strain DM5 and Pseudomonas aeruginosa strain

Fig. 1 Agarase production by bacterial strains DM1, DM5 and DM15 on seawater-based agar medium with 2% agar as sole source of carbon
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DM15 (GenBank accession nos. MG971393, MG972930

and MG971397, respectively).

Nitrogen-Fixing and Auxin-Producing Potential

of Ulva-Associated Bacteria

Nitrogen fixation by Ulva lactuca-associated bacterial

strains DM1, DM5 and DM15 was confirmed when they

showed growth on artificial seawater devoid of nitrogen

and 5% carrageenan as sole source of carbon and gelling

agent when incubated at RT (28 ± 2 �C) for 48 h. Vibrio

brasiliensis strain DM1 and Bacillus subtilis strain DM5

showed yellow colouration around colonies when flooded

with phenol red. This is due to breakdown of carrageenan

into sugars and subsequently fermentation of sugars pro-

ducing sufficient acids to which colour of phenol red

changed to yellow. Pseudomonas aeruginosa strain DM15

showed pink colouration around colonies when flooded

with phenol red. Pseudomonas aeruginosa strain DM15

breakdowns carrageenan into sugars, but Psedomonas

aeruginosa DM15 is unable to ferment sugars (oxidative

metabolism) and produce acids. Pink colour around DM15

colony is due to ammonium secretion by bacterial cells

during nitrogen fixation which increases pH to alkaline and

thus colour of phenol red changed from red to pink (Sup-

plementary data 2). Nitrogen-fixing Paenibacillus strain

and Azotobacter vinelandii are capable of secreting

ammonium outside cell and changing the pH [30, 31].

Indole acetic acid (IAA) production by seaweed-associated

bacteria was confirmed by getting pink colour after adding

Salkowski’s reagent along with one drop of orthophos-

phoric acid and keeping it in dark for 30 min. It was further

confirmed by specific absorption by IAA at 530 nm. IAA

concentration produced by DM1, DM5 and DM15 was

determined as 98 ± 12, 113.6 ± 13 and 121.6 ± 8.5 lg/
ml, respectively (Fig. 4).

Siderophore Production

All three bacterial isolates showed orange halo around

colonies on CAS agar plates, thus confirming siderophore-

producing potential of Ulva lactuca-associated bacterial

isolates. Ulva lactuca-associated bacteria producing side-

rophores may be helping Ulva lactuca to uptake iron from

seawater during iron-limiting conditions and thus promot-

ing their growth (Fig. 5).

Fig. 2 Carrageenase production by marine Ulva lactuca-associated

bacterial isolates DM1, DM5 and DM15 on seawater-based agar

amended with 5% carrageenan as carbon source and gelling agent

Fig. 3 a, b Amylase and cellulase production by marine Ulva lactuca-associated bacterial isolates DM1, DM5 and DM15 on casein agar, starch

agar and CMC agar plates
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Seaweed Waste Degradation by Marine Ulva

lactuca-Associated Bacteria

Potential of seaweed-associated bacteria Vibrio brasiliensis

strain DM1, Bacillus subtilis strain DM5 and Pseudomonas

aeruginosa strain DM15 for degradation of seaweed waste

was confirmed when all three isolates grew on seawater-

based agar containing 2% ground Sargassum powder as a

carbon source and 1.5% agar as gelling agent. Zone of

clearance around bacterial colonies after adding Lugol’s

iodine supported the results (Supplementary data 3). Fur-

thermore, utilization of seaweed powder as a sole source of

carbon in seawater-based broth by all three bacterial iso-

lates was confirmed by analysing release of reducing sugar

using DNSA method. Through DNSA method, it was

confirmed that reducing sugar released after 72 h by DM1,

DM5 and DM 15 was 503.3 ± 17.5, 491.6 ± 20 and

376.6 ± 16 lg/ml, respectively (Fig. 6) which is much

higher than previous study on Microbulbifer Strain CMC-

5, isolated from decomposing seaweed by Jonnadula et al.

[6]. Jonnadula et al. [6] reported that Microbulbifer strain

CMC-5 releases only 60 lg/ml reducing sugar from sea-

weed after 120 h. Bacillus sp. SYR4 possessing both

agarase and carrageenase activities was studied for its

application for reuse of red seaweed waste [17]. When the

isolate was cultivated in red seaweed powder medium for

10 days, the reducing sugar released was 24 lg/ml which

is much lower than the present report. This confirmed that

the Ulva lactuca-associated bacterial isolates have better

potential for agar waste degradation than previously

reported bacterial isolates. Therefore, the eco-friendly

reuse of red seaweed waste by these Ulva lactuca-associ-

ated bacterial isolates appears to be feasible for the pro-

duction of reducing sugars and could be a valuable

resource for ethanol-producing industry.

In recent years, seaweed waste has been increased

tremendously owing to two reasons: one is rapid growth of

macroalgae due to anthropogenic input of inorganic nutri-

ents (eutrophication); another is culturing of seaweeds on

large scale as an industrial resource [32]. Therefore,

treatment of seaweed waste using marine bacteria is very

crucial for preservation and sustainable development of

marine environment. Therefore, Ulva lactuca-associated

bacterial isolates Vibrio brasiliensis strain DM1, Bacillus

subtilis strain DM5 and Pseudomonas aeruginosa strain

DM15 can be exploited for degrading multiple polysac-

charides or bioremediation of marine environment. Apart

from bioremediation of algal waste from marine environ-

ments, DM1, DM5 and DM15 isolates producing agarase

and carrageenase can be applied to recover DNA from

agarose gel, prepare protoplasts, and produce agar/car-

rageenan-derived oligosaccharides having multiple appli-

cations such as improving food quality, antioxidation,

Fig. 4 IAA production by marine Ulva lactuca-associated bacterial

isolates DM1, DM5 and DM15

Fig. 5 Siderophore production by marine Ulva lactuca-associated

bacterial isolates DM1, DM5 and DM15 on CAS agar plates

Fig. 6 Sugar released during degradation of algal waste (sargassum)

by marine Ulva lactuca-associated bacterial isolates DM1, DM5 and

DM15 in sea water-based broth
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whitening and moisturization [2]. Using agarase and car-

rageenase enzyme, seaweed waste can also be used for

bioethanol production, i.e. for initial hydrolysis of algal

waste for reducing sugar production and then fermentation

using Saccharomyces cerevisiae.

Marine macroalgae are known to hold a large number of

associated heterotrophic bacteria which contribute to their

survival processes. Macroalgae-bacterial relationship

mainly depends on production of organic matter (food) and

oxygen which are used by bacteria. Moreover, marine

macroalgae-associated bacteria are reported to provide

CO2 and minerals [4]. Some bacteria excrete auxins,

siderophores and fix atmospheric N2 enhancing cell divi-

sion and growth of macroalgae [1, 4]. Also, it has been

reported that macroalgae-associated bacteria produce acyl

homoserine lactone (AHL), which plays a great role in

growth and development of Gracilaria dura [3]. The study

also associated all three seaweed marine bacteria which

produced a significant amount of algal growth-promoting

substance—auxin, fixed atmospheric nitrogen and pro-

duced iron-chelating siderophores, whereas, seaweed (Ulva

lactuca) provided polysaccharide as food for bacteria thus

proved their cooperative association.

Conclusion

Three multiple polysaccharide-degrading seaweed (Ulva

lactuca)-associated bacteria Vibrio brasiliensis strain

DM1, Bacillus subtilis strain DM5 and Pseudomonas

aeruginosa strain DM15 producing multiple enzymes viz.

agarase, carrageenase, amylase, protease and cellulase

were isolated. These bacterial strains were found to

degrade algal waste and therefore can be used to biore-

mediate marine sites polluted with algal waste. All three

bacterial isolates were found to have potential of fixing

atmospheric nitrogen and siderophore production; there-

fore, the authors can use these bacteria to bioremediate

marine sites polluted with algal waste without using bio-

stimulation strategy (addition of NO3 and Fe to enhance

microbial bioremediation). Also, all three bacterial cultures

were found positive for IAA, and therefore, the authors

conclude that seaweed provides organic carbon and O2 for

bacteria and associated bacteria in turn fix atmospheric N2

for seaweed in nitrogen-limiting ocean water and also

provide hormone IAA and siderophores for algal growth

during their cooperative association.
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10.1 Introduction

In recent years, seafood waste has increased tremendously, since during the
processing of prawns, shrimps, and other shellfish mostly the meat is utilized
while the shells, bones, and head portions are thrown as wastes into marine
waters [1]. Fish production around the globe has increased tremendously and
reached 174 million metric tons in 2017. India is the third largest producer of
fishery around the globe and hence produces an enormous amount of fish waste
[2]. India generates >2 metric million tons of waste during fish processing, of
which 300,000 tons contribute to visceral waste alone [3]. Commercial
processing of fish generates a significant amount of waste, which includes
viscera, fins, scales, and bones [4]. This huge amount of discards (fishery waste)
including solid wastes along with wastewater resulting from fishery processing
are unutilized and usually disposed of in landfills, or dumped near shore and into
the ocean without any pretreatment, causing environmental pollution, thus
severely impacting aquatic biota health ailments [5,6]. Although these wastes
are biodegradable, the process is very slow. This results in accumulation of
fishery waste over time and pollutes coastal and marine environments due to bad
odors and secretion of biogenic amines, thereby affecting marine life [7]. Due to
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foul odors, seafood waste in the marine environment attracts flies, insects,
rodents, and other vermin, creating an unhygienic atmosphere. Fish waste is
classified as certified waste because it is comprised of high organic content and
is thus even more costly to dispose of [4]. In fish processing industries, acid,
alkali, and heat treatments are used to degrade shell waste that is hazardous to
the environment [8]. Hence, biodegradation of seafood waste using microor-
ganisms is important as they can be used for polluted environment reclamation
without harming natural biota. Bioremediation is ecofriendly and cost-effective
as compared to physicochemical methods. Therefore, treatment of prawn shell,
shellfish, and fish waste using marine bacteria is crucial for preservation and
sustainable development of the marine environment.

The fish processing procedure involves removal of fish bones, scales,
heads, and internal organs. Therefore, during the processing of seafood, a large
amount of shell and scale waste is discarded from fish markets, seafood
restaurants, fish-processing industries, and kitchens. Fish scales consist of
protein, calcium phosphate, calcium carbonate, magnesium carbonate, chitin,
and pigments [9]. Generally, crustacean shells consist mainly of 30%e50%
calcium carbonate, 30%e40% protein, and 20%e30% chitin and calcium
phosphate [4,10,11]. Shells also contain carotenoid pigments and a trace
amount of lipids. The content of shell components varies with different species
and seasons [12]. Therefore, to degrade seafood waste, bacteria possessing
protease, chitinase activities, and phosphate and calcium carbonate solubili-
zation properties will be of great importance. There are very few reports on the
total degradation of seafood waste by bacteria. Microorganisms possessing
proteolytic activity have been applied for the deproteinization of chemically
demineralized shells [13]. Purification of chitin from shrimp wastes using
microbial deproteination and decalcification activities has been demonstrated
[7]. Lactobacillus plantarum and Pseudomonas aeruginosa were used for
deproteinization and demineralization of crab shell and shrimp waste [1]. Two
bacterial cultures, Exiguobacterium acetylicum and Bacillus cereus, were
studied for their ability to decompose shrimp shell waste [14]. A P. aeruginosa
strain, K-187, isolated from soil (in Taiwan) showing protease and chitinase
activities when cultured in medium containing shrimp and crab shell wastes as
sole carbon sources has been reported [15]. Serratia marcescens FS-3 strain
exhibiting strong protease activity was isolated from soil toward the seaside of
a southwestern region of Korea and was used for degradation of crab
(Chionoecetes opilio) shell wastes [16].

Most of the above-mentioned studies demonstrate the use of chemicals in the
seafood waste treatment process along with the use of microbial enzymes or
microorganisms. Also, detail study on complete degradation of crab shell,
prawn shell, and fish scale using bacteria has not yet been undertaken. There-
fore, the current study focuses on isolation of seaweed-associated bacteria
possessing the ability to degrade seafood waste such as scales, crab shell, and
prawn shell waste by producing organic acids and hydrolytic enzymes and their
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application in bioremediation of seafood waste. Here we also discuss studies on
sustainable use of seafood waste for ethanol production.

10.2 Materials and methods

10.2.1 Collection of marine seaweed samples

Live and healthy seaweed samples (Ulva sp.) were collected from rocky
intertidal regions of Anjuna Beach, Goa, India using sterile forceps in sterile
petri plates. The samples were transported to the laboratory immediately under
cool conditions for further analysis. Ulva sp. samples were processed for
isolation of associated bacteria within 24 h.

10.2.2 Enrichment of Ulva-associated bacteria

For enrichment of Ulva sp.eassociated bacteria, seaweed sample was rinsed
gently two or three times with sterilized seawater to wash off sand particles
and loosely bound bacteria. In order to isolate firmly associated bacteria, Ulva
sp. was aseptically cut into 5-cm-long pieces and two pieces were inoculated
into 50 mL sterile Zobell marine broth (ZMB) in 150-mL Erlenmeyer flask
and incubated on shaker for 48 h at room temperature (RT, 28�C � 2) with
constant shaking at 150 rpm to enrich seaweed-associated bacteria.

10.2.3 Isolation of calcium carbonate solubilizing marine
Ulva-associated bacteria

From enriched ZMB, seaweed pieces were removed aseptically and the broth
was serially diluted up to 10�8 using sterile saline (2%) and spread plated
(0.1 mL) on seawater-based agar containing 1% CaCO3 and 0.4% glucose
(pH 7). The plates were then incubated at room RT (28�C � 2) for 48e72 h.
Morphologically different calcium carbonateesolubilizing bacterial colonies
showing a highest zone of clearance on agar were selected and purified for
further study. These calcium carbonateesolubilizing bacterial cultures were
maintained by regular subculturing on Zobell marine agar (HiMedia Labora-
tories) and stored at 4�C.

10.2.4 Investigating seafood waste (fish, crab, prawn waste)
utilizing potential of selected calcium
carbonateesolubilizing bacteria

10.2.4.1 Preparation of crab/prawn shell and fish scale powder

Crab shells, prawn shells, and fish scales were obtained from local markets.
They were washed with distilled water, sun-dried for 1 week, and ground into
a fine powder using an electronic mixer. This powder was then used as fish/
crab/prawn waste for degradation studies.
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10.2.4.2 Microbial utilization of seafood waste as a sole source of
carbon

Seawater-based media was prepared in three different 50 mL conical flasks
and 1% sterile crab shell, prawn shell, fish scale powder was added separately
into three flasks as a sole carbon and nitrogen source (1.5% agar was added).
Media was sterilized and poured into plates. Bacterial isolates were streaked
on plates and incubated at RT (28�C � 2) for 10 days. Plates were observed for
bacterial growth.

Calcium-solubilizing bacterial isolates, which also showed the ability to
utilize seafood waste as a sole carbon source, were further tested for their
potential to produce protease, cellulase, chitinase, agarase, and phosphate-
solubilizing activities.

10.2.5 Agarase production by marine Ulva sp.eassociated
bacteria

Bacterial isolates were plated on seawater-based agar medium (2% agar
without any other added carbon source) and incubated at RT (28�C � 2) for
24e48 h. Colonies were observed for depression in agar plates. Agarase
production was also tested by flooding plates with Lugol’s iodine and
observing zone of clearance around colony [17]. Agarase activity was tested to
rule out agar utilization by bacteria. The absence of agarase activity confirms
the ability of organisms to utilize seafood waste as a sole carbon source.

10.2.6 Production of protease by Ulva sp.eassociated bacteria

Ulva sp.eassociated bacteria, which were found to be utilizing seafood waste
as a sole source of carbon, were streaked on skim milk agar (HiMedia Lab-
oratories) plates and incubated for 4 days at RT (28�C � 2). Positive protease
activity was indicated by a clear zone surrounding the bacterial streak/growth.

10.2.7 Phosphate solubilization by acid-producing Ulva
sp.eassociated bacteria

Bacterial isolates were streaked on seawater-based Pikovskaya’s agar plates
containing 0.05% bromothymol blue (Merck) and incubated at RT (28�C � 2)
for 72 h. Zone of clearance and yellow coloration around bacterial streak
indicates phosphate solubilization due to acid production [18].

10.2.8 Cellulase production by Ulva sp.eassociated bacteria

Bacterial isolates were streaked on seawater-based carboxymethyl cellulose
agar (HiMedia Laboratories) and incubated at RT (28�C � 2). After 4 days of
incubation, plates were flooded with 1% Congo red solution (w/v) and allowed
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to stand for 10 min. Excess stain was poured out gently and plates were
flooded with 1M NaCl solution (destaining). After incubating for 10 min,
excess NaCl solution was poured out. This step was repeated two times to
wash off excess Congo red stain. Cellulase activity was indicated by a zone of
clearance along the bacterial streak [19], whereas the rest of the plate stained
dark red.

10.2.9 Production of chitinase by Ulva sp.eassociated bacteria

Chitinase production by Ulva sp.eassociated bacteria was checked by
streaking on seawater-based agar plates containing 1% colloidal chitin as a
sole carbon source and incubated at RT (28�C � 2) for 4 days. Plates were
flooded with 1% Congo red solution (w/v) and were allowed to stand for
10 min. Excess Congo red was discarded gently and plates were flooded with
1M NaCl solution (destaining). Excess NaCl solution was poured out gently
after incubating for 15 min. This step was repeated twice to wash off excess
Congo red stain. Chitinase activity was indicated by a zone of clearance along
streak [20], whereas the rest of the plate stained dark red.

Bacterial isolates exhibiting calcium carbonate solubilizing, protease,
chitinase, and cellulase activities were selected for the treatment of fish and
shellfish waste by preparing consortia.

10.2.10 Degradation of fish/crab/prawn waste using microbial
consortia developed using Ulva sp.eassociated bacteria

Development of microbial consortia for seafood waste degradation is of
utmost importance since improved degradation is achieved using microbial
consortia as compared to individual isolates. Before using selected bacterial
isolates as consortia for seafood degradation study, these isolates were tested
by the cross-inhibition test. Test isolates were inoculated as a line in the center
on the surface of Zobell marine agar and incubated at RT (28�C � 2) for 20 h.
Other isolates were inoculated as a perpendicular line to the test isolates, and
plates were incubated at RT (28�C � 2) for 48 h. Positive results were indi-
cated by a zone of inhibition of growth of other isolates. This test was repeated
for all the isolates. If bacterial isolates inhibit each other, then they cannot be
used in consortia for degradation of seafood waste.

Three selected bacterial isolates were inoculated separately into 50 mL
seawater-based broth containing 1% crab shell powder as a sole source of
carbon for 4 days at RT (28�C � 2) with shaking at 150 rpm. Then, 0.1 mL
culture broth from each flask was added as inoculum into 100 mL seawater-
based media in Erlenmeyer flask (250 mL) containing 2% crab shell powder
and incubated at RT (28�C � 2) with constant shaking at 150 rpm for 4 days.
The test was performed in triplicate. Control was maintained containing
seawater-based broth supplemented with 2% crab shell powder without
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inoculum. After 4 days of incubation, 2 mL culture broth was collected under
the aseptic condition and centrifuged at 8000 rpm for 10 min. The supernatant
was taken in another tube and used for determining reducing sugars by DNSA
method released during degradation of seafood waste [21]. Similar degrada-
tion study by consortia was repeated with prawn shell and fish scales in
triplicate.

10.2.11 Identification of seaweed-associated bacteria

Three selected seaweed-associated bacteria having the potential of degrading
seafood waste were identified by performing biochemical tests and referring to
Bergey’s Manual of Systematic Bacteriology [22] and also by using 16S rDNA
gene sequence. Gene coding for 16S rRNA was amplified with universal eu-
bacterial primers: 27F (50 AGAGTTTGATCMTGGCTCAG 30) and 1492R (50

TACGGYTACCTTGTTACGACTT 30). 16S rRNA sequence data were
compared with GenBank database using BLAST.

10.3 Results and discussion

Nine morphologically different calcium carbonateesolubilizing seaweed-
associated bacterial isolates showing a highest zone of clearance on agar
were selected and purified for further studies. These nine bacterial isolates
were designated as PM1, PM2, PM3, PM4, PM5, PM6, PM7, PM8, and PM9
(Fig. 10.1). Only three out of nine bacterial isolatesdPM1, PM6, and
PM9dwere able to utilize crab shells, prawn shells, and fish scale powder as a
sole carbon source in seawater-based agar after 10 days of incubation. Also, all
three bacterial isolates didn’t show growth on seawater-based agar media (agar

FIGURE 10.1 Calcium carbonateesolubilizing seaweed-associated bacterial isolates showing

zone of clearance around colonies when streaked on seawater-based agar comprising 1% CaCO3

and 0.4% glucose.
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as the sole source of carbon), therefore, bacterial isolates PM1, PM6, and PM9
were selected for further studies since the absence of agarase activity confirms
that organisms only utilize seafood waste as a sole source of carbon.

All three isolates PM1, PM6, and PM9 were found to be positive for
protease, cellulase (Fig. 10.2), and chitinase (Fig. 10.3) activity and also could
solubilize phosphate (Fig. 10.4) in seawater-based agar. Crustacean shells
consist mainly of 30%e40% protein, 30%e50% calcium carbonate, and
20%e30% chitin and calcium phosphate [9e11]. They also contain carotenoid
pigments and a trace amount of lipid resides. Seafood wastes are rich in
organic contents such as protein, bioactive peptides, collagen, gelatin, calcium
carbonate, and lipid, making the disposal process more complicated and
expensive [4]. The content of shell components varies with different species

FIGURE 10.2 Seaweed-associated bacteria showing cellulase activity on seawater-based agar

plates comprising 1% carboxymethyl cellulose (CMC) as a sole source of carbon.

FIGURE 10.3 Seaweed-associated bacteria showing chitinase activity on seawater-based agar

plates containing 1% colloidal chitin as a sole carbon source.
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and seasons [12]. Therefore, to degrade seafood waste bacteria (PM1,
PM6, and PM9), which have protease, chitinase activities, phosphate solubi-
lizing and calcium carbonate solubilization properties are of great importance.

Seaweed-associated selected bacterial isolates didn’t show any cross-
inhibition activity with each other therefore were selected to develop micro-
bial consortia to degrade seafood waste. Microbial consortia (PM1, PM6, and
PM9) was developed to enhance degradation of seafood waste, which was
evident from the amount of reducing sugars released from crab shell/prawn
and fish scales (Fig. 10.5) and was found to be 310 � 8 mg/mL, 245 � 14 mg/
mL, and 180 � 15 mg/mL, respectively, after 4 days of incubation. These
results confirmed that bacterial consortia have very high seafood waste
degradation activity and can be used for bioremediation of seafood waste
before discharging into marine waters and also marine sites already polluted
with seafood waste. Based on morphology and biochemical tests, bacterial

FIGURE 10.4 Seaweed-associated bacteria showing phosphate-solubilizing activity on seawater-

based Pikovskaya’s agar plates containing 0.05% bromothymol blue.

FIGURE 10.5 Seaweed-associated bacteria, when used as microbial consortia (PM1, PM6, and

PM9), showed degradation of seafood waste (crab shell, prawn shell, and fish scales).
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isolates PM1, PM6, and PM9 were identified as Bacillus sp. Brevibacterium
sp. and Vibrio sp., respectively, and through 16S rRNA sequencing, bacterial
isolate PM6 was further confirmed as Brevibacterium iodinum (accession
number MG971400).

Fish production generates a huge amount of solid waste in the form of
whole fish waste, fish heads, tails, skin, viscera, bones, blood liver, guts, and
some muscle tissue along with wastewater composed of liquid waste produced
during fish processing [6]. Improper disposal of seafood wastes generated by
fishery-processing industries signifies an increasing environmental and health
problem [8]. The intertidal region is exposed to fish, prawn, and crab waste as
they get washed toward the shoreline when dumped in the sea during the wave
currents. Biodegradation of waste is perhaps the most lucrative and environ-
mentally friendly procedure for waste utilization since chemical treatment
method can, in turn, add harmful chemicals (HCl, HNO3, H2SO4, CH3COOH,
and HCOOH) to the environment [9,23]. Fishery waste being collected is in
mixed type form near/along the shoreline inhabited by seaweeds, and bacteria
associated with seaweeds are adapted to possess enzymes protease, chitinase,
phosphate solubilization, and calcium solubilization activity. These properties
make them efficient in biodegradation and treatment of fisheries waste
containing a mixture of proteins, cellulose, chitin, and minerals, etc. In this
study, we have reported for the first time isolation of seaweed-associated
bacteria (Bacillus sp., Brevibacterium sp., Vibrio sp.) from the intertidal
region of Goa, India, to degrade fish waste efficiently without using any
chemical degradation step. Also, first-time detailed studies regarding enzymes
(protease, chitinase, and cellulase) and organic acids (demineralization)
produced by seafood waste degrading marine bacteria are now underway. Use
of marine bacterial consortia for degradation of seafood waste is an
ecofriendly and cost-effective method as compared to chemical method. In the
near future, genes encoding protease, cellulase, and chitinase from these
seaweed-associated bacteria will be used to genetically modify Escherichia
coli for enhanced degradation of crab shell/prawn shell and fish scale waste as
an advance in seafood waste management.

10.4 Application of seafood waste for bioethanol
production

The main aim of waste management is to develop advanced biotechnology to
biodegrade waste and for sustainable production of biofuel without harming
the environment [24]. Application of seafood waste for bioethanol (biofuel)
production is a very innovative and ecofriendly concept. The present
biotechnology-based concept uses marine bacteria to break down crab shell/
fish scales/prawn shell by utilizing them as the sole source of carbon and
nutrients and break them down into monomer sugars. The sugars thus pro-
duced during degradation of seafood waste can be used to produce bioethanol
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in the future, using Saccharomyces cerevisiae in a profitable, sustainable, and
environmentally friendly manner. Biofuels (ethanol) do not contribute much
toward environmental pollution and thus are beneficial over current fuels.

The rapid decline in the world’s oil reserves is the main reason behind
increasing interest in biofuels as a substitute for fossil fuels. Also, at present
ethanol production is mainly done by yeast fermentation (S. cerevisiae) by
using plant raw material containing very high levels of sugar. Use of plant raw
material for biofuel production is economically costly, environmentally
damaging, and requires a large cultivable area, therefore, we need an alter-
native source of raw material [24]. Since a large amount of seafood waste is
generated every day, we can use this waste for biofuel production. Here the
seafood waste can be first degraded using bacteria possessing calcium
carbonate solubilization, cellulase, protease, and chitinase activity to release
sugars. The sugars thus released can be used for bioethanol production by
fermentation using S. cerevisiae. Sugar N-acetyl-D-glucosamine (GlcNAc) is
the monomer of chitin and released during degradation of seafood waste.
Inokuma et al. (2016) used Scheffersomyces (Pichia) stipitis strains for ethanol
production by using GlcNAc as the sole carbon source [25]. S. stipitis
NBRC1687, 10007 and 10063 strains gave 81%, 75% and 82% ethanol yield,
respectively, after consuming 50 g/L GlcNAc at 30�C for 96 h. Not much
research work has been done in this area to date, and therefore there is great
potential for researchers to develop advanced biotechnological methods/pro-
cesses to efficiently use seafood waste for ethanol (biofuel) production in a
sustainable way without damaging the environment.
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Chapter 12

Metagenomics a modern
approach to reveal the secrets
of unculturable microbes
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12.1 Introduction

The most diverse life forms that exist on planet Earth are microorganisms, but
still, only 0.1%e1% have been cultivated so far, resulting in creating a great
obstacle in understanding the world of microbes. This limitation nowadays has
been overcome by the use of data being gathered using metagenomics and
single-cell genomic techniques, which bypasses the need for cultivation of
microbes in laboratory conditions [1].

The identification of bacterial and archaeal phyla using a small subunit
ribosomal RNA database till date has resulted into 89 bacterial and 20 archaeal
phyla, which is much less than the expected bacterial phyla of approximately
1500 [2e7]. The lack of data act as an indicator for the incapability of
cultivating microorganisms, as the majority of what we have understood so far
about microbial life form is based on cultivable organisms. Therefore, the
phylogenic information available is being dominated mostly by the Proteo-
bacteria, Actinobacteria, Firmicutes, and Bacteroidetes representing bacteria,
with halotolerant and methanogens members of the Euryarchaeota in case of
the archaea [3].

The realization of how diverse the untapped microbial community is in any
particular environment came from the analysis of RNA (16S rRNA or SSU)
genes sequencing directly from various environmental econiches [8]. The
outcome of the study revealed that a single cultivable representative was
present in less than half of the known microbial phyla [1]. Those phyla that
contain exclusively uncultivable microbes are known as Candidate Phyla (CP).
This CP is also referred to as microbial dark matter as these microbes account
for a large portion of the Earth’s biomass as well as biodiversity, but still not
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much is known about their metabolic and ecological properties. To tap these
CP currently proves to be a great challenge to the scientific community, and
until we solve the mystery of these CP our knowledge toward microbial
communities will be minuscule [9].

Scientists during the last 7 to 8 years have addressed this issue of
uncultivable microbes using advanced and newer technologies of genome
sequencing. Nowadays the microbial genome from any environmental sample
can be directly sequenced using metagenomics and single-cell genomics, but
these techniques have their own pros and cons. Shotgun sequencing followed
by its assembly in the case of metagenomic approach results in genome
fragments from different organisms, which subsequently can be binned into
separate genomes using shared features, viz., homology, tetranucleotides, and
codon usage. However, the limitation of this technique is that sometimes
binning does not reveal the identity of its strains, representing a different
composite of genomic fragments from diverse populations [10]. In contrast to
the metagenomic approach, single-cell genomics involves the separation of a
single cell from the environment followed by its lysis, amplification, and
sequencing of the genomic DNA. Although this approach overcomes the
drawback of the metagenomic approach, due to limitations in amplification of
the entire genome, it often results in fragments representing incomplete
genome. These two techniques have contributed quite a lot in recent years in
terms of new insights into discovering the hidden uncultivable microbes in any
environment [1].

Every microorganism in any environment possesses a unique set of genes
within its genome, and the combination of the genomes of all the microbial
members in any particular environment is known as metagenome. The
metagenome technology, i.e., metagenomics, has helped in accumulating
the genomic DNA sequences possessing unique properties for various novel
biotechnological applications [11]. The presence of an overwhelming
majority of uncultivable microbes in any environment will always result in
uncovering the hitherto unknown proteins and sequences pertaining to it,
thus making this approach more advantageous over the culture-based
traditional approach [12]. The importance of metagenomic approach can
be assessed merely based on the fact that nearly one million novel open
reading frames encoding microbial enzymes were successfully identified in a
single sample of marine prokaryotic plankton obtained from the Sargasso
Sea [13].

12.2 History of metagenomic approach

The term metagenomics was first coined by a group led by Jo Handelsman
[14]. Metagenomics is also known as ecogenomics, community genomics, and
environmental genomics [15]. The DNA cloning directly from the environ-
mental sample was first proposed by Pace [16], and as early as 1991, the first
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such type of cloning was reported in phage vectors [17]. The construction of
the metagenomic library from the mixture of organisms enriched on dried
grasses was achieved in similar lines [18]. The library resulted in an expression
of cellulolytic activity, which at that time was referred to as zoolibraries (the
term was not much used in this field) [18]. The major outcome came from the
team led by DeLong that constructed metagenomic libraries from prokaryotes
in seawater samples [19]. The library constructed by DeLong resulted into
40 kb clone constituting a 16S rRNA gene, identifying this clone as archaeon
that previously had never been cultivated.

When metagenomics became popularized, some aspects of this technology
were patented for the first time by biotechnological companies, including
Diverse (San Diego, California, USA) and TerraGen Discovery (Vancouver,
Canada) in 1996 [13]. Cloning of PCR-generated microbial genes from soil
DNA into the partial polyketide synthase gene cluster of recipient Strepto-
myces strain was shown for the first time by TerraGen Discovery company in
order to explain the importance of cloning and expression of environmental
genes [20,21].

Metagenomics became well known when two different but important
research works using this technique were published in 2004. These research
works clearly demonstrated the application of random whole-genome shotgun
sequencing in understanding the microbial populations present in diverse
habitats [22,23]. The research group headed by Tyson [22] used samples from
the extreme environment that generated only 76 Mb DNA sequence data and
resulted in the complete assembly of genomes of the dominant species along
with their metabolic pathway. Whereas the research group of Craig Venter [23]
analyzed environmental samples containing a large number of species
resulting in a sequence database of 2 Gb. These two projects led to a flood of
information in the area of metagenomics as nearly 200 projects with over 450
different environmental samples came into existence within a very short period
according to the GOLD database [24].

12.3 Approach, strategies, and tools used in the
metagenomic analysis

The metagenomic approach starts with the isolation of metagenomic DNA
from an environmental sample followed by its cloning and transformation into
a suitable cloning vector and host system (Fig. 12.1A and B). The resulted
transformant is then screened for either phylogenetic markers/anchors, such as
16S rRNA gene, or it can be screened for any particular gene of interest using
multiplex PCR or hybridization or enzyme substrate reaction or antibiotic
production [22,23,25e34]. Each approach has its own strengths as well as
weaknesses, but together these approaches have so far broadened our
knowledge about the uncultivable microbes, which otherwise would have
remained a mystery to us.
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12.3.1 Isolation of metagenomic DNA

Metagenomic DNA recovery from any environmental sample suitable for
metagenomic library construction is a challenging task as various contami-
nations, viz., humic, fulvic acids, DNases present in soil or sediment samples
[35e37], cause major hindrances in downstream process of isolated DNA.

FIGURE 12.1 (A) Schematic representation of metagenomic approach. (B) Cloning and trans-

formation of metagenomic DNA into suitable vector and host.
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The second drawback in case of isolation of intact high-molecular-weight
DNA/metagenomic DNA is there are always chances of DNA getting
degraded or sheared in the harsh process of extraction. To ensure the correct
representation of any community metagenome, the quality as well as the
quantity of extracted metagenomic DNA play an important role [29]. In order
to overcome this limitation, several protocols have been devised that are fast,
efficient, and yield pure metagenomic DNA from various environmental
samples [38e43].

FIGURE 12.1 cont’d
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Apart from the above-mentioned protocols for extraction of metagenomic
DNA, there are several commercially available kits in the market currently
that claim to yield high as well as pure metagenomic DNA from various
sources. These kits are easy to use but sometimes require sophisticated
equipment in order to carry out the DNA extraction in an efficient manner.
Some of the commercially available kits are PowerSoil, UltraClean, and
RNA PowerSoil (Mo Bio Laboratories, California, USA); FastDNA Spin kit
for soil and FastRNA Pro soil-direct kit (MP Biomedicals, Solon, Ohio,
USA); and SoilMaster (Epicentre Biotechnologies, Madison, Wisconsin,
USA).

12.3.2 Cloning vector and host

The vector system used in any metagenomic library construction depends upon
many criteria such as the desired insert size of the library, screening method or
strategy that will be used, quality of the isolated DNA, and vector copy
number [44]. The construction of the metagenomic libraries can be classified
into two groups: the first type with small insert libraries made in plasmid
vector with <15 kbps insert size and the second type with large insert made
in either cosmid or fosmid with 40 kbps insert size or in bacterial artificial
chromosomes (BACs) with >40 kbps of insert size. Fosmids and BACs are the
vectors that are most commonly used for metagenomic studies due to their
capacity to clone larger inserts as well as maintaining the stability of pro-
karyotic as well as eukaryotic clones [21,45,46].

In most of the cases, the strains of Escherichia coli is preferred as a host in
cloning and expression studies but there is a limitation in terms of expression
of the genes in the E. coli host from an organism that is more distantly
related to Enterobacteriaceae family. Therefore, in recent years, scientists
have successfully tested other host organisms such as Streptomyces lividans,
Pseudomonas putida, bacillus subtilis, and Rhizobium leguminosarumare for
their studies [21,47,48].

12.3.3 Screening of metagenomic clones

Once the metagenomic library is constructed successfully, this library can be
screened for either “functional” or “sequence-based” screening procedures
[49,50].

Functional metagenomics is based on the expression of genes from the
cloned metagenomic DNA in the respective host using specific substrates. This
technique is advantageous to explore novel genes encoding various industrially
important enzymes and other biomolecules, including antibiotics. There are
several limiting factors in functional screening, viz., an expression of the
gene(s) inserted in the foreign hosts, availability of substrates, and recognition
of regulatory elements such as operators and promoters [51].
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The sequence-based metagenomic approach relies on DNA sequencing of
the metagenomic library followed by identification of the gene(s) encoding
enzymes regulating different metabolic pathways as well as the microbial
community structure that defines microbial diversity involved in specific
metabolic/degradative pathways. The sequence-based approach requires the
use of computers along with their respective software for genome assembly in
order to find out the type of organisms as well as functions of different genes in
specific samples [17,19,50].

12.3.4 Sequencing and bioinformatics analysis of the
metagenomic clones

The complexity of microbiomes can be assessed in an example stated by Hess
et al. [52] who estimated that approximately 1000 operational taxonomic units
can be present in a single cow rumen, that’s why sequencing technology needs
to be very sensitive in order to capture the sequences of all the species within
any microbiome sample. Nowadays, second- and third-generation sequencing,
known as next-generation sequencing, has aided in the analysis of meta-
genome in a promising manner. The second-generation sequencing consists of
Ion Torrent and Illumina, which are able to produce millions of short reads
(200e400 bps), whereas third-generation sequencing procedure includes
PacBio and ONT produces longer reads, i.e., 6e20 kbps, but they result in
fewer reads per run.

The next thing after sequencing is its assembly or genome assembly from
the smaller sequenced fragments. The assembling process of any genome
from the smaller fragments of sequences is very tedious technique, due to
the presence of repetitive elements within the genome. The de novo type of
assembler is a reference-free type of strategy for constructing the contiguous
sequences known as contigs. The de novo assembly software tools use either
overlap layout consensus (OLC) or the de Bruijn graph approach. In the
OLC approach, pairwise comparing of all reads are done to find out the
regions with significant overlaps, whereas in de Bruijn graph approach a
graph is constructed by reading the consecutive k-mers within each read
[53]. The de Bruijn graph approach is less expensive than the OLC approach
but is more sensitive to sequencing error than that of OLC approach. The
list of other software used in the metagenomic analysis is tabulated in
Table 12.1.

12.4 Application of the metagenomic approach

In the advancement of culture-independent approach for studying microbial
community, we are now evaluating the microorganisms that inhabit each
and every ecological niche from the deepest oceans to the gut of almost
every organism. This technique has changed the way the bacterial phyla
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TABLE 12.1 Commonly used software in metagenomic analysis.

S.

No. Software Application Links References

1 PRINTSEQ Quality control tool for sequence trimming. http://prinseq.sourceforge.net/ [54]

2 FastQC Quality control tool for high-throughput sequence data. http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/

[55]

3 NGS QC toolkit Tool for quality control analysis performed in parallel
environment.

http://www.nipgr.res.in/ngsqctoolkit.html [56]

4 Mothur From reads quality analysis to taxonomic classification. http://www.mothur.org/ [57]

5 Meta-QC-Chain Parallel environment tool for quality control. http://www.computationalbioenergy.org/
qc-chain.html

[58]

6 QIIME Quality pretreatment of raw reads, taxonomic annotation,
calculus of diversity estimators, and comparison of
metaprofiling or metagenomic data.

http://qiime.org/ [59]

7 PICRUSt Predictor of metabolic potential from taxonomic
information.

http://picrust.github.io/picrust/ [60]

8 CARMA Phylogenetic classification of reads based on Pfam
conserved domains.

http://omictools.com/carma-s1021.html [61]

9 MOCAT Pipeline that includes quality treatment of metagenomic
reads and taxonomic annotation.

http://vm-lux.embl.de/wkultima/
MOCAT2/index.html

[62]

10 Parallel-meta Taxonomic annotation of ribosomal gene markers
sequences obtained by metaprofiling or metagenomic
reads.

http://www.computationalbioenergy.org/
parallel-meta.html

[63]
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11 TETRA Taxonomic classification by comparison of
tetranucleotide patterns.

http://omictools.com/tetra-s1030.html [64]

12 MetaVelvet De novo assembler of metagenomic short reads. http://metavelvet.dna.bio.keio.ac.jp/ [65]

13 MetaORFA Assembly of peptides. Not available [66]

14 ProViDE Analysis of viral diversity in metagenomic samples. http://metagenomics.atc.tcs.com/binning/
ProViDE

[67]

15 MetagenomeSeq Analysis of differential abundance of 16S rRNA gene in
metaprofiling data.

http://bioconductor.org/packages/release/
bioc/html/metagenomeSeq.html

[68]

16 MG-RAST Taxonomic and functional annotation, comparative
metagenomics.

http://metagenomics.anl.gov [69]

17 IMG/M Functional annotation, phylogenetic distribution of genes
and comparative metagenomics.

https://img.jgi.doe.gov/cgi-bin/m/main.cgi [70]

18 RayMeta Assembler of de novo metagenomic reads and taxonomy
profiler by Ray Communities.

http://denovoassembler.sourceforge.net/ [71]

19 IDBA-UD Assembler de novo of metagenomic sequences with
uneven depth.

http://i.cs.hku.hk/walse/hkubrg/projects/
idba_ud/

[72]
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were defined previously by culture-dependent approach as the fact is that
approximately 70% of all known bacterial phyla are totally devoid of any
cultivable representative [73]. The great diversity among metagenomic 16S
rRNA sequences can be easily detected using phylogenetic analysis
(Fig. 12.2). In the case of pharmaceutical industries, bacterial strains are
well known for the discovery of novel antibiotics to combat the problem
of antibiotic-resistant pathogens [74]. To date, more than 10,000 biologi-
cally active molecules against serious human pathogens, viz., HIV, cancer,
and inflammation have been isolated from known cultured actinomycetes
and mostly from a single genus of Streptomyces [75]. Therefore, we can
truly hypothesize the potential of discovering novel biomolecules from
the uncultivable microbes as they are known to outnumber the cultivable
microbes.

The industrial application of the metagenomic approach has resulted in
the isolation of numerous industrially important enzymes (Table 12.2). In the
field of other natural products, viz., drug discovery or metabolites, putative
pathways have been reported from various environmental samples, i.e., from
soil [93,94], tunicates [95,96], sponges [97] and from insects [98]. But still,
the challenge to link these biosynthetic genes to a product has hindered
discovery, whereas only in a few cases successful expression or in vitro
characterization has been achieved [99,100]. The rate of discovery of newer
genes has been accelerated with the advent of the metagenomic approach,
and therefore, the application of the metagenomic approach to humankind
seems to be endless.

12.5 Conclusion remarks

The viewpoint of microbiologists has been changed after the emergence of
the metagenomic approach in recent years. Many concepts defined by
cultural microbes have been altered drastically with the discovery of
uncultivable microbes. In terms of its application to various biotechnological
industries, metagenomics is limitless as it has led to some novel discoveries.
This technique had shown a promising future with the advancement of
sequencing methods and other bioinformatics analysis tools. There are still
more extreme environments, such as thermal vents in the deep sea, the frozen
Antarctic region, vertebrate gut microbiomes, cold soils, and plant rhizo-
spheres, that needs to be explored with the help of this technique. Further-
more, this state of art technology, along with its improved methods for
analysis, in near future will attract the scientific community of diverse fields.
Metagenomics seems to have a very promising future in helping mankind
to solve problems and develop a better understanding of the microbial
community.
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FIGURE 12.2 Phylogenetic analysis showing diversity among unculturable microbes using

metagenomic approach.
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TABLE 12.2 Various enzymes isolated using metagenomics approach.

S.

No. Source Gene Name

Host/

Vector

Avg.

Insert

size

(kb) References

1 Soil Esterase/lipase E. coli,
plasmid

6 [76]

2 Compost Esterase, amylase,
phosphatase,
dioxygenase,
protease

E. coli,
plasmid

3.2 [77]

3 Sediment
enrichment

Cellulase E. coli, l
phage

6 [78]

4 Loam soil Oxygenase E. coli,
plasmid

5.5 [79]

5 Soil b-Lactamase E. coli,
plasmid

5 [80]

6 Activated
sludge treating
coke plant
wastewater

Extradiol
dioxygenase

E. coli,
fosmid

33 [81]

7 Seawater Chitinase E. coli, l
phage

5 [82]

8 Glacial ice DNA polymerase I E. coli,
plasmid

4 [83]

9 Soil/sediment
enrichment

Dehydratase E. coli,
plasmid

4 [28]

10 Cow rumen Mannanase/
glucanase/
xylanase

E. coli,
phagemid

3 [84]

11 Sediment Metalloprotease E. coli 4 [85]

Sequence-based screening

S.

No. Source Gene Name Method References

1 3-Chlorobenzoate
enrichment

Benzoate 1,2-
dioxygenase,
chlorocatechol 1,2-
dioxygenase

Degenerate
PCR

[86]

2 Grassland soil Nitrite reductase,
nitrous oxide reductase

Probe
hybridization

[87]

3 Sediment from
hot spring

Pullulanase Degenerate
PCR

[88]
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