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CHAPTER I 

INTRODUCTION 

1.1 Lead in the environment and applications 

Lead (Pb) obtained mainly from galena (PbS) is known to humans for about 7,000 

years, and its poisoning has been recognized for at least 2,500 years (Nriagu, 1978; Eisler, 

1988) (Fig.1.1). Lead has used in wide range of applications in various industries viz. 

petroleum, electronics, acid storage batteries, , paints, ceramics, stained glass, biocides, 

ammunition, alloys, toys, antifouling agents (Eisler, 1988; Gummersheimer and Giblin, 

2003). Lead arsenate is used extensively as a biocide to reduce bird hazards near airport 

runways by controlling earthworm population and also to control pests in fruit orchards that 

ultimately results in lead contamination of terrestrial environment.Toxic metals viz. 

cadmium, lead and mercury without any known biological functions are one of the most 

serious environmental pollutants prevalent in industrial wastes and their release into natural 

water bodies and terrestrial ecosystems poses serious threat to the health and bioproductivity 

of aquatic and terrestrial biota (Skei, 1978; Nies, 1999; Watt et al., 2000; Tong et al., 2000; 

Coombs and Barkay, 2004; De et al., 2007, 2008; Velea et al., 2009; Jayaraju et al., 2011). 

Environmental levels of lead have increased more than 1000-fold over the past three centuries 

as a result of anthropogenic activities. Heavy metals including lead exert toxic effects on 

living organisms in a variety of ways which include DNA damage, inactivation of proteins, 

essential metabolic enzymes and lipids (Roane, 1999; Nies, 1999; Asmub et al., 2000; 

Hartwig et al., 2002). Therefore U.S. Environmental protection agency (EPA) has included 

lead, mercury and cadmium in their list of hazardous inorganic wastes (Cameron, 1992). As 

per WHO guidelines permissible level of lead in drinking water is <10 Rg/L (Watt et al., 

2000). Lead is persistent environmental pollutant, slowly accumulates and results in 

biomagnification in food chain and referred as cumulative poison (Dauvin, 2008; Flora et al., 

2 



2008; Lombardi et al., 2010). In case of humans, lead (Pb +2) inactivates many enzymes, 

causes renal failure, neurodegenerative diseases, reproductive impairment, anemia and 

weakening of bones but when blood level exceeds 70 µg/dl results in coma and death 

(Fowler, 1998; Tong et al., 2000; Gummersheimer and Giblin, 2003; Turkdogan et al., 2003; 

Lam et al., 2007; Flora et al., 2008).Wastes from industries, sewage sludge, power plants and 

incineration plants contain substantial amounts of toxic heavy metals viz. lead, cadmium, 

arsenic, chromium and mercury which are of serious environmental concern and need to be 

removed from the source of pollution itself (Fig.1.2). 

Fig.1.1 Red Dog mine in Alaska: largest lead mine in the world 

Fig.1.2 Effluent of lead smelter in Alaska 
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1.2 Chemical characteristics of lead 

Elemental lead is a bluish-gray, soft metal with atomic weight 207.19 and atomic 

number 82 which melts at 327.5°C, boils at 1,749°C and has density of 11.34 g/cm 3  at 25 °C. 

Metallic lead is sparingly soluble in hard, basic water upto 30 gg/1, and up to 500 lig/1 in soft 

acidic water. Lead has got four stable isotopes: Pb 204 (1.5%), Pb 206 (23.6%), Pb 207 (22.6%)  

and Pb 208 (52.-- .570) Of its 24 radioactive isotopes Pb 210  with half life 22 years and Pb 212  with 

half life 10 hours have been used in tracer experiments exclusively. Lead occurs in four 

different valency states: Pb °, Pb+, Pb2+  and Pb4+  which are environmentally important. In 

nature, lead occurs mainly as Pb 2+  which is oxidized to Pb 4+  only under strong oxidizing 

conditions and only few compounds of Pb 4+  are stable. Some lead salts are comparatively 

more soluble in water ( e.g. lead acetate, 443 g/1; lead nitrate, 565 g/1; lead chloride, 9.9 g/1), 

whereas others are only sparingly soluble ( e.g. lead sulfate, 42.5 mg/1; lead oxide, 17 mg/1; 

lead sulfide, 0.86 mg/1). Solubility of lead salts is greatest at elevated temperatures in the 

range 0 to 40° C. Of the organoleads, tetraethyl lead (TEL) and tetramethyl lead (TML) are 

the most stable and most important because of their widespread use as an antiknocking fuel 

additives. Both are clear, colorless, volatile liquids, highly soluble in many organic solvents; 

however, solubility in water is only 0.18 mg/1 for TEL and 18.0 mg/1 for TML (Harrison and 

Laxen, 1981; Eisler, 1988). 

Chemistry of lead is complex, as in aqueous environment Pb +2  is more soluble and 

bioavailable under conditions of low pH, low organic content, low levels of particulate matter 

and low concentrations of the salts of calcium, iron, manganese, zinc, and cadmium. 

(Harrison and Laxen, 1981; Scoullos, 1986). 
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1.3 Lead in the terrestrial environment 

Soil pollution is an undesirable change in the physical, chemical and/or biological 

characteristics of the soil which reduces the area of cultivable land and habitation. Human 

health is closely related to the quality of soil and especially to its degree of pollution (Romic 

and Romic, 2003; Velea et al., 2009). Soil acts as a sink as well as source of pollution with 

the capacity to transfer pollutants to groundwater and food chain ultimately affecting human 

health (Facchinelli et al., 2001). Heavy metal contamination of terrestrial environment has 

attracted great deal of attention worldwide due to non-biodegradable nature and long term 

persistence of toxic heavy metals in the environment (Raghunath et al., 1999; Li et al., 2004). 

Average concentration of lead in earth crust is 13µg/g. Soil contaminated with lead is 

unsuitable for agriculture due to accumulation and adverse effects of lead on crop plants and 

may also result in biomagnifications at higher tropic levels (Khan et al., 2010). 

Amount and bioavailability of lead, cadmium and mercury in soil to natural biota is 

related to the degree of risk to them. Total lead concentration does not necessarily reflect the 

amount of lead that is biologically toxic or bio-available. Soluble lead is toxic as it is in free 

ionic form and may penetrate more readily the cellular membranes (Roane, 1999; Pike et al., 

2002). The bioavailability of lead depends upon various soil constituents and pH. Lead may 

precipitate in soil if soluble concentration exceeds 4 mg/I at pH 4 and 0.2 mg/I at pH 8. In the 

presence of phosphate and chloride, these solubility limits may be as low as 0.3 mg/1 at pH 4 

and 0.001 mg/1 at pH 8. Therefore, experiments with lead level exceeding these values may 

reflect precipitation reactions rather than adsorption reactions. Anionic constituents of soil 

viz. phosphate, chloride and carbonate are known to influence bioavailability of lead either by 

precipitation of minerals of limited solubility or by reducing adsorption through complex 

formation (Rickard and Nriagu, 1978). Several adsorption studies have indicated that lead 

adsorption in soil increased with increasing pH ranging from 4 to 11. Adsorption of lead also 
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increases with increasing organic matter content of soil (Hildebrand and Blum, 1974; 

Scrudato and Estes, 1975; Griffin and Shimp, 1976; Zimdahl and Hassett, 1977). 

Lead adsorption pattern in soil vis-a-vis soil constituents viz. clay minerals, oxides, 

hydroxides, oxyhydroxides and organic matter has been studied extensively. Lead adsorption 

studies using 12 different soils from Italy have clearly revealed that soil organic matter and 

clay content are two major factors influencing lead adsorption in soil (Soldatini et al., 1976). 

Similarly lead adsorption characteristics of 7 different alkaline soils from India have also 

been determined (Singh and Sekhon, 1977) which indicated that clay, organic matter, and 

calcium carbonate influenced lead adsorption. Recent studies have also shown that chloride 

ions cause precipitation of lead as solid PbOHCI (Bargar et al., 1998). Solid organic matter 

such as humic materials in soil and sediments also adsorb lead significantly (Rickard and 

Nriagu, 1978; Zimdahl and Hassett, 1977). In soil lead is found as different compounds viz. 

litharg (PbO), cerussite (PbCO3), hydrocerussite (PbCO3-PbOH2), angelsite (PbSO4) and lead 

phosphate (Pb5(PO4)3CI) (Dermatas et al., 2004; Nadagouda et al., 2009). Despite the 

apparent immobility of lead, organic soils or sediments retain approximately 70% of the total 

lead present in ecosystem (Johnson et al., 1995). Consequently, soil serves as a major source 

of lead with serious impact on survival and bioproductivity of terrestrial macro and 

m icrorganisms. 

Table 1.1 Marked lead contaminated terrestrial sites in the world 

S. N. Location/site Type of sample Lead 
concentrations 

References 

1 Raipur and Korba region, 
Chhattisgarh State,India 

Soil from 
metal smelting 
and coal burning 
sites 

12.8-545 Ilg/g Patel et al., 2006 

2 Dandora municipal waste 
dumping site, Nairobi 
Kenya 

i. Soil sample 

ii. waste dump 

i. 50-590 ppm 

ii. 13,500 ppm 
Kimani, 2010 
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3 Hawaii, USA Roadside soil 4 — 1,750 [tg/g Sutherland, 2003 

4 Marmorilik, W. Greenland Soil 8,922±622 [tg/g Larsen et al., 
2001 

5 Belize Soil 1,572 [tg/g Walker et al., 
2003 

6 Battery recycling plant of 
Haina, Dominican Republic 

i. Soil 

ii. Children's 
blood 

3,115 mg/g 

Mean blood lead 
levels: 71 gg/d1 

Grant et al., 
2006 
Blacksmith 
Institute, New 
York, USA, 
2006 

7 Lead mining, Rudnaya 
pristan, Russia 

1.Residential 
garden soil 

2. Road side soil 

476-4,310 mg/kg 

2020-22900 
mg/Kg 

Grant et al., 2006 
Blacksmith 
Institute,New 
York, USA, 
2006 

8 Mining and smelting, 
Kabwe, Zambia 

i. Soil 

ii. Children's 
blood 

2,400 mg/g 

Blood lead level 
>200 gg/d1 

Blacksmith 
Institute, New 
York, USA, 
2006 

9 Lead mining, La Oraya, 
Peru 

i. Soil 

ii. Children's 
blood 

1,620 mg/g 

33.6 gg/d1 

Blacksmith 
Institute, New 
York, USA, 
2006 

1.4 Lead in the aquatic environment 

Several industries inadvertently release effluents with high concentrations of lead 

which enters into aquatic environment posing serious threat to the natural biota. In surface 

waters lead exists in three forms: i. dissolved labile (e.g. Pb 2+, Pb0H+  and PbCO3); 

dissolved bound (e.g. colloidal or complexed lead) and iii. particulate lead (Benes et al., 

1985). Lead based antifouling paints are also used to paint the hulls of boats, ships and many 

static structures that are submerged, including pontoons, piers, aquaculture nets, buoys, 

pipelines and drilling platforms to control fouling organisms. With phasing out and ultimate 

ban on tri-organotin based antifouling paints, Cu(I) and Pb(II) based antifouling paints with 

cuprous oxide/ cuprous thiocyanate, zinc oxide and lead oxides became potential alternatives 
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(Sanchez-Bayo and Goka, 2005; Turner, 2010). Slow and un-controlled leaching of these 

antifouling biocides from the painted surface of ships, boats and other submerged structures 

results in elevated levels of lead in the aquatic ecosystem viz. harbours, marinas and estuaries 

(Turner, 2010). 

Lead is transported in the estuarine environment either in the form of suspended 

particles or dissolved ions which are subsequently removed from water and adsorbed finally 

into the sediments (Fig.1.3).Thus estuarine sediments are major reservoirs of heavy metals 

including lead. The contamination level and distribution characteristics of heavy metals in 

coastal waters and sediments from Tianjin Bohai Bay, China revealed that Pb and Zn were 

the main heavy metal pollutants in the coastal waters of the bay. High levels of Pb and Zn 

appeared especially near the estuary indicating that river discharge was the main source of 

lead pollution and Pb pollution by atmospheric deposition had also increased due to the use of 

leaded petrol in motor cars (Meng et al., 2008). 

Sediment sample of Mandovi estuary of Goa revealed appreciable levels of lead 

- 1 ranging from 4.5-46.5 1.1.g g respectively at different source points (Alagarsamy, 2006).The 

Pollution Load Index (PLI) for Pb, Fe, Mn, Zn, Cu, Co, and Cr for Divar sediments (Mandovi 

estuary) was far greater (i.e. 1.65 - 2.19) than that of Tuvem (Chapora estuary) (0.91-1.3) 

reflecting the intensity of anthropogenic inputs into the ecosystem due to transport of 

ferromanganese ore along the Mandovi river (Atri and Kerkar, 2011). Antarctic waters from 

the Indian side were examined for the incidence of metal and antibiotic-resistant bacteria 

during the austral summer (13 th  Indian Antarctic expedition) along the cruise track extending 

from 50°S and 18°E to 65°S and 30°E. The bacterial isolates from these waters showed 

resistance to multiple heavy metals including lead prove that even Antarctic waters which are 

considered relatively more pristine than the other oceanic waters are not free from heavy 
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metal contamination (De Souza et al., 2006). Mercury and TBT resistant bacteria have 

already been isolated from west coast of India which are also resistant to cadmium and lead 

along with common antibiotics (Dubey and Roy, 2003; Roy et al., 2004; Bramhachari, 2006; 

Dubey et al., 2006; Krishnamurthy et al., 2008; De et al., 2008; Ramachandran, 2009). 

Table.1.2 Marked lead polluted rivers and estuaries in the world 

S. N. Location/site Type of 

sample 

Lead 

concentration 

Referrence 

1 Ganga river, Varanasi, U. P., 

India 

Sub surface 

water 

3.6 - 107.34 g/ 

ha/ y 

Pandey et al., 

2010 

2 Kabini river, Karnataka, 

India 

Sediment 4.6 mg/g Hejabi et al., 

2011 

3 Cauvery river, Karnataka 

India 

i. Water (Down 

stream) 

ii. Sediment 

(Down stream) 

9.95 ppm 

450.52 ppm 

Begum et al., 

2009 

4 

Yamuna river in Delhi and 

Agra, India Sediment 22-856 mg/Kg Singh, 2001 

5 North sea, UK Estuarine 

sediment 

52-207 lig/g Smith and 

Orford, 1989 

6 Jurujuba Sound, South east 

Brazil 

River sediment 64-174 lig/g Neto et al., 2000 

7 Newark 	bay, 	New 	Jersey, 

USA. 

Estuarine 

Sediment 

64 mg/kg - 2.5 

g / kg 

Bonnevie et al., 

1992 

8 Western coast of Mauritius Estuarine 

sediment 

27 mg/ kg Ramessur, 2004 
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Fig.1.3 Biogeochemical cycle of lead in fresh water and in salt water ecosystems 

(Jaworski et al., 1987) 

1.5 Lead resistant bacteria 

Metals are natural constituents of earth and some of them such as Zn +2, Ni+2, Cu+2  are 

even essential for many living organisms, but become toxic to microorganisms and macro 

organisms at higher concentrations (Nies, 1999). Lead, cadmium and mercury being non- 

essential to bacterial cells are toxic even at low concentrations (Trajanovska et al., 1997; 

Nies, 1999). Generally, both natural and anthropogenic sources are responsible for terrestrial 

contamination with toxic heavy metals and interestingly spatial variation in the level of 

contamination has been noticed (Sutherland, 2003; Kashem et al., 2006; Patel et al., 2006; 

Khan et al., 2008; Shah et al., 2010). Furthermore, the ingestion of heavy metals viz. Pb, Cd, 

Cu, Hg, Ni, and Zn can seriously cause depletion of some essential nutrients in the human 
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body which in turn adversely affects immune system, intra-uterine growth, causes 

psychosocial dysfunctions, disabilities associated with malnutrition and a high prevalence of 

upper gastro-intestinal cancer (Trichopoulos, 1997; Iyengar and Nair, 2000; Turkdogan et al., 

2003). But, interestingly some natural microbial strains employing a variety of protective 

mechanisms can survive at very high concentrations of these toxic heavy metals including 

lead without any impact on their growth and metabolism.Various strategies through which 

they resist high concentrations of heavy metals include efflux, reduction, oxidation, 

extracellular sequestration, biosoption, precipitation and intracellular bioaccumulation 

(Trajanovska et al., 1997; Levinson and Mahler, 1998; Nies, 1999; Roane, 1999; Borremans 

et al., 2001; Blindauer et al. 2002; Zucconi et al., 2003; De et al., 2007, 2008; Desai et al., 

2008; Taghavi et al., 2009; Wang et al., 2009 ) (Fig. 1.4). It is interesting to note that they 

possess genetic determinants (genes) conferring metal resistance either on chromosomal 

genome, plasmid or transposons (Silver, 1981; Bopp et al., 1983; Lebrun et al., 1994; Silver 

and Phung, 1996; Trajanovska et al., 1997; Crupper, 1999; Nies 1999; Borremans et al., 

2001; Bruins et al., 2003; Coomb and Barkay, 2005; Taghavi et al., 2009). The genome of 

Pseudomonas putida KT1440 contains 61 open reading frames involved in resistance to 

several metals (Canovas et al., 2003). Resistance to multiple metals viz. Pd, Cd, Zn, Sn, Cu, 

and Hg was found in the tributyltin resistant 250 bacterial sp. (Pain and Cooney, 1998). This 

unique characteristic of heavy metal resistant microbes including bacteria makes them an 

ideal tool for bioremediation of metal contaminated environmental sites. 
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Fig.1.4 Various heavy metal (including lead) resistance mechanisms operational in 

bacteria 

1.6 Biochemical and molecular mechanisms of heavy metal (including lead) resistance 

in bacteria 

1.6.1 Efflux mechanism 

In order to maintain heavy metal homeostasis, intracellular level of toxic heavy metal 

ions has to be tightly controlled (Nies, 1999). Soft metal transporting PtB-type ATPases are 

group of proteins involved in transport of heavy metals outside the cell membrane and 

governing bacterial heavy metal resistance (Nies and Silver, 1995; Rensing et al., 1999) (Fig. 
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1.5). These transporter proteins prevent over-accumulation of highly toxic and reactive metal 

ions viz. Pb (II), Cu (I), Ag (I), Zn (II) and Cd (II). Pm-type ATPases can be divided into two 

subgroups: i) Cu (I)/Ag (I)-translocating ATPases encoded by gene copA in Enterococcus 

hirae, Helicobacter pylori and E. coli ; ii) Zn (II ) /Cd (II) / Pb(Il)=translocating ATPases 

encoded by gene zntA in E. coli and gene cad A in Staphylococcus aureus plasmid, p1258 

(Nies and Silver, 1995; Rensing et al., 1999). 

In Ralstonia metallidurans CH34 complete operon pbrUTRABCD conferring efflux 

mediated lead resistance has already been sequenced (Borremans et al., 2001; Taghavi et al., 

2009). Several Pm-type ATPases are associated with mobile genetic elements and plasmid 

mediated lead resistance has been reported for Staphylococcus aureus and Ralstonia 

metallidurans (Rensing et al., 1999; Borremans et al., 2001). Genes encoding Pm-type 

ATPases are found in majority of sequenced bacterial and archaeal genomes (Coomb and 

Barkay, 2004, 2005). P-type ATPases belong to the family of transmembrane transporters 

responsible for movements of ions and small organic molecules in and out of the cell 

membranes. The subfamily of transmembrane transporters which includes Pm-type ATPases 

regulates efflux of toxic heavy metals outside the cell membranes and prevents the over-

accumulation of highly reactive and toxic soft-metals thus play an important role in heavy 

metal resistance (Coomb and Barker, 2004, 2005). The genes cadA, zntA and pbrA encoding 

ATPases are members of the superfamily of P-type cation-translocating ATPases, but belong 

to a group of soft metal transporters. P-type ATPases and cation diffusion facilitator (CDF) 

transporters export metal ions from the cytoplasm to the periplasm, whereas CBA, a three-

component trans-envelope efflux pump acts as chemiosmotic ion-proton exchanger to 

extrude periplasmic metal ions (Nies, 2003; Hynninen et al., 2009). CBA efflux pumps driven 

by proteins of the resistance nodulation cell division superfamily. The novel lead resistance 

mechanism of Cupriavidus metallidurans CH34 involves P-type ATPase for removal of Pb 2+  
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ions from the cytoplasm and phosphatase which produces inorganic phosphate for lead 

sequestration in the periplasm (Hynninen et al., 2009). 

Fig.1.5 Efflux and Precipitation mediated lead resistance in Cupriavidus metallidurans 
CH34 (Hynninen et al., 2009). 

Fig.1.6 pbr operons showing various genes in different lead resistant bacteria 
(Hynninen et al., 2009) 
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1.6.2 Intracellular bioaccumulation 

Microorganisms have evolved several resistance mechanisms to withstand the toxic 

effects of heavy metals and organometals. One of the common mechanisms is induction of 

specific metal binding proteins facilitating the sequestration/bioaccumulation of toxic metals 

inside the cell. These well studied metal binding proteins are referred as metallothioneins 

(MTs),Intracellular metal bioaccumulation and homeostasis in cell cytosol involves these low 

molecular weight, cystein-rich metallothioneins which range from 3.5 to 14 kDa (Hamer, 

1986). These unique proteins also demonstrate induction in response to specific heavy metals 

such as Cd, Pb, Zn, and Cu (Gadd, 1990; Turner et al., 1996; Blindauer et al., 2002; Liu et al., 

2003). 

Metallothioneins play an important role in immobilization of toxic heavy metals 

thereby protecting bacterial metabolic processes catalysed by enzymes (Blindauer et al., 

2002; Liu et al.,2003).Several cyanobacterial and bacterial strains have been reported to 

encode metallothioneins for maintaining cytosolic metal homeostasis viz. Synechococcus 

PCC 7942 (SmtA), Anabaena PCC 7120 (SmtA), Oscillatoria brevis (BmtA), Pseudomonas 

aeruginosa (BmtA) and Pseudomonas putida (BmtA) (Turner et al., 1996; Blindauer et al., 

2002; Liu et al., 2003 ). Two copper-inducible supernatant proteins viz. CuBPI and CuBP2 

with molecular mass 21 kDa and 19 kDa were identified in marine bacterium, Vibrio 

alginolyticus which were 25-46 times amplified in the supernatant of copper-challenged 

culture as compared with control. Thus these proteins facilitated copper accumulation and 

homeostasis (Harwood-Sears and Gordon, 1990). Pseudomonas fluorescens exposed to lead 

although showed 18 differentially expressed proteins, but only one protein could match 

significantly to spoVG protein which expressed Pb-induced upregulation (Sharma et al., 

2006). It has already been reported that spoVG is involved in sporulation process when cells 

are under stress. Similarly, Bacillus megaterium resists 0.6 mM lead by sequestering lead 
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intracellularly possibly by metallothionein like proteins (Roane, 1999). Aickin and Dean, 

(1977) investigated uptake of lead by microorganisms which are capable of removing toxic 

metals from sewage sludge and effluents. This characteristic of heavy metal resistant bacteria 

makes them ideal tool for bioremediation of heavy metal contaminated sites. 

1.6.3 Extracellular sequestration 

Bioavailability of toxic metals is an important factor regulating metal toxicity as 

soluble metals can more readily penetrate cellular membranes (Roane, 1999). Therefore metal 

immobilisation strategy is applied by microbes to counteract toxic effects of heavy metals. 

Extracellular high molecular weight biopolymers secreted by bacterial cells referred as 

exopolysaccharides (EPS) consist of macromolecules such as polysaccharides, proteins, 

nucleic acids, humic substances, lipids and other non polymeric constituents of low molecular 

weight(Bramhachari and Dubey, 2006; Bramhachari et a1.,2007). These exopolysaccharides 

are chemically diverse and are mostly acidic heteropolysaccharides with functional groups 

viz. hydroxyl, carboxyl, amides and phosphoryl which exhibit high affinity towards heavy 

metals (Bhaskar and Bhosle, 2006; Bramhachari et al., 2007; Braissant et al., 2007) (Fig.1.5). 

Bacterial EPS play a key role in initial attachment of cells to different substrata, cell-to-cell 

aggregation, protection against desiccation and resistance to harmful exogenous materials 

(Decho, 1990; Iyer et al., 2004; Pal and Paul, 2008). Various microbial biopolymers have 

been shown to possess potential to bind heavy metals with different degree of specificity and 

affinity (Bhaskar and Bhosle, 2006; De et al. 2008; Pal and Paul, 2008). Bacterial EPS and its 

possible role in bioaccumulation of Cu and Pb in marine food chain was investigated using a 

partially purified and chemically characterized EPS isolated from Marinobacter sp. (Bhaskar 

and Bhosle, 2006).Exopolymer binding process is important in the downward transport of 

metals in the ocean environment (Decho,1990). In marine Pseudomonas aeruginosa CH07 

lead was entrapped in EPS indicating it as a possible resistance mechanism (De et al., 2007, 
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2008). EPS are high molecular weight polyanionic polymers which bind metals by 

electrostatic interaction between metal cation and negatively charged components of EPS 

resulting in metal immobilisation within the exopolymeric matrix (Roane, 1999; van 

Hullebusch et al., 2003). Pseudomonas marginalis was able to resist 2.5 mM lead by 

sequestering -  lead in an exopolymer (Roane, 1999). Exopolysaccharide produced by 

Paenibacillus jamilae can biosorb 303.03 mg lead/g EPS from lead solution (Morillo et al., 

2008). Paenibacillus jamilae is able to use toxic olive-mill wastes as the fermentation 

substrate for the production of the exopolysaccharide which showed preferential binding to 

lead in multi-metal sorption system (Morillo, et al., 2006). Pseudomonas sp. S8A isolated 

from mine tailing contaminated soil was resistant to cadmium up to 200 mg/ 1 and lead up to 

300 mg/ 1 and produced both exopolymer and biosurfactant (Kassab and Roane, 2006). 

Enzymatic activities in bacterial EPS also assist degradation of organic recalcitrants and 

transformation of heavy metals followed by their precipitation and entrapment in the 

biopolymer (van Hullebusch et al., 2003; Pal and Paul, 2008). 

Fig.1.7 Functional groups commonly associated with exopolymeric substances (EPS) 
and their possible interactions with metal ions (Braissant et al., 2007) 
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Surface biosorption is also a mechanism of extracellular sequestration of heavy metals 

to prevent its entry inside bacterial cells and maintain metal homeostasis. Biosorption of 

metals is mediated by several mechanisms viz. ion exchange, chelation, adsorption and 

diffusion through cell walls and membranes (Voleski, 1994; Chang et al., 1997). 

Pseudomonas aeruginosa PU21 biomass has potential to biosorb lead, copper and cadmium 

from metal solution (Chang et al., 1997). This surface biosorption is due to various negatively 

charged chemical groups present on the bacterial cell surface (Fig. 1.8). The carboxyl group 

of the peptidoglycan serves as main metal binding site at the cell wall of gram positive 

bacteria, whereas phosphate groups contribute significantly in case of gram negative bacteria 

(Gadd and White, 1993). 

Fig.1.8 Surface biosorption of heavy metals by various negatively charged chemical 

groups present on the bacterial cell surface 
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1.6.4 Bioprecipitation 

The precipitation of toxic metals to an insoluble complex reduces their bioavailability 

and toxicity. There are very few reports on microbial precipitation of lead. Aickin et al., 

(1979) reported precipitation of lead on the cell surface of Citrobacter sp. as PbHPO4 which 

was revealed by electron microscopy and X ray microanalysis, whereas Levinson et al., 

(1996) suggested intracellular accumulation and precipitation of Pb3(PO4)2 by S. aureus 

grown in the presence of high concentrations of soluble lead nitrate. Similarly, Vibrio harveyi 

is also capable of precipitating lead as an unusual phosphate i.e. Pb9(PO4)6 (Mire et al., 2004). 

Klebsiella sp. cultured in phosphate-limited medium has also been reported to precipitate lead 

as PbS (Aiking et al., 1985). In Staphylococcus aureus lead precipitation occurred in both 

lead sensitive and lead resistant strains; however the resistant strains were more effective in 

precipitation (Levinson and Mahler, 1998). Insoluble compound generated by Pseudomonas 

sp. contained both lead and phosphorus indicating that the product was lead phosphate (Al-

Aoukaty et al., 1991). Alkaline phosphatase encoding gene, phoK from Sphingomonas sp . 

BSAR-1 was cloned in E. coli and over expressed alkaline phosphatise bioprecipitated 

uranium as insoluble, nontoxic H2(UO2)2(PO4)2.8H20 from alkaline solution (Nilgiriwala et 

al., 2008). Lead resistant Bacillus iodinium GP13 and Bacillus pumilus S3 precipitates lead as 

lead sulphide (PbS) (De et al., 2008). Phosphate solubilising Enterobacter cloacae resists 

lead by immobilizing lead as insoluble lead phosphate mineral i.e. pyromorphite (Park et al., 

2011). Reclamation of heavy metal polluted environment using microbial precipitation 

method has been effective, affordable and ecofriendly technological solution. 
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1.6.5 Redox reactions 

The mer operon that confers mercury resistance to bacteria is widely distributed in 

mercury resistant bacterial population (Osborn et al., 1997; Barkey et al., 2003). The merA 

encodes mercury reductase enzymes which detoxify mercury by reducing Hg +2 to volatile 

Hg°  (De et al., 2008). A deep sea sedimentary manganese-oxidizing bacterium, 

Brachybacterium sp. strain Mn 32, showed high Mn(II) resistance (MIC 55 mM) and Mn(II)-

oxidizing/removing abilities. This bacterial strain removed Mn (II) employing a simple 

pathway involving oxidation of soluble Mn (II) to insoluble biogenic Mn oxides (Wang et al., 

2009). Pseudomonas sp. G1DM21 isolated from Cr (VI) contaminated industrial landfill 

reduce Cr (VI) to Cr (III) through chromate reductase activity (Desai et al., 2008). Till date 

there are no reports of lead oxidising or reducing enzymes involve in lead resistance in 

microorganisms including bacteria. 

1.6.6 Alteration in cell morphology 

In order to counteract frequent exposure to toxic heavy metals and organic compounds 

bacteria also exhibit significant alterations in cell morphology (Neumann et al., 2005; 

Chakravarty et al., 2007; Chakravarty and Banerjee, 2008). Change in morphology is one of 

the strategies that bacteria adopt to cope up with environmental stresses. It was observed that 

the maximum alterations in size occurred when the bacterium Acidiphilium symbioticum H8 

was exposed to sub-inhibitory concentrations of Cu and Cd. Loosely packed coccobacillus-

type normal cells formed characteristic chains of coccoidal, lenticular shape with 

constrictions at the junctions between them in the presence of Cd, whereas Cu induced their 

transformation into round cells. Ni caused cell aggregation, but Zn showed no effect 

(Chakravarty and Banerjee, 2008). Cadmium-exposed Pseudomonas putida showed extensive 

blebbing of the outer membrane along with polyphosphate granules containing Cd 2+  which 
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was revealed by electron microscopy. Cells from exponential phase cultures of cadmium 

adapted P. putida were found in clusters and were much smaller than control cells grown 

without cadmium and contained electron dense aggregates also (Higham et al., 1986). 

Scanning probe atomic force microscopy (AFM) analysis indicated that exposure of 

Pseudomonas sp. GIDM2I to 1 mM Cr (VI) for 24 h, leads to an increase in cell length and 

height (Desai et al., 2008). 

1.6.7 Role of pigments in metal detoxification 

Pigmented bacteria are predominant in areas subjected to stress conditions such as 

high concentration of organic pollutants, heavy metals, drugs and high salt concentrations 

(Hermansson et al., 1987; Nair et al., 1992; Sun et al., 2006).The yellowish-green pyoverdine 

isolated from the bacteria Pseudomonas chlororaphis has significant role in triphenyltin 

(TPT) degradation (Yamaoka et al., 2002). Pseudomonas aeruginosa is known to secrete two 

chemically distinct iron chelators (siderophore pigment) viz. pyoverdine and pyochelin to 

solubilise Fe+3  and transport into the bacterial cells via specific receptors (Cox and Adams, 

1985; Namiranian et al., 1997). Besides sequestering Fe +3  these microbial siderophores also 

form stable complexes with metals viz. Cd +2, Pb+2, and Zn+2  (Gilis et al., 1998; Hepinstall et 

al., 2005; Namiranian et al., 1997). Induction of bacterial siderophore synthesis in response to 

Cd+2, Zn+2  and Cu+2  stress has also been reported which is responsible for detoxification of 

these heavy metals as a consequence of chelation (Clarke et al., 1987; Rossbach et al., 2000; 

Sinha and Mukherjee, 2008). Since microbial siderophores form stable metal—ligand 

complexes and influence the metal mobility in the environment thus prove to be an important 

strategy to sequester toxic heavy metals. Lead resistant Pseudomonas vesicularis and 

Streptomyces sp. showed red and red-brown pigmentations respectively in the presence of 

lead nitrate (Zanardini et al., 1998). 
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1.6.8 Biotransformation of organo-lead 

Among the organo-lead compounds tetraethyl lead (TEL) and tetramethyl lead (TML) 

are the most stable and important because of their widespread use as an anti-knocking petrol 

additive. Due to use of leaded gasoline, lead particles are emitted in the atmosphere from 

automobile exhaust as lead halides. Organo-leads are very toxic in nature due to their 

mutagenic and teratogenic characteristics (Jarvie, 1988). In nature, tetra-alkyl lead 

compounds, such as tet-ethyl lead and tetra-methyl lead are subject to photolysis and 

volatilization. Degradation proceeds from tri-alkyl to di-alkyl species and eventually to 

inorganic lead oxides. Interestingly, some natural microorganisms are capable of degrading 

organo-leads using their biotransformation mechanism.Microbial consortia has also been 

reported to degrade tetra-ethyl lead in the soil (Teeling and Cypionka, 1997). 

Table.1.3 Organo-lead compounds 

Structure Chemical Name Chemical Formula 
CH3 

H3C — Pb — Br 
CH3 Bromo-tri-methyl lead C3H9BrPb 

0 
, it, 	CH3  

H 3C 	0—Pb–CH3 
CH3 

Acetoxytri-methyl lead C4H1202Pb 

H3C,, 
, 

Pb— 
 _,......_ C 

H3 H 3C—  

H3C
) 	

. 

Tetra-methyl lead C4f-112Pb 

Si  
Pb 

141 4110 

 Tri-phenyl lead cloride C181-120PbC1 

C ,r CH  1  
H H C 

3   i".0 . •. 	b 	,C Fi 
? 	'' H7  

\ 
' ''  

Tetra-ethyl lead C8H20Pb 
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1.7 Bioremediation of heavy metals 

With rapid industrialization and urbanization enormous amount of industrial waste 

containing toxic heavy metals have been generated which need special treatment before they 

are released into the natural environment viz. terrestrial, aquatic and atmospheric 

environment. Bioremediation processes are cost effective, ecofriendly and highly efficient as 

compared to physicochemical methods for heavy metal removal. Therefore for last several 

decades metal resistant microorganisms including bacteria have been considered a potential 

alternative for clean up and bioremediation of heavy metal contaminated environmental sites. 

Many bioremediation technologies have been developed for detoxification and removal of 

toxic heavy metals from metal contaminated aquatic sites and industrial wastes employing 

various indigenous metal resistant bacteria from heavy metal contaminated sites (Francis and 

Tebo, 1999; Chen et al., 1999; Gutnick and Bach, 2000; Rathgeber et al., 2002; van 

Hullebusch et al,. 2003; Iyer et al., 2005; Morillo et al., 2006; De et al., 2007, 2008; Pal and 

Paul, 2008; Jayabarath et al., 2009; Wang et al., 2009). 

1.8 Microbial sensors for monitoring heavy metals 

Several whole cell bacterial bioreporters have been developed which serve as a 

convenient biological device for monitoring and quantifying bioavailable heavy metal 

contaminants in environmental samples with great accuracy, specificity and sensitivity 

(Table.4). Hynninen et al., 2010, have reported an improvement in the limit of detection of 

bacterial bioreporters by tinkering the natural metal transport systems of the host bacterium. 

The limit of detection of a Pseudomonas putida KT2440 based Zn/Cd/Pb biosensor was 

improved up to 45-fold by disrupting four main efflux transporters for Zn/Cd/Pb, thereby 

causing the metals to accumulate inside the cell. The specificity of the bioreporter may also 

be modified by changing the sensor element. A Zn-specific bioreporter was designed using 

23 



the promoter of gene cadA 1 from P. putida as a sensor element. The constructed transporter 

deficient P. putida reporter strain detected Zn
2+ 

ions approximately 50 times lower than 

other available Zn bioreporters. The detection limit of this biosensor was significantly below 

the permitted limit for Zn and Pb in water and soil. Recently, it has been shown that a 

lead(II)-regulatory protein, PbrR691 from Ralstonia (or Cupriavidus) metallidurans C1134, 

binds lead(II) almost 1000-fold more selectively over other metal ions such as mercury(II), 

cadmium(II), zinc(II), cobalt(II), nickel(II), copper(I), and silver(I) (Chen et al., 2007). This 

regulatory protein can be used in development of lead specific biosensor. Despite the fact that 

several bioreporters have been constructed for measuring heavy metals, their applications to 

environmental samples have remained minimal. 
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pb24. 	 

Table. 1.4 Zn, Cd and Pb-sensing bioluminescent bacterial bioreporters and their 

detection limits 

Bacterial 
Bioreporters 

Limit of detection (1.1M) 

Pb+2 	Cd+2 	Zn+2  

References 

P. fluorescens 
(0S8::1(n cadRPcadA lux) 

0.3 0.03 4 Ivask et al., 2009 

E. colt MC1061 
(pSLzntR/pDNPzntAlux) 

0.7 0.01 5 Ivask et al., 2009 

S. aureus RN4220 
(pTO 024) 

0.03 0.01 1 Tauriainen et al., 1998 

P. putida KT2440 
(pDNPczc 1 lux) 

0.41 0.49 0.08 Hynninen et al., 2010 

P. putida KT2440.2431 
(pDNPczcl lux) 

0.02 0.05 0.05 Hynninen et al., 2010 

Pbr R691-based fluorescent probe 2 Not 
tested 

Not 
tested 

Chen et al., 2005 

Regulation of the pbr Pb2 -resistance operon 

Fig.1.9 PbrR as lead sensing element in the development of lead biosensor 
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Fig.1.10 Phylogenetic tree of various metal sensing specific gene regulators (with 
gene accession no.) which may be used for biosensor development and 
metal specificity has been colour coded (Permin et al., 2006). 
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CadR 

CueR: Yersinia, Salmonella 

CueR/HrnrR: alphas, Pseudom. 

cadR 4-1 	cadA 

cueR 4-1 	ybaR  
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Fig.1.11 Operon organization of loci regulated by MerR, CadR/PbrR, CueR and 
ZntR. Red arrow indicates regulator gene whereas green double arrow 
indicates direction of transcription by RNA polymerase (Permin et al., 2006) 

1.9 Association of metal resistance with multiple drug resistance 

Heavy metal resistance in bacteria is closely associated with multiple antibiotic (drug) 

resistance as genes encoding antibiotic resistance and heavy metal resistance are often present 

on the same plasmids or transposons (Clark et al., 1977; Calomiris et al., 1984; Roane and 

Kellogg, 1996). Improper and extensive use of antibiotics and antimicrobial drugs has 

become a major environmental concern due to their persistence in the natural environment 

(Khetan and Collins, 2007) and a long term exposure of microbes to antibiotics may lead to 

antibiotic resistance conferred by genetic determinants (Martinez, 2008) ;  Bacteria can resist 

multiple antibiotics along with various heavy metals viz. Zn, Cd, Pb and As employing multi-

drug resistance (MDR)/metal resistance efflux pumps and also by horizontal gene transfer 

between different bacterial species (Martinez, 2006; Martinez, 2008). A good correlation 
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exists between the occurrence of antibiotic resistance and occurrence of metal tolerance 

(McArthur and Tuckfield, 2000). 

1.10 Cross resistance in heavy metal resistant bacteria 

Xanthomonas campestris showed cadmium-induced cross-resistance to lethal 

concentrations of Zn (Banjerdkij et al., 2003). Low level pre-exposure of Xanthomonas 

campestris to Cd induced high level of protection against Zn. Pretreatment of cadmium 

resistant Ralstonia sp.TAKI with an inducing level of Cd conferred cross resistance against 

subsequent exposure to the lethal levels of Zn (Prapagdee and Watcharamusik, 2009). It is 

interesting to note that gene cluster, czr is involved in both cadmium and zinc resistance in 

Pseudomonas aeruginosa CMG103 (Hassan et al., 1999). Similarly Zn (II ) /Cd (II) / Pb(II)- 

translocating Ps-type ATPase encoded by gene znt A in E. coli and gene cad A in 

Staphylococcus aureus plasmid, pI258 confers resistance to Zn, Cd and Pb (Nies and Silver, 

1995; Rensing et al., 1999). Pretreatment of Pseudomonas aerugiAosa BC 15 with sub-lethal 

concentrations of Cd induced adaptive resistance to lethal doses of Cd and cross resistance to 

lethal concentrations of zinc (Raja et al., 2008). 

1.11 Organometal resistance in heavy metal resistant bacteria 

Majority of TBT resistant bacteria are also resistant to Hg, Cd, Zn, Sn, Cu and Pb 

which suggests that resistance to these heavy metals may be associated with oraganotin 

resistance (Pain and Cooney, 1998). Bacteria isolated from fresh water and estuarine 

environment are resistant to Zinc as well as TBT (Wuertz et al., 1991). Organomercurial such 

as methyl-mercury is detoxified by microbial organo-mercurial lyase encoded by the gene 

merB, resulting in Hg+2  which is subsequently reduced to elemental mercury (Hg °) by 

mercuric reductase enzyme encoded by gene merA (Osborn et al., 1997; Barkay et al., 2003). 
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Environmental pollution by heavy metals is caused by various industrial and 

agricultural activities. Heavy metals viz. lead, mercury and cadmium are used by several 

industries and are discharged as industrial effluents and wastes into natural water bodies and 

terrestrial environment resulting in contamination of these sites with these toxic heavy metals. 

These non-essential heavy metals are toxic to microorganisms along with macroorganisms 

inhibiting enzymatic activities, disrupting membrane functions and damaging nucleic acids 

(Trajanovska et al., 1997; Roane, 1999). At the community level, heavy metals may repress 

overall metabolic activities, biodiversity and population density of organisms (Sobolev and 

Begonia, 2008; Khan et al., 2009). Natural bacterial population plays a pivotal role in major 

elemental cycles. Since these heavy metal pollutants pose a serious threat to natural bacterial 

populations, the adaptive response of bacteria in the contaminated environment has been 

studied extensively. Investigations have revealed that bacterial strains survive and indeed 

flourish in such environments possess inherent genetic mechanisms to withstand high levels 

of heavy metals. Although there are several reports on heavy metal resistant bacteria, in 

general very little is known about lead resistant bacteria, their mechanism of resistance and 

their potential use as lead bioremediator in lead contaminated environmental sites. Lead 

resistant Vibrio harveyi is capable of precipitating lead as an unusual phosphate i.e. Pb9(PO4)6 

(Mire et al., 2004) where as Ralstonia metallidurans CH34 resists lead through its efflux 

outside the cell ( Borremans et al., 2001; Taghavi et al., 2009; Hynninen et al., 2009 ) and a 

bacterial consortia degraded Tetra-ethyl lead in soil (Teeling, 1997). Similarly lead resistant 

Arthrobacter sp. and other firmicutes were isolated from the waste site of a lead battery 

manufacturing factory (Trajanovska et al. 1997), Bacillus megaterium showed intracellular 

lead accumulation and Pseudomonas marginalis showing extracellular lead exclusion were 

also isolated from lead contaminated soils (Roane, 1999). Pb(II) resistant strains of 

Staphylococcus aureus and Citrobacter freundii have also been isolated which accumulated 
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lead as intracellular lead-phosphate (Levinson and Mahler, 1998). Putative entrapment of lead 

and cadmium in extracellular polymeric substances secreted by Pseudomonas aeruginosa 

CHO7 as revealed by SEM-EDX and precipitation of lead as PbS by Bacillus iodinium GP13 

(De et al., 2008) and Klebsiella sp. mediate precipitation of lead as PbS has also been 

reported (Aiking et al., 1985). 

As lead, cadmium and mercury are present in different environments, remediation of 

these toxic metals is of great ecological concern. Bioremediation technology involving 

microbes is simple, cost effective, highly efficient and environmentally sustainable as 

compared to physico-chemical methods. For last several decades metal resistant 

microorganisms including bacteria have been considered a potential alternative for clean up 

and bioremediation of heavy metal contaminated environmental sites. 

Prompted by these facts and information, I have made attempts to screen, identify and 

biologically characterize lead resistant bacterial strains from various lead contaminated 

econiches of Goa to explore their diverse biochemical or molecular resistance mechanisms. 

The broader context of this work is the application of genetic systems in biomonitoring of 

lead and potential use of the bacteria in bioremediation of lead from lead polluted 

environmental sites. 
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1.12 Main objectives of research 

1) Screening and identification of lead (Pb +2) resistant bacteria from terrestrial and estuarine 

econiches of Goa. 

2) Physiological characterization of lead (Pb +2) resistant bacterial strains with reference to: 

• Growth behavior in different medias and optimas (Temperature, pH, NaCl %, carbon 

sources). 

▪ Lead (Pb+2) tolerance limits and cross tolerance to other toxic metals (Hg +2, Cd+2, 

zn+2). 

▪ EPS (Exopolysaccharide) production. 

• Pigment production. 

▪ Antibiotic resistance 

3) Biological characterization of lead (Pb +2) resistant bacterial strains with reference to: 

• SDS —PAGE profile of total proteins of lead resistant bacteria to explore lead induce 

proteins. 

4) Genetic and molecular biological characterization of lead resistant bacterial isolates with 

reference to: 

• Plasm id profile 

• Localization of lead resistance conferring gene on plasmid or chromosomal genome. 

• Screening of lead resistance encoding gene from plasmid /chromosomal genome of 

lead resistant bacterial isolates using PCR technology. 
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CHAPTER II 

Screening, identification and physiological characterization of lead resistant 

bacteria from terrestrial and estuarine econiches of Goa 

MATERIALS AND METHODS 

2.1 Collection of environmental samples: 

2.1.1 Sampling sites 

(A) Terrestrial sites 

Soil and liquid waste samples contaminated with lead were collected from different lead 

battery manufacturing companies and electronic industries from Goa, India (Table 2.1). Soil 

samples were collected from several solid waste dumping sites and liquid samples from various 

points of waste discharge. Samples were collected in sterile polycarbonate bottles and used 

within 24 hrs of collection for physicochemical and bacteriological analysis. 

(B) Estuarine sites 

Surface water samples were collected from different sites of Mandovi and Zuari 

estuaries such as ship building areas, vicinity of ship painting yards and ships along with other 

estuarine sites. All samples were collected in sterile polycarbonate bottles and used within 24 

hours of collection for physicochemical and bacteriological analysis. The bottles containing 

water samples were mechanically shaken prior to use and kept for 10 minutes to allow the 

heavy particles to settle down. Physicochemical analysis of water samples was done to 

determine pH (using digital pH meter), temperature (using mercury thermometer) and salinity 

(using salinometer) as per the standard procedures. The appropriate volume (100 1.11-10 ml) of 

water sample was taken for physiochemical and bacteriological analysis. 
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2.1.2 Detail of sampling sites 

In the present study 10 sampling sites were selected for collecting water samples from 

Mandovi and Zuari estuaries of Goa. Zuari estuary includes sampling sites viz. WISL (Western 

India shipyard ltd.), GSL (Goa shipyard ltd.), Manmad shipyard, Dona Paula and Kakra beach. 

Whereas sampling sites of Mandovi estuary include Kala academy jetty, Ferry point at Panjim, 

below Mandovi Bridge, Ribandar ferry point and Dempo shipyard (Fig.2.1). 

Table 2.1 Terrestrial sampling sites 

S.N. Sampling sites 
Car battery manufacturing industries 

1. Germania batteries Pvt. Ltd. Corlim, Goa 

2. Permalite batteries Pvt. Ltd. Corlim, Goa 
3. Shrine industries Pvt. Ltd. Kakoda, Quepem, Goa 
4. United Lead oxide Pvt. Ltd. Kundaim, Goa 

Electronics industries 
1. Bharti electronics Pvt. Ltd. Mapusa, Goa 

2. D-Link, Verna, Goa 

2.2 XRD analysis of soil samples from car battery waste 

X ray diffraction analysis of soil samples contaminated with lead from waste dump of 

lead battery industries was done to analyze various forms of lead present in these contaminated 

soil samples. Soil was dried, grounded and smeared on glass slide pre-coated with ultra-thin 

layer of petroleum jelly. Scintag X3 diffractometer coupled with Cu K radiation and Li-drifted 

germanium detector were used in this study and data was collected at a speed of 2 degrees/min. 

XRD data was analysed using library supplied by Joint Commission on Powder Diffraction 

Software (JCPDS) and earlier reports (Dermatas et al., 2004; Vantelon et al., 2005; Nadagouda 

et al., 2009). 
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2.3 Atomic absorption spectroscopic (AAS) analysis of soil samples 

Lead content of soil samples was analysed using AAS (Varian AA240 FS, Australia) 

(Khan et al., 2010). One gram of dried and powdered soil sample was taken into Teflon beaker 

and 15 ml of aqua regia was added. The sample was kept overnight followed by heating on the 

hot plate until no brown fumes were produced. Concentrated HC104 (5 ml) was added to the 

sample and heated again until the solution was evaporated near to dryness. Samples were 

diluted using appropriate volume of deionised ultrapure water and analysed by AAS. 

2.4 Isolation of lead resistant bacteria 

2.4.1 Soil and liquid waste samples from lead battery manufacturing company 

Isolation of lead-resistant bacterial strain was done from soil and liquid waste samples 

contaminated with car battery waste from battery manufacturing and electronics industries of 

Goa, India. These samples were plated on PYT80 agar (appendix A.4) plates amended with 100 

I.LM lead nitrate by dilution plating technique (Konopka et al., 1999). Filter sterilized lead 

nitrate (1M stock) was amended to the PYT80 agar medium after sterilization. Discrete 

bacterial colonies were further spot inoculated on fresh PYT80 agar plates with different 

concentrations of lead nitrate and the bacterial colony which appeared at highest concentration 

of lead nitrate was selected for further characterization. Viable count of lead resistant bacteria 

was determined as colony forming units (cfu/ml). 

2.4.2 Water samples from estuaries 

Isolation of lead-resistant bacterial strain was also done using surface water samples 

from various sampling sites of Mandovi and Zuari estuaries Goa, India. Water samples were 

plated on Zobell marine agar (Appendix A.3) plates amended with 500 I.LM lead nitrate by 

dilution plating technique (Zobell, 1941). Filter sterilized lead nitrate (1 M stock) was amended 

to the Zobell marine agar after sterilization. The isolated bacterial colonies which appeared 
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were further spot inoculated on fresh Zobell marine agar plates with different concentrations of 

lead nitrate and the bacterial colony which appeared at highest concentration of lead nitrate was 

selected for further characterization. Viable count of lead resistant bacteria was also determined 

as colony forming units (cfu/ml). 

2.5 Determination of environmental optimas (pH, temperature, salinity and carbon 

sources) for growth of lead resistant bacteria 

2.5.1 Carbon source 

Several carbon sources viz. glucose, gluconate, fructose, succinate, galactose, xylose, 

malonate, ribose, maltose, mannose, rhamnose and sucrose were tested in Tris-buffered 

minimal medium amended with 100 tiM lead nitrate in order to select best carbon source 

required for lead resistance. Overnight grown culture was inoculated in fresh growth media (pH 

7) to a starting optical density of 0.02 at 600 nm. Bacterial isolates were grown in the presence 

of different carbon sources (0.4 %) at 30°C , 150 rpm and growth was monitored every 2 hrs 

by measuring absorbance at 600 nm. 

2.5.2 pH 

Bacterial growth at various pH values from 5.5 to 8.5 were tested to investigate best pH 

required by the lead resistant bacterial isolate for growth and lead resistance in Tris-minimal 

media amended with 100 tiM lead nitrate. Bacterial isolates were grown at different pH values 

at 30°C and 150 rpm. Here 0.4% glucose was used as carbon source and growth was monitored 

every 2 hrs by measuring absorbance at 600 nm (0.D). 

2.5.3 Temperature 

Bacterial growth at various temperatures ranging from 20-43°C were tested to 

investigate best temperature required by the lead resistant bacterial isolates for growth and lead 

resistance in Tris- minimal media amended with 100 tiM lead nitrate. Here 0.4% glucose was 
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used as carbon source and growth was monitored every 2 hrs with constant shaking at 150 rpm 

by measuring absorbance at 600 nm (O.D). 

2.5.4 Salinity (as % NaCI) 

Bacterial growth at various NaCI% ranging from 0.5-3.5% were tested to investigate 

best NaCI% required by the lead resistant bacteria for growth and lead resistance in Tris-

minimal media amended with 100 gM lead nitrate. Bacterial isolates were grown at different 

NaCI% at pH 7.0 and 30°C with constant shaking at150 rpm. Here 0.4% glucose was used as 

carbon source and growth was monitored every 2 hrs by measuring absorbance at 600 nm. 

2.6 Lead tolerance in Tris-minimal media 

Total metal concentration does not necessarily reflect the amount of metal biologically 

toxic or bioavailable. Thought to be primarily toxic in their free ionic form, soluble metal can 

more readily penetrate cellular membranes (Roane, 1999; Pike et al., 2002). Complex media 

precipitates lead and bioavailability of lead decreases therefore minimal media without any 

organic ingredient or precipitating agent is mostly used. Complex media viz. Nutrient broth, 

Luria bertani broth and Zobell marine broth (Appendix A2, A3 and A7) gave white 

precipitation when lead nitrate is added, probably due to complexation of Pb +2  to organic 

components and phosphate ions in the medium therefore growth behaviour and lead resistance 

limit of the selected lead-resistant bacterial isolates was studied in Tris-minimal medium 

(TMM) (Mergeay et al., 1985) (Appendix A.1.), supplemented with different concentrations of 

lead nitrate at optimum temperature, pH and NaCI% required for growth and lead resistance 

with constant shaking at 150 rpm. Absorbance of the culture suspension was recorded at 

definite time intervals as O.D at 600 nm using UV—Vis spectrophotometer (Shimadzu, UV-

2450, Japan) and graph was plotted between absorbance and time interval. Slight modification 

in Tris-minimal medium was done by using 0.05% (3-glycerol phosphate instead of inorganic 
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phosphate in order to avoid lead precipitation. 1 have used Pb(NO3) 2  , CdC1 2, ZnCl 2  and 

HgC1 2  in heavy metal resistance study since these are the most soluble salts of lead, cadmium, 

zinc and mercury respectively and are most toxic. Most soluble metal salts (bioavailable) give 

the real picture of metal resistance concentration, since soluble metals are easily bio-available. 

MIC values of lead, mercury, cadmium and zinc were also recorded. The lead resistant 

isolates were then maintained on TMM supplemented with 100 i.tM lead nitrate to avoid 

bacterial contamination and preserved at 4°C in cold room and sub cultured every month. 

2.7 Identification of lead resistant bacterial isolates 

Identification of the selected lead-resistant bacterial isolates was done based on 

morphological and biochemical characteristics following Bergey's manual of systematic 

bacteriology (Krieg and Holt, 1984) (Appendix Bl and C).Further confirmation was done 

by FAME (Fatty acid methyl ester) analysis (Sherlock version 6.0B) and 16S rDNA 

sequencing followed by BLAST search (Altschul et al., 1997). 

2.7.1 Identification based on morphological and biochemical characteristics 

Morphological characterization of bacterial isolates is based on colony morphology, 

pigmentation and motility. Further identification of isolates is based on biochemical tests 

such as gram staining which reveals cell wall composition and oxidative-fermentative test 

determines whether organism is oxidative, fermentative or facultative anaerobe. 

Carbohydrate fermentation test confirms fermentative utilization of sugars with production 

of acid and gas. Methyl .Red test detects formation of large quantities of acid in the medium 

resulting from fermentation of glucose and Voges Proskauer's test detects the production 

of non-acidic or neutral end products i.e. butanediol and acetoin. Citrate utilization test 

determines that a bacterium can use citrate as the sole carbon source and indole production 

test determines ability of bacteria to convert tryptophan into indole. Production of several 

microbial enzymes viz. urease, amylase, catalase, gelatinase, oxidase and nitrate reductase 

by the test bacterial isolates was also determined (Krieg and Holt, 1984). 
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2.7.2 Identification of the isolates based on 16S rDNA Sequence 

16S rDNA of the bacterial isolates was PCR amplified as per the standard molecular 

biological procedure using genomic DNA of isolates as template and following eubacterial 

primers: 8F (5'-AGAGTTTGATCCTGGCTCAG-3') 

1492R (5 ' - ACGGCTACCTIGTT'ACGACTT-3 ') 

PCR amplification reaction was performed using PCR amplification kit (Bangalore Genei, 

India) and sequencing was done at Xcelris laboratories, Ahmedabad, Gujarat, India. 16S rDNA 

sequence of bacterial isolates was compared with 16 S rDNA data base of GenBank using 

NCBI- BLAST search (Altschul et al. 1997). 

2.7.3 Identification of isolates based on Fatty acid methyl ester (FAME) analysis 

Bacterial isolates were grown on trypticase soy agar (TSA) at their optimum growth 

conditions. Whole cell fatty acids were extracted from cell material according to the MIDI 

protocol (Sasser, 1990). Overnight grown bacterial culture was taken (approx. 40 mg pellet) in 

a clean screw capped glass tube and 1 ml of Reagent I (45 gm NaOH + 150 ml CH3OH+ 150 

ml d/w) was added to it. The tube was sealed with teflon lined screw caps, vortexed briefly and 

heated in a boiling water bath for 5 minutes. The tube was vigorously vortexed for 5-10 

seconds and returned to the water bath (100°C) to complete the 30 minute heating 

(Saponification step). The tube was cooled uncapped and 2 ml of Reagent II was added (325 ml 

of 6N HCl + 275 ml CH3OH). The tube was capped again and briefly vortexed. After 

vortexing, the tube was heated for 10 minutes at 80° C. (This methylation step is critical with 

time and temperature). Addition of 1.25 ml of Reagent III (200 ml hexane + 200 ml methyl 

tertbutyl ether) to the cooled tube was followed by recapping and gentle tumbling on a clinical 

rotator for about 10 minutes. The tube was uncapped again and the aqueous (lower) phase was 

pipetted out and discarded (extraction step). About 3 ml of Reagent IV (10.8 gm NaOH + 900 

ml d/w) was added to the organic phase remaining in the tube, the tube was recapped, and 
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tumbled for 5 minutes. Following uncapping, about 2/3 of the organic phase was pipetted into a 

GC vial which was capped and ready for analysis. Gas chromatographic analysis was 

performed on a GC Sherlock microbial identification system (New York, USA) fitted with 

cross-linked methyl silicon fused capillary column (25 m, 0.2 mm i.d.), flame ionization 

detector (FID) and a sampler. Helium was used as carrier gas. The sample was injected at oven 

temperature of 50°C. After 1 min, the oven temperature was raised to 170°C at the rate of 

30°C/min and then to 270°C at the rate of 2°C/min and finally to 300°C at 5°C/min. 

2.8 Antibiotic susceptibility test 

Antibiotic susceptibility test of lead resistant bacterial isolates was performed 

following Kirby—Bauer disc diffusion method (Bauer et al., 1966) using Muller—Hinton agar 

(Appendix A6) and antibiotic discs (Himedia, India).Various antibiotics tested are as follows: 

chloramphenicol (C), gentamycin (G), clindamycin (Cd), erythromycin (E), ampicillin (A), 

vancomycin (Va), oxacillin (Ox), cephalothin (Ch), co-trimoxazole (Co), bacitracin (B), 

penicillin G (P), tetracycline (T), neomycin (N), polymyxin B (Pb), nitrofurantoin (Nf) , 

tobramycin (Tb), kanamycin (K), sulphatriad (SI), colistin methane sulphonate (Cl), methicillin 

(M), lincomycin (L), oleondamycin (01), amikacin (AK), streptomycin (S), nalidixic acid (Na), 

cephalexin (Cp), ciprofloxacin (Cf), norfloxacin (Nx), cephaloridine (Cr) and mecillinam (Mc). 

Diameter of zone of inhibition of test isolates caused by individual antibiotics was compared 

with standard chart (Himedia) and based on these results resistance or sensitivity of bacterial 

isolates to the tested antibiotics was determined. 
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RESULTS AND DISCUSSION 

The coastal region of Goa is seriously affected due to extensive mining operations, ship 

building and shipping activities, disposal of industrial effluents and solid wastes and various 

other natural biogeochemical and anthropogenic activities. Ten major mines are located in the 

Zuari basin of Goa generating 1,000-4,000 tons of mine rejects/day/mine (Dessai and Nayak, 

2009).Goa shipyard ltd. (GSL) and Western India shipyard ltd. (WISL) situated at Vasco-da-

gama, Goa are among the biggest shipyards in the west coast of India, which substantially 

contribute several heavy metal and organometal pollutants in the surrounding estuarine and 

marine environment of Goa. The environmental pollutants generated by Goan mines and 

shipyards include heavy metals viz. Fe, Mn, Hg, Cr, As, Pb, Zn, Sn, and organometals such 

as Tributyltin (TBT) and Dibutyltin (DBT) (Meena et al., 2003; Alagarsamy, 2006; Bhosle, 

2007; Dessai and Nayak , 2009; Turner, 2010; Atri and Kerkar, 2011). These environmental 

pollutants often show critical properties such as toxicity, high level persistence in the 

environment and non-biodegradability (Tong et al., 2000; De et al., 2007, 2008; Dauvin, 2008; 

Lombardi et al., 2010; Jayaraju et al., 2011). 

Toxic heavy metals viz. Pb, Hg and Cd released in the solid waste and industrial 

effluents find their way ultimately to the aquatic and terrestrial environment and pose a serious 

threat to survival and metabolic activities of natural biota including microbial flora (Nies, 1999; 

Watt et al., 2000; Tong et al., 2000; Hartwig et al., 2002; Coombs and Barkay, 2004; Lam et 

al., 2007; De et al., 2007, 2008; Velea et al., 2009; Khan et al., 2010; Jayaraju et al., 2011). 

Lead polluted environmental sites need special attention since lead is a potential cumulative 

poison (pollutant) showing high toxicity, persistence and bioaccumulation in the environment 

(Trajanovska et al., 1997; Lam et al., 2007; Dauvin, 2008; Flora et al., 2008; Lombardi et al., 

2010). 
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2.9 Physicochemical characteristics of estuarine water samples 

Physicochemical analysis of estuarine water samples clearly revealed variation in pH 

ranging from 7.7 to 8.2, temperature from 28 °  C to 31 °  C and salinity from 13.16 PSU to 32.23 

PSU respectively at different sampling points (Table 2.2). It is interesting to note that pH of 

estuarine water samples was alkaline and maximum alkalinity i.e. 8.2 was observed for water 

samples collected from GSL and WISL situated at Vasco since these sites are close to open sea. 

Similarly salinity was also significantly high for these samples (i.e. 30.33-32.23 PSU). 

Table 2.2 Physicochemical characteristics of estuarine water samples 

Sr. 
No. 

Sampling stations pH Temperature 
(°C) 

Salinity (PSU) 

1 Kala academy jetty 7.8 28 24.43 

2 Ferry point, Panjim 7.8 30 17.79 
3 Below Mandovi 

bridge 
7.8 30 17.88 

4 Ribandar 	ferry 
point 

7.8 30 15.35 

5 Dempo 	shipyard 
ltd. 

7.7 28 13.16 

6 Kakra beach 7.7 31 26.12 
7 Dona Paula 7.9 29 28.37 
8 Western India 

Shipyard ltd. 
8.2 30 32.23 

9 Goa shipyard ltd. 8.2 30 30.30 
10 Manmad shipyard 

ltd. 
7.8 28 22.41 

2.10 Lead content of soil samples 

AAS analysis of soil samples revealed that soil samples from waste dump of battery 

manufacturing companies were highly contaminated with lead. Soil sample from Germania 

batteries contained 7,767 ppm lead whereas sample from Permalite batteries contained 5,497 

ppm lead. Frequent exposure of bacteria to toxic pollutants such as Cd, Zn and lead in 

environments induce stress response proteins in bacteria (Laplase et al., 2000; Blindauer et al., 
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2002; Liu et al., 2003; Sharma et al., 2006; Lacerda et al., 2007; Taghavi et al., 2009) therefore 

high concentrations of lead in soil impart stress on natural bacterial population which result in 

evolution of genetic determinants responsible for high level of lead resistance in terrestrial 

bacterial isolates. 

2.11 Lead compounds in terrestrial (soil) samples contaminated with lead 

XRD analysis of soil samples (solid waste) from Germania batteries Pvt. ltd. Corlim, 

Goa and M/S Permalite batteries Pvt ltd. Corlim, Goa clearly revealed presence of several lead 

compounds viz. litharge (PbO), cerussite (PbCO3), hydrocerussite (PbCO3-PbOH2), angelsite 

(PbSO4), lead phosphate (Pb5(PO4)3C1) and metallic or free lead (Fig. 2.2 and 2.3). XRD 

analysis of terrestrial samples conducted earlier goes hand in hand with our report (Dermatas et 

al., 2004; Vantelon et al., 2005; Nadagouda et al., 2009). Frequent exposure of bacterial 

isolates to these lead compounds and free lead ions in soil may induce stress responsive genes 

which encode Pb induced proteins responsible for high level lead resistance (Laplase et al., 

2000; Blindauer et al., 2002; Bruins et al., 2003; Sharma et al., 2006, Taghavi et al., 2009). 

2.12 Viable count of bacteria 

2.12.1 Viable count of bacteria in estuarine water samples 

The total viable count of lead resistant bacteria of all the water samples from Zuari 

estuary ranged from 1.6-3.7 x 10 3  cfu/mI when water samples were plated on Zobell marine 

agar amended with 500 ttM lead nitrate whereas viable count of Mandovi estuary ranged from 

0.43-3.61 x103  cfu/ml (Tables 2.3, 2.4).These studies clearly demonstrated that approximately 

3.72 % and 2.54 % of natural bacterial population from Zuari estuary and Mandovi estuary is 

resistant to lead nitrate due to appreciably high levels of lead contributed by mining, industrial 

and other anthropogenic activities. Exposure of bacterial isolates of estuarine environment to 
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high levels of lead activates these microbes to evolve resistance mechanisms to withstand the 

metal stress. 

2.12.2 Viable count of bacteria in terrestrial samples 

Viable count of lead resistant bacteria from waste sample of various battery 

manufacturing industries on PYT80 agar plates containing 100 gM lead nitrate ranged from 

0.38-2.25 x 10 3  cfu/ml for soil samples whereas 0.86-3.16x10 3  for liquid waste samples. Waste 

sample from two electronics companies showed viable count ranging from 0.046 to 0.42 x 

103  cfu/ml for soil samples and 0.01-0.16 x 10 3  cfu/ml for liquid waste (effluent) samples 

(Table 2.5.). This clearly revealed that several lead resistant bacterial isolates are present in the 

waste samples of car battery manufacturing and electronics industries as they may have 

inherent genetic and biochemical mechanisms to cope up high levels of lead. Various strategies 

through which they resist high levels of lead along with other heavy metals may include efflux, 

reduction, oxidation, extracellular sequestration, biosoption, precipitation and intracellular 

bioaccumulation (Trajanovska et al., 1997; Levinson and Mahler, 1998; Nies, 1999; Roane, 

1999; Blindauer et al., 2002; De et al., 2007, 2008; Desai et al., 2008; Taghavi et al., 2009; 

Wang et al., 2009; Maldonado et al., 2010). 

2.13 Environmental optimas for growth of lead resistant bacterial strains 

Six lead resistant bacterial strains were selected for further study and designated as 

P2B, 4EA and 2EA (terrestrial isolates) and WI-1, M-9 and M-11 (estuarine isolates). 

2.13.1 Optimum temperature 

The temperature is an important factor to which bacteria show a wide pattern on growth 

behaviour (Gikas et al., 2009). Studies have revealed that optimum temperature of bacterial 

strains P2B and 4EA for growth in presence of lead ranged from 30°C to 34°C, for isolate 
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2EA 34°C whereas estuarine isolates WI-1, M-9 and M-11 showed best growth at 30°C (Figs. 

2.4 a-f). 

2.13.2 Optimum pH 

Optimum pH for growth in the presence of lead for bacterial strains P2B, 2EA and 4EA 

is pH 7.0 whereas estuarine strains WI-1, M-9 and M-11 grew well at pH range 7-7.5 (Figs. 

2.5 a-f). Estuarine isolates grow best at neutral to alkaline pH since pH of estuarine water 

samples was alkaline. Terrestrial isolates grew best in the presence of lead nitrate (100 ii.M) at 

neutral pH but growth of terrestrial as well as estuarine bacterial isolates was repressed at 

acidic pH ( <7) because at acidic pH lead is more soluble and bioavailable to the bacterial 

cells (Babich and Stotzky, 1979; Harrison and Laxen, 1981; Scoullos, 1986; Dubey and Rai, 

1990). Interestingly not much adverse effect on growth of bacterial strains in presence of lead 

nitrate was observed at alkaline pH (>7.5) because under alkaline conditions bioavailability of 

lead ions to the bacterial cells is less as compared to acidic conditions (Cunningham et al., 

2010). Thus it is evident from these experiments that lead is cytotoxic at acidic pH and it is 

interesting to note that reduction in pH of medium results in enhanced lead toxicity possibly 

due to increased bioavailability of lead cation in the medium. 

2.13.3 Optimum salinity (as % NaCI) 

Sodium chloride level in the environment is the major contributor to the osmotic effect 

of ions on the growth of microorganisms. Optimum NaCI levels for growth in presence of 

lead nitrate ( 100 1..tM) for bacterial strains P2B and 4EA was 1%, for 2EA 0.5%, for WI-I 

and M-9 1.5 %, whereas for M-11 ranged from 1.5 to 2 % (Figs. 2.6 a - f). These estuarine 

bacterial strains required more sodium chloride for growth in the presence of lead than 

terrestrial strains, because estuarine sites from which we have isolated bacteria, salinity of 

water samples ranged from 13.16-32.23 PSU (1.3-3.2 %) which is quite high. Amelioration of 
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metal toxicity in the presence of NaCI could possibly be due to formation of anionic co-

ordination with Cl- , which could be comparatively less toxic to microbes than the free metal 

cations (Babich and Stotzk, 1978; Dubey and Rai, 1990). 

2.13.4 Carbon sources 

Among various carbon sources tested viz. glucose, gluconate, fructose, succinate, 

galactose, xylose, malonate, ribose, maltose, mannose, rhamnose and sucrose the best carbon 

source for growth in presence of lead for all the strains was found to be glucose (Fig.2.7. a-

f).This clearly indicated that glucose is metabolized faster as compared to other carbon 

sources and protects the strains against lead toxicity possibly better than others. Glucose is 

very simple sugar and most of the bacteria in environment can utilise easily either by 

oxidative, fermentative or both processes. Enzymes involved in glucose catabolism of all 

bacterial strains are constitutively expressed (Mandelstam, 1962). Under stress conditions 

viz. oxidative, salt and heavy metal stress bacterial and cyanobacterial strains prefer glucose 

more than any other carbon source (Pickett and Dean, 1976; Rai and Dubey, 1988; 

Brynhildsen et al., 1988). In a similar experiment chlorella vulgaris exposed to cadmium 

showed significant protective effect by glucose (El-Naggar et al., 1998). In the present 

investigation all the lead resistant bacterial strains have also showed preference for glucose as 

compared to other carbon sources viz. fructose, succinate, galactose, gluconate, xylose, 

malonate, ribose, maltose, mannose, rhamnose and sucrose (Fig.2.7. a-f). Glucose (0.4%) 

was optimum concentration for the growth of lead resistant isolates whereas glucose 

above 0.4% caused precipitation of lead in the growth medium (Fig. 2.24).Only 

bioavailable heavy metal exert toxic effect on bacterial cells and not sequestered metals. 

2.14 Lead tolerance of the bacterial strains in Tris-minimal medium (TMM). 

Tris-minimal medium is suitable for lead resistance studies as compared to other 

complex media viz. NB, ZMB and LB since there is no complex organic component in this 

medium to influence the lead bioavailability and toxicity (Mergeay et al., 1985; Roane, 1999, 
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Pike et al., 2002). Complex media such as NB, ZMB and LB precipitate lead as a result of 

sequestration with organic moieties thus reduce the bioavailability of lead to the bacterial 

strains. Nutrient broth, Luria bertani broth and Zobell marine broth gave white precipitate when 

lead nitrate was added, probably due to complexation of Pb +2  ions to organic components and 

phosphate ions in the medium. Therefore TMM with 13-glycerol phosphate and glucose (0.4 %) 

was used for lead resistance studies in order to avoid precipitation of lead and maintain lead 

availability in this medium at maximum level. 

Bacterial strains M-9 and M-11 resist lead nitrate up to 0.8 and 1.2 mM with MIC 

values of 1mM and 1.4 mM respectively (Figs. 2.8, 2.9). MIC of cadmium and mercury for M-

9 was 0.6 mM and 0.03 mM, whereas for M-11, 0.6 mM and 0.05 mM respectively (Fig. 2.10). 

These strains resist high levels of lead but very low levels of cadmium and mercury since they 

are more sensitive to these toxic metals as compared to lead (Osborn et al 1997; Nies, 1999; 

Roane, 1999; Roane and Pepper, 1999; Naz et al., 2005; De et al., 2007, 2008; Taghavi et al., 

2009). Lead resistant strain P2B was resistant to 1.6 mM lead nitrate with MIC of 1.8 mM (Fig. 

2.11.). It also showed tolerance to CdC12, and HgCl2 as MIC for cadmium chloride, and 

mercuric chloride was 0.2 mM and 0.03 mM respectively but in the presence of 100 p.M lead 

nitrate MIC for cadmium and mercury increased to 0.3 mM and 0.05 mM respectively 

exhibiting enhanced cross tolerance to these toxic metals (Figs. 2.12, 2.13). Similarly strain 

4EA showed resistance up to 0.8 mM lead nitrate in TMM with MIC of 1 mM (Fig. 2.14.). In 

addition to lead resistance this strain also showed enhanced cross tolerance to ZnCl2, CdC12, 

and HgC12 as MIC for zinc chloride, cadmium chloride, and mercuric chloride increased from 

0.4, 0.2 and 0.04 mM to 0.7, 0.4, and 0.06 mM respectively in presence of 100 p.M lead nitrate 

(Figs. 2.15, 2.16). MIC of cadmium and mercury for strains P2B and 4EA increased in the 

presence of 100 tiM lead nitrate in the culture medium which may be due to lead induced cross 

tolerance to other toxic metals. Similar results were showed by Xanthomonas campestris 
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wherein cadmium-induced cross-resistance to lethal concentrations of Zn (Banjerdkij et al., 

2003). Low level pre-exposure of Xanthomonas campestris to Cd induced high level of 

protection against Zn. Pretreatment of cadmium resistant Ralstonia sp.TAK1 with an inducing 

level of Cd conferred cross resistance against subsequent exposure to the lethal levels of Zn 

(Prapagdee and Watcharamusik, 2009). Pretreatment of Pseudomonas aeruginosa BC15 with 

sub-lethal concentrations of Cd induced adaptive resistance to lethal doses of Cd and cross 

resistance to lethal concentrations of zinc (Raja et al., 2008). 

Bacterial strain 2EA showed resistance to lead upto 1.4 mM with MIC of 1.5 mM (Fig. 

2.17.). This bacterial strain also showed tolerance to cadmium, mercury and zinc with MIC 

values 0.2 mM, 30 1.1M and 0.5 mM respectively (Fig. 2.18). Similarly strain WI-1 resists 0.6 

mM lead nitrate with MIC value of 0.8 mM (Fig. 2.19) and tolerates CdC12 and HgC12 as their 

MIC values were 0.5 mM and 0.03 mM respectively (Fig.2.20). These results clearly 

demonstrated that lead resistant bacterial strains also tolerate cadmium, zinc and mercury 

possibly due to presence of genetic determinants (genes) on their chromosomal or plasmid 

genomes which confer metal resistance. Genome of Pseudomonas putida has got 61 open 

reading frames with different types of metal resistance genes which makes this strain resistant 

to high levels of Cd, Hg, As, Pb, Zn, Ni,Cu etc.(Canovas et al., 2003). Detoxification of toxic 

heavy metals viz Cd and Pb by marine bacteria highly resistant to mercury was reported by De 

et al., 2008. 

It is well known that majority of antifouling paints possess several organic biocides 

along with heavy metals (Sanchez-Bayo and Goka, 2005; Turner, 2010) and Mandovi estuary 

is heavily contaminated with organotin biocide, TBT and several heavy metals viz. Pb, As, 

Mn, Co, Zn, Cu and Fe (Meena et al., 2003; Bhosle, 2007; Alagarsamy, 2006). Majority of 

TBT resistant bacteria are also known to resist Hg, Cd, Zn, Sn, Cu and Pb (Pain and Cooney, 

1998; Ramachandran, 2009). In the present study lead resistant strain WI-1 also showed 
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tolerance to TBT in ZMB (MIC-0.5 mM) along with cadmium and mercury which revealed 

that resistance to these heavy metals may be associated with TBT (organotin) resistance. Some 

more lead resistant bacterial strain from terrestrial sites contaminated with lead battery waste 

viz. 4A, GM-10, GMO2, GM03 and GM04 also showed tolerance to lead nitrate upto 0.2 mM, 

0.4 mM, 0.2 mM, 0.6 mM and 0.3 mM respectively (Fig. 2.21) as their MIC values were 0.3 

mM, 0.5 mM, 0.3 mM, 0.7 mM and 0.4 mM respectively. 

2.15 Antibiotic resistance in lead resistant bacterial strains 

Table 2.6 Multi-drug resistance in lead resistant bacterial strains 

Antibiotics 

Bacteri 
strains 

A 
25 
1tg 

C 
25 
1tg 

Nx 
10 
1tg 

Co 
25 
IT 

Cp 
30 
1tg 

Na 
30 
1tg 

E 
15 
1tg 

Tb 
10 
1tg 

K 
30 
1tg 

AK 
10 
1tg 

01 
15 
Ng 

Cr 
30 
IT 

Mc 
33 
IT 

L 
10 
IT 

G 
10 
IT 

P2B + - + + - - + - - + + + + - 
4EA + - - + + + + - - + + + + + - 
WIl + - - + + - + + + + - + + + - 
M-9 + + + + + - + - + - - + + + - 
M11 + + - + + + - + - + + + - 
2EA + - - + + - + - - + + + - - - 

ntibiotics Cf S M SI Va Ox Cd P Pb Nf T CI Ch N B 
30 10 25 200 30 15 10 10 300 30 30 25 25 30 30 
1.1g 1.1g ps jig 1.1g 1.1g p.g units units 1.1g p.g 1.1g 1.1g 1.1g p.g 

Bacteria 
strains 
P2B - + + - + + + + - - - - + 
4EA - - + - + + + + - + + - + - 
WIl - - + - + + + + - 
M-9 - - + + + + + + - - + + + - + 
M-11 - - + + + + + + - - - - + - + 
2EA - + + - + + + + - - - + - + 
Key: Resistant (+) Sensitive (-) 

Uncontrolled, haphazard and extensive use of antibiotics and anti-microbial drugs in 

hospitals, aquaculture farms prawn hatcheries and poultry farms has become a major 

environmental problem due to their ultimate release and persistence in the natural terrestrial 
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and aquatic environments (Khetan and Collins, 2007). Long term exposure of microbes to these 

residual antibiotics and anti-microbials leads to evolution of drug resistance which is conferred 

by genetic determinants on plasmids, transposons or integrons (Martinez, 2008). Heavy metal 

resistance in bacteria is linked with multiple antibiotic resistance because many metal resistant 

bacteria also show multiple antibiotic resistance. Genetic determinants (genes) that code for 

antibiotic resistance and genes which confer heavy metal resistance are often carried on the 

same plasmid/transposon in addition to their copies in the chromosomal genome too (Clark et 

al., 1977; Calomiris et al., 1984; Roane and Kellogg, 1996). Majority of antibiotic resistant 

bacterial strains also exhibit metal tolerance to various toxic metals and organometals 

(McArthur and Tuckfield, 2000; De Souza et al., 2006; Matyar et al., 2010). Vanadium-induced 

multidrug resistance in environmental isolate of Escherichia hermannii and Enterobacter 

cloacae has been reported (Hernandez et al., 1998). TbtABM, a multidrug efflux pump 

associated with tributyltin (organometal) resistance in Pseudomonas stutzeri (Jude et al., 2004). 

Similar results were observed in case of all the six selected lead resistant bacterial strains 

which showed resistance to multiple antibiotics and indicated that genetic determinants for lead 

and multi-drug resistance may be interlinked (Table 2.6). 

2.16 Identification of lead resistant bacterial strains 

Lead-resistant bacterial strains were identified as Pseudomonas aeruginosa strain 4EA, 

Enterobacter cloacae strain P2B, Providencia alcalifaciens strain 2EA, Pseudomonas stutzeri 

strain M-9, Pseudomonas aeruginosa WI-1, Vibrio harveyi M-11 based on morphological, 

biochemical characteristics along with 16S rDNA sequence analysis (Table 2.7 and Figs 2.22 a-

f). 16S rDNA sequence data of these six lead resistant strains has already been submitted to 

Genbank and accession numbers have already been allotted (Table 2.8). Based on FAME 

analysis few more lead resistant bacterial isolates were identified from car battery waste 
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which includes Providencia rettgeri GM04, Proteus penneri GM03, Bacillus subtillis GMO2, 

Proteus penneri GM-10 and Salmonella choleraesuis 4A (Figs. 2.23 a-e). 

Table 2.8 Lead resistant bacterial strains with their Genbank accession numbers 

S.N. Bacterial strains Genbank accession no. 

l Pseudomonas aeruginosa strain 4EA JF421616 

2 Enterobacter cloacae strain P2B HQ268733 

3 Providencia alcalifaciens strain 2EA HQ268734 

4 Pseudomonas stutzeri strain M-9 HQ268731 

5 Vibrio harveyi strain M-11 HQ268730 

6 Pseudomonas aeruginosa strain WI-1 HQ268732 
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Fig. 2.1 Sampling sites of Mandovi (•) and Zuari (• ) estuaries 

Fig. 2.2 XRD analysis of soil sample from waste dumping site of Germania 
batteries Pvt. Ltd. Corlim, Goa 
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Fig. 2.3 XRD analysis of soil sample from waste dumping site of M/S Permalite 
batteries Pvt. Ltd. Corlim, Goa 

Western India 
shipyard 
Ltd.,Vasco, Goa 

Goa Shipyard 
Ltd.,Vasco, Goa 

MANMAD 
Shipyard 
Ltd.,Vasco, Goa 

DONA PAULA 
beach, Goa 

KAKRA beach, 
Goa 

CONTROL 
ZMA only 

ZMA+ 
Lead 
nitrate 

(0.5 mM) 

CONTROL 
ZMA only 

ZMA + 
Lead 
nitrate 
(0.5

M) 

CONTROL 
ZMA only 

m ) 

ZMA+ 
Lead 
nitrate 

(0.5 mM) 

CONTROL 
ZMA only 

ZMA+ 
Lead 
nitrate 

(0.5 
mM 

CONTROL 
ZMA only 

ZMA+  
Lead 
nitrate 

0.5 mM 

67 ± 4.4 

x103  

3.7± 0.2 

x103  

93± 6.2 

x103  

2.4± 0.6 

x103  

86± 5.3 

x103  

3.1± 0.8 

x103  

36± 3.4 

x103  

1.6± 0.3 

x103  

79± 2.9 

x103  

2.6± 0.7 

x103  

Table. 2.3 Viable count of bacterial population along with lead resistant 
strains from Zuari estuary 
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KALA ACADEMY 
JETTY, Panjim, Goa 

FERRY POINT, 
PANJIM, Goa 

MANDOVI 
BRIDGE, Goa 

RIBANDAR 
FERRY POINT, 
Ribandar, Goa 

DEMPO 
SHIPYARD 
Ltd., Old Goa 

CONTROL 
ZMA only 

ZMA + 

Lead 

nitrate 

(0.5 mM) 

CONTROL 
ZMA only 

ZMA + 

Lead 

nitrate 

(0.5 mM) 

CONTROL 
ZMA only 

ZMA + 

Lead 

nitrate 

(0.5 mM) 

CONTROL 
ZMA only 

ZMA + 
Lead 

nitrate 

(0.5 mM) 

CONTRO 
L 
ZMA only 

ZMA 

+ Lead 

nitrate 

0.5 mM 

84± 6.3 
x103  

0.43±0.1 
x103  

56± 4.1 
x103  

1.65±0.5 
2x103  

72±7.2 
x103  

1.24± 
0.33x103  

63± 3.5 
x103  

2.65±0.9 
x103  

10218.9 
x103  

3.61± 
1.7 
x103  

Table.2.4 Viable count of bacterial population along with lead resistant 
strains from Mandovi estuary 

SITES 

SAMPLE . 

Germania Permalite Lead ion 
oxide 

Shrine 
kakoda 

Bharati 
electronics 

D-LINK 

Soil samples 

Sample 1 
control 105 x 10 3  37 x103  43 x 103  89 x 103  128 x 103  79x 103 

Sample 1 
Lead 
nitrate 

2.24 x 103  0.46 x 103  2.25 x103  038 x 
103  

0.046x 103  0.42x103  

Sample 2 
Control 80 x 103  161 x 103  28x 103  63 x103  76 x103  86 x103  

Sample 2 
Lead 
nitrate 

1.79'x 103  0,88 x 103  0.46x103  12 x103  0266x103  0.083 
x 103  

Liquid waste samples 

Sample 3 
control 23 x103  117x10 3  52x103  86x103  138x103  57x103  
Sample3 
Lead 
nitrate 

0.93 x10 3  1.86x10 3  1.48x103  1.27x103  0.05x103  
3 

0.013x10 

Sample 4 
control 59x103  93x103  67x103  11 . 7x103  74x103  95x103  

Sample 4 
Lead 
nitrate 

3.16x103  0.53x103  0.86x103  0,83x103  0_01x103  0.16x103  

Table.2.5 Viable count of bacterial population along with lead resistant strains from soil 
and liquid waste samples on PYT80 agar plate amended with 100 tM lead nitrate 
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M- 11 at different temperature in TMM amended with lead nitrate (100 pM) 
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Time (h) 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 

Fig.2.8 Growth behavior of Pseudomonas stutzeri strain M-9 in TMM amended 
with different concentrations of lead nitrate. Filled diamond (4-): 0 mM 
(control), filled square(f) : 0.5 mM, filled triangle (*): 0.8 mM, X 
(+(-): 1.0 mM,  

Fig.2.9 Growth behavior of Vibrio harveyi M-11 in TMM amended with 
different concentrations of lead nitrate. Filled diamond (4-): 0 mM 
(control), filled square (4): 0.5 mM, filled triangle Oil: 1.2 mM, X 
(+(r): 1.4 mM 
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Fig.2.10 MIC of cadmium and mercury for bacterial strains Pseudomonas stutzeri 
M-9 and Vibrio harveyi M-11, in TMM 

Fig.2.11 Growth behavior of Enterobacter cloacae strain P2B in TMM amended 
with different concentrations of lead nitrate. Filled diamond (4-): 0 mM 
(control), filled square (W): 0.5 mM, filled triangle ('*-): 1.6 mM, X 
(+(-): 1.7 mM 
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Fig.2.12 MIC of cadmium and mercury for Enterobacter cloacae strain P2B in 
TMM 

Fig.2.13 MIC of cadmium and mercury for Enterobacter cloacae strain P2B in 
presence of 100 AM lead nitrate 
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in presence of 100 pM lead nitrate 

Fig.2.17 Growth behavior of Providencia alcalifaciens strain 2EA in TMM 
amended with different concentrations of lead nitrate. Filled diamond 
(4-): 0 mM(control), filled square ( 4111-): 1.0 mM, filled triangle (•ir•): 
1.4 mM, X ( 44): 1.5 mM 
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Fig.2.18 MIC of cadmium, mercury and zinc for Providencia alcalifaciens strain 
2EA in TMM 

Fig.2.19 Growth behavior of Pseudomonas aeruginosa strain WI-1 in TMM 
amended with different concentrations of lead nitrate. Filled diamond 
(4-): 0 mM (control), filled square ( 4): 0.3 mM, filled triangle (*): 
0.6 mM, X (#): 0.8 mM 
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Fig.2.21 Lead tolerance limit of bacterial strains from lead battery manufacturing 
company 
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Table.2.7 Biochemical characteristics of lead resistant bacterial strains 

TESTS Strain 4EA Strain M-9 Strain WI-1 Strain M-11 Strain P2B Strain 2EA 

Gram staining Gram 
negative short 
rods 

Gram 
negative short 
rods 

Gram 
negative 
short rods 

Gram 
negative 
short rods 

Gram 
negative short 
rods 

Gram 
negative 
short rods 

Motility motile motile motile motile motile motile 
HL-test oxidative oxidative oxidative Oxidative+ 

fermentative 
Oxidative+ 
fermentative 

Oxidative+ 
fermentative 

Indole + + + + - + 

MR-test - - - - - + 
VP-test - - - - + - 
Citrate + + + + + + 
Catalase + + + + + + 
oxidase + + + + - - 

Urease - - - - - - 
Nitrate 
reduction 

- + + + + + 

H2S - - _ _ - - 

Phenylalanine 
deaminase 

- - - - - + 

Starch 
hydrolysis 

- + - + - - 

TSI media Alkaline 
butt+ alkaline 
slant 

Alkaline butt 
+ alkaline 
slant 

Alkaline butt 
+Alkaline 
slant 

Acid butt + 
alkaline slant 

Acid butt + 
acid slant + 
gas 

Acid butt + 
alkaline slant 

Gelatinase + - + + + - 

ONPG - - - + + - 
Lysine Sc - - + - - 

Ornithine Sc - + + - 

Luminescence - - - + - - 

Fluorescent 
pigment 

+ greenish 
yellow 

- + greenish 
yellow 

- - - 

Sugar 
fermentation 

. 
. 

Glucose - - - + (+) (+) 

sucrose - - - + + + 

rhamnose - - - - + + 

xylose - - - - (+) (+) 

fructose - - - + (+) (+) 

mannose - - - + (+) (+) 

galactose - - - + (+) (+) 

Tentatively 
Identified as 

Pseudomonas 
aeruginosa 

Pseudomonas 
stutzeri 

Pseudomonas 
aeruginosa 

Vibrio 
harveyi 

Enterobacter 
cloacae 

Providencia 
alcalifaciens 

Key : - =Negative result, 	+ = Positive result, 	(+) = Acid + gas, + = only acid 
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Fig.2.23.a FAME profile of lead resistant Proteus penneri strain GM-10 from 
Lead battery manufacturing industry 
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Fig.2.23.b FAME profile of lead resistant Salmonella choleraesuis strain 4A 
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Fig.2.23.c FAME profile of lead resistant Bacillus subtillis strain GMO2 from 
Lead battery manufacturing industry 

Fig.2.23.d FAME profile of lead resistant Providencia retigeri GM04 from 
Lead battery manufacturing industry 
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Fig.2.23.e FAME profile of lead resistant Proteus penneri strain GM03 from 
battery manufacturing industry 

Table 2.9 Physicochemical characteristics of Industrial waste samples 

Sr. 
No. 

Sampling stations 
pH 

Temperature 
(°C) 

1 Germania batteries Pvt. Ltd. 6.8 28 

2 Permalite batteries Pvt. Ltd. 7.2 30 

3 Shrine industries Pvt. Ltd. 6.5 32 

4 United lead oxide Pvt. Ltd. 6.8 29 

5 Bharti electronics Pvt. Ltd. 7.2 28 

6 D-Link Pvt. Ltd. 7.0 30 
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Fig. 2.24 Growth behaviour of lead resistant bacterial strains in 
TMM supplemented with different concentrations of glucose in the 
presence of 100 pM lead nitrate. 
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CHAPTER III 

Biochemical characterization of lead resistant bacterial strains 

MATERIALS AND METHODS 

3.1 Characterization of lead resistant, exopolysaccharide producing Enterobacter 

cloacae strain P2B 

3.1.1 Purification and characterization of bacterial EPS 

Exopolysaccharide (EPS) production by Enterobacter cloacae strain P2B was 

monitored in the TMM medium without (control) and with 1.6 mM lead nitrate in order to 

study the role of EPS in lead resistance. Purification of extracellular EPS was done using 

modified ice cold ethanol precipitation method (Bramhachari and Dubey, 2006). Cultures 

grown without and with 1.6 mM lead nitrate in a total volume of 1 litre TMM were harvested 

separately at 10,000 rpm for 15 minutes at 4°C. The supernatant was filtered through 0.22 um 

cellulose nitrate filter (Millipore filters, Bangalore, India). EPS was precipitated from the 

final filtrate by addition of three volumes of ice cold ethanol and stored at 4°C overnight. 

Resulting precipitate was centrifuged and washed with 70 % ethanol. EPS precipitate was 

suspended in distilled water and dialysed for 24 h at 4°C using dialysis tube with cut off size-

13 kDa (Sigma Aldrich, Germany) against distilled water. This extracellular purified EPS was 

lyophilised and stored. 

In order to extract cell bound EPS, bacterial cell pellet of 1 litre culture suspension 

was resuspended in appropriate volume of EDTA solution (10 mM EDTA + 1.5 mM NaC1 , 

pH 8) and heated at 50°C for 3 minutes (Royan et al., 1999) and purified in the same way as 

extracellular EPS. Extracellular and cell bound EPS was combined, lyophilized and stored at 

78 



room temperature in a sealed bottle until chemical and physical analysis. EPS production 

was recorded and expressed in terms of dry weight in control and lead exposed conditions. 

Chemical composition of EPS produced under the stress of 1.6 mM lead nitrate was 

determined by GC-MS and FTIR analysis along with Alcian blue staining as per the standard 

procedures. 

3.1.2 Rheological characteristic of EPS 

Rheological properties of EPS isolated from Enterobacter cloacae strain P2B grown 

without (control) and with 1.6 mM lead nitrate were determined using programmable 

Rheometer (Model DV-III, Brookfield, USA) at 25° C. EPS (10mg/m1) in distilled water was 

used for above analysis. We measured the viscosity of the aqueous solution of EPS over a 

range (3.75-33.8 s -1 ) of shear rates. Viscosity (cP) values were plotted against corresponding 

values of shear rate (s -1 ) and data was analysed (Arias et al., 2003). 

3.1.3 SEM-EDX analysis of bacterial EPS 

In order to reveal whether EPS is involved in lead sequestration, scanning electron 

microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDX, JEOL JSM-

5800LV, USA) was performed on bacterial culture grown in TMM supplemented with 1.6 

mM lead nitrate. Culture smear was prepared on glass slide, air dried and then fixed in 3 % 

glutaraldehyde overnight with 50 mM Potassium phosphate buffer. The slide was gently 

washed thrice with phosphate buffer (Appendix-B2 ) and dehydrated in gradually increasing 

concentrations of ethanol i.e., 10, 20, 50, 70, 80, 90, 95, and 100% for 15 min each, air dried 

and finally stored in vacuum chamber prior to SEM-EDX analysis (Neumann et al., 2005). 
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3.1.4 Fourier-transformed infrared (FTIR) spectroscopic analysis of bacterial EPS 

FTIR spectroscopic analysis of lyophilized EPS was done to reveal major functional 

groups of EPS. A sample containing 2 mg dried and ground EPS was mixed with 200 mg 

dry KBr, which was followed by pressing the mixture into 16 mm diameter mould 

(Bramhachari and Dubey, 2006; Bramhachari et al., 2007). FTIR spectrum was recorded in 

the region 400-4000 cm"' using SHIMADZU FTIR, model 8201PC (Shimadzu, Japan). 

3.1.5 GC-MS analysis of EPS 

GC-MS analysis of EPS was performed to investigate presence of neutral sugars. The 

lyophilized EPS was acid hydrolyzed into monosaccharides followed by conversion of their 

sugars into respective alditol acetate derivatives, which are finally analysed by GC-MS 

(model GC-MS-QP-2010—plus; Shimadzu, Japan).This instrument was equipped with a fused 

silica capillary column coated with CP Sil-88 -25 m. i.d. 0.32 mm, ds 0.12(Chrompack, 

Middleburg, Netherland) and Helium (3 ml/min) was used as a carrier gas. (Albersheim et al., 

1967; Fox et al., 1988). EPS was hydrolysed using 6N HC1 at 100°C for 1hr into monomers. 

The sample was evaporated to dryness at 50° C inside a fume hood. To the sample 100 RI of 

Sodium borohydride (NaBH4) was added (100 mg/ml in H2O) to reduce monomers into their 

respective alditols. Sample was evaporated to dryness at 50° C under fuming hood. After 

cooling at room temperature. 300 Rl of acetic anhydride was added to each vial containing the 

sample followed by heating at 100° C for 15 min (acetalization step) in order to convert 

alditols into alditol acetates which was analysed by GC-MS. The following temperature 

gradient program was used: 75°C for 2 minutes followed by an increase from 75°C to 175°C 

at a rate of 50° C per min and finally 40 minutes at 230°C. The m/z peaks representing mass 

to charge ratio characteristic of the monosaccharide sugar fractions were compared with those 

in the mass spectrum library of the corresponding sugars. 
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3.1.6 Alcian blue staining of bacterial EPS 

Alcian blue staining of EPS produced by Enterobacter cloacae strain P2B was 

performed to investigate its acidic or basic nature. Alcian blue is cationic dye used to stain 

acidic polysaccharides. Bacterial culture grown in presence of 1.6 mM lead nitrate was 

smeared on a glass slide was air dried and hydrated with distilled water. The slide was 

flooded with 20 gl of 0.1% Alcian blue dye in acetic acid (pH 2.5) for 5 minute. Destaining 

was done gently using running water followed by air drying and observation under oil 

immersion lence of light microscope (Alldredge et al., 1993; Bhaskar and Bhosle, 2005). 

3.2 Characterization of lead resistant, Providencia alcalifaciens strain 2EA 

3.2.1 Purification of extracellular precipitate produced by Providencia alcalifaciens 

strain 2EA 

TMM broth (1 liter) containing 1.4 mM lead nitrate and without lead nitrate (control) 

was inoculated with overnight grown culture of the lead-resistant Providencia alcalifaciens 

strain 2EA. After 20 h incubation at 34 °C the culture suspensions were centrifuged at 2,000 

rpm at room temperature to separate any extracellular bioprecipitate from bacterial cells. 

Since the bioprecipitate was insoluble, it was located in the pellet fraction; no significant 

amount of a brown solid was present in the supernatant. The precipitate was washed six times 

using deionized distilled water to completely remove bacterial cells. After the final washing 

of precipitate using centrifuge, the supernatant was decanted, and the pellet (precipitate) was 

gently removed from the centrifuge tubes with deionised distilled water into clean, empty 

plastic petri dishes. Pellet, was dried in desiccator for 48 h. 
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3.2.2 Chemical analysis and identification of the precipitate 

3.2.2.1 XRD analysis of the precipitate 

X-ray diffraction analysis of precipitate produced by Providencia akalifaciens strain 

2EA was done by grinding and smearing the precipitate on the XRD glass slide pre-coated 

with ultra-thin layer of petroleum jelly. Scintag X3 diffractometer coupled with Cu K 

radiation and Li-drifted germanium detector was used and data was collected at a speed of 2 

degrees/min. XRD data was analysed to identify the compound using library of compounds 

for XRD provided by joint commission on powder diffraction software (JCPDS). 

3.2.2.2 SEM-EDX analysis of the precipitate 

Scanning electron microscopy coupled with energy dispersive X-ray spectrometry 

(JEOL JSM-5800LV, USA) was done to examine the chemical nature and particle size of the 

precipitate produced by lead resistant Providencia alcalifaciens strain 2EA. The precipitate 

was placed on a metal stub and coated with gold prior to analysis using SEM-EDX 

(Nadagouda et al., 2009). 

3.3 Morphological characterization of Pseudomonas aeruginovz 4EA exposed to lead 

nitrate 

Scanning electron microscopy coupled with energy dispersive X-ray spectrometry 

(SEM-EDX) (JEOL JSM-5800LV, USA) was employed to examine morphological changes 

and lead biosorption in terms of weight % as compared to major and minor elements present 

on the cell surface of lead-resistant Pseudomonas aeruginosa strain 4EA exposed to toxic 

levels of lead nitrate during exponential growth phase. Cells grown in TMM without lead 

served as control for SEM-EDX analysis. Cells were also grown in TMM with 0.8 mM lead 
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nitrate and effect of lead on cell morphology was analyzed by fixing bacterial cells in 3% 

glutaraldehyde overnight with 50 mM phosphate buffer at 4°C. Cells were washed thrice 

with phosphate buffer, pH 7 and dehydrated in gradually increasing concentrations of ethanol, 

i.e., 10, 20, 50, 70, 80, 90, 95, and 100% for 15 min each, air dried and stored in vacuum 

chamber prior to SEM-EDX analysis (Neumann et al., 2005). 

3.4 Characterization of siderophore production in Pseudomonas aeruginosa strain 

4EA exposed to lead nitrate 

3.4.1 Characterization of siderophore 

Pseudomonas aeruginosa strain 4EA was grown in TMM with different 

concentrations of lead nitrate; cells in stationary phase were harvested to collect yellow—green 

supernatant containing siderophore which was filter sterilized (0.22 tim). Siderophore 

production was monitored by chrome azurol S agar diffusion (CASAD) assay (Shin et al., 

2001). In CASAD assay, each well (5 mm) was filled with 40 RI of siderophore containing 

supernatant and incubated for 2 h at 30°C. After incubation the diameter of orange halo 

around each well was measured and compared. Desferal mesylate (Sigma, USA), was used as 

a positive control and sterile TMM as negative control. Characterization of siderophore of 

lead-resistant Pseudomonas aeruginosa strain 4EA was done using UV—V is 

spectrophotometer (Shimadzu, UV-2450, Japan) and spectrofluorimeter (Shimadzu, RF-

5301-PC, Japan). Siderophore pigments were extracted from culture medium using organic 

solvents chloroform or ethylacetate for spectrophotometric analysis. 

CAS agar plates were prepared using 60.5 mg Chrome azurol - S(CAS) dissolved in 

50 ml distilled water and mixed with 10 ml iron (III) solution (1 mM FeC13. 6H20, 10 mM 

HC1). While stirring it was added to a solution of Hexadecyltrimethyl ammonium bromide 
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(HDTMA, 72.9 mg) dissolved in 40 ml distilled water. The resultant dark blue solution was 

sterilized using autoclave. Tris-minimal agar (900 ml, pH 6.8) was autoclaved and 

supplemented with filter sterilized 0.4% glucose. The blue dye solution was finally mixed 

with TMM agar without generating foam and poured into petri plates (Schwyn and Neilands, 

1987). 

3.5 Intracellular lead bioaccumulation by lead resistant Pseudomonas aeruginosa strain 

WI-1 

Pseudomonas aeruginosa strain WI-1 grown in TMM with 0.6 mM lead nitrate was 

harvested by spinning at 8000 rpm for 10 min and cell pellet was washed with 20 mM EDTA 

solution to remove cell surface bound lead. Pellets were dried at 100° C and 0.1 g of dried cell 

pellet was digested with concentrated HNO3 using microwave digestion system and level of 

intracellular lead was determined by Atomic absorption spectrophotometer (AAS-Varian 

AA240 FS, Australia) following standard procedure of Joshi et al., 2008. 

3.6 Detection of anti-fungal activity of lead resistant Pseudomonas aeruginosa strain 

WI-1 

Antifungal activity of filter sterilised (0.22 p.m), 50 1.1.1 culture supernatant of 

Pseudomonas aeruginosa strain WI-1 grown in TMM was evaluated on the plant pathogen, 

Fusarium oxysporum NCIM 1008 (NCL, Pune, India) using well diffusion method on Potato 

dextrose agar. Spore suspension of Fusarium oxysporum NCIM 1008 was prepared in sterile 

Tween80 and spread plated on PDA. Culture medium without inoculum of the test bacterial 

strain served as negative control. Siderophore production by the test bacterial strain WI-1 

was also monitored using chrome azurol-S agar assay, spectrophotometer and 

spectrofluorimeter (Schwyn and Neilands, 1987, Naik and Dubey, 2011). 
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3.7 Detection of Indole acetic acid (IAA) production in lead resistant bacteria 

Pseudomonas aeruginosa strain WI-1 was inoculated in nutrient broth without 

(control) and with tryptophan (500 µg/ml) and incubated at 30°C. 5 ml culture suspension 

was removed from each tube and harvested at 10,000 rpm for 15 min at room temp. An 

aliquot of 2 ml supernatant was transferred to a fresh tube to which 100 p.1 of 10 mM ortho-

phosphoric acid and 4 ml of a reagent A containing lml of 0.5 M FeC13 in 50 ml of 35% 

HCIO4 was added. The mixture was incubated at room temperature for 25 min and 

development of intensity of pink colour was recorded (Bano and Musarrat, 2003). 

3.8 Detection of HCN production by lead resistant bacteria 

In order to monitor HCN production by Pseudomonas aeruginosa strain WI-1, 

bacterial culture was spot inoculated on King's B agar (King and Adler, 1964). A sterilized 

filter paper saturated with 1% solution of picric acid and 2% sodium carbonate was placed in 

the lid of this petri plate. The petri plate was sealed with parafilm and incubated at 30°C for 4 

days. A change in colour of the filter paper from yellow to redish brown as an indicator of 

cyanogenic activity (Bano and Musarrat, 2003). 
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RESULTS AND DISCUSSION 

3.9 Characterization of exopolysaccharide produced by Enterobacter cloacae strain 

P2B 

Extracellular polymeric substances (EPS) are biosynthetic polymers produced by both 

prokaryotic and eukaryotic microorganisms growing in natural as well as artificial 

environments either as single species, in binary association or in heterogenous communities. 

Irrespective of their origin, EPS are localized at or outside the bacterial cell surface and 

comprised of a variety of high molecular weight organic macromolecules such as 

polysaccharides, proteins, nucleic acids, phospholipids along with other non-polymeric 

constituents of low molecular weight (Wingender et al., 1999; Bhaskar and Bhosle, 2005). 

During growth under natural environment, bacterial EPS play important role in cell adhesion, 

formation of microbial aggregates such as biofilms, flocs, sludges and biogranules 

(Sutherland, 2001; Tay et al., 2001; Comte et al., 2006) and protect cells from hostile 

environments. They are also involved in the degradation of particulate substances, sorption of 

dissolved materials including heavy metals, (Gutnick and Bach, 2000; Morillo, et al., 2006) 

leaching of minerals from sulphide ores as well as biocorrosion (Gehrke et al., 1998). 

Over the last few decades studies on the use of microorganisms for environmental 

restoration have primarily focused attention towards exploiting microbial potential for 

remediation of heavy metal contamination in both terrestrial and aquatic environments. 

Bioremediation of toxic metals and radionuclides from polluted sediments and waste stream 

employ living and / or non-living microbial biomass or isolated biopolymers as agents for 

biosorption (Gadd, 2000; Morillo, et al., 2008; Braissant et al., 2007; Pal and Paul 2008). 

These relatively simple and inexpensive technologies try to exploit the cation-binding ability 

of microbial biomass / biopolymer to form a stable, non-toxic complex. The electrostatic 
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interactions between the metal ligands and negatively charged biopolymeric substances 

outside the cells lead to formation of stable complexes. Though availability of cheap biomass 

and immobilization techniques have made bioremediation process advantageous, the metal-

binding capacity depends on the nature of biomass and availability of specific biopolymers. 

Moreover, microbial EPS differs both in specificity and metal sorption capacity with only few 

functional groups potentially involved in cation-binding. 

In our studies Enterobacter cloacae strain P2B which resists lead nitrate up to 1.6 mM 

showed enhanced production of EPS from 28 mg/L without lead (control) to 108 mg/L with 

1.6 mM lead nitrate in TMM. Furthermore, it was revealed that viscosity of EPS produced by 

Enterobacter cloacae strain P2B increased from 33.3 cP to 63 cP when exposed to 1.6 mM 

lead nitrate (Fig.3.1). Viscosity of EPS produced by bacterial cells with and without lead did 

not decrease significantly with increase in shear rate thus showed Newtonian fluid like 

behaviour (Calvo et al., 1998; Kumar and Singhal, 2011). FTIR analysis of EPS interestingly 

revealed that two different kinds of EPS were produced in absence and presence of 1.6 mM 

lead nitrate as there was significant shift and change in intensity of functional groups. 

Significant structural change in constituents of EPS was also noticed in presence of lead 

which may result in more efficient binding of lead (Fig.3.2.a, b).This clearly suggested 

involvement of EPS in lead resistance in the test bacterium. 

3.9.1 Chemical composition of EPS 

It is imperative to know the chemical constituents of microbial EPS to study its metal 

resistance mechanism. Microbial EPS is composed of sugars, uronic acid and proteins which 

play an important role in metal binding and sequestration due to presence of hydroxyl, 

carboxylic, amide, phosphoryl and sulphate groups (Bramhachari et al., 2007; Braissant et al., 

2007). 
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In our studies FTIR spectrum of purified EPS of Enterobacter cloacae strain P2B 

produced in the presence of 1.6 mM lead nitrate revealed characteristic functional groups 

such as broad stretching hydroxyl group at 3278 cm -1  and weak C-H stretching of methyl 

group at 2927 cm -1  (Fig.3.2.b). A broad stretching of C-O-C, C-0 at 1076-1213 cm -1 

 corresponds to the presence of carbohydrates. Absorption peak between1076-1122 cm-1 

 ascertained presence of uronic acid and o-acetyl ester bonds. The absoption bands 1662 cm-I 

 (mainly C=0 stretch) and 1529 cm-1  (mainly N-H stretch) can be attributed to amide I and 

amide II of amide bond due to peptide bond of protein. Carboxyl group at 1404 cm -1 

 indicates symmetric stretching. Presence of glycosidic bond in sugars was confirmed by a 

band at 804 cm -1  Similar findings were put forth with reference to EPS produced by marine 

Vibrio spp. (Bramhachari and Dubey 2006; Bramhachari et al., 2007). 

GC-MS analysis of EPS produced by test bacterium Enterobacter cloacae strain P2B 

revealed that it is primarily composed, of neutral sugars viz. rhamnose, arabinose, xylose, 

mannose, galactose and glucose with retention time 16.734, 18.174, 18.882, 19.147, 19.492 

and 22.256 minutes respectively (Fig.3.3) whereas mass to charge ratio (m/z) matched very 

well with the standards neutral sugars in the MS library (Fig.3.4.A-F).These results also 

matched with earlier reports on the sugars of EPS produced by marine Vibrio furnissi strain 

VB0S3 ((Fox et al., 1988; Pithard and Finch 2001; Bramhachari et al., 2007).Glucose and 

galactose were most abundant monosaccharides of this heteropolymeric EPS. Percent 

relative abundance of sugars are rhamnose, 2.64%; arabinose, 8.77%; xylose 15.36%; 

mannose, 8.23%; galactose, 26.53% and glucose, 37.47% respectively. Alcian blue staining 

resulted in blue colour of EPS whereas bacterial cell appeared pink which confirmed acidic 

nature of this exopolysaccharide (Fig.3.5).Similar result was demonstrated by Bhaskar and 

Bhosle (2005) in case of Phaeocystis sp and Alldredge, et al., 1993. 
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3.9.2 Characterization of EPS using SEM-EDX 

In order to study involvement of bacterial EPS in lead sequestration at the cell 

surface of the test bacterium, Scanning electron microscopy coupled with EDX was done 

which revealed mucoidal nature of the exopolymer surrounding the bacterial cells and 

interestingly confirmed that EPS of Enterobacter cloacae strain P2B can sequester 17 % 

lead (as weight %) (Fig.3.6). Microbial polymers differ widely both in specificity and in their 

metal-binding capacity depending on their physicochemical properties therefore chemical 

composition of the EPS is helpful in order to understand the nature of the metal ion-EPS 

interactions and its involvement in metal resistance mechanism (Arias et al., 2003; Bhaskar 

and Bhosle, 2006; Morillo et al., 2006). The heavy metal-binding capacity of polysaccharides 

is usually attributed to the high hydrophilicity of the polymer due to the presence of hydroxyl 

groups along with other reactive functional groups and flexible structure of polymer chains 

(Iyer et al., 2004; Pal and Paul 2008). Bacterial EPSs contain ionizable functional groups, 

such as carboxyl, amide, sulphate, acetate, and hydroxyl groups which enable these polymers 

to bind heavy metals. It is interesting to note that sequestration of heavy metals by EPS is 

a metabolism independent process and mainly depends on interaction between metal 

cations and negative charged acidic functional groups present on EPS (van Hullebusch et 

al., 2003; Bhaskar and Bhosle 2006). Pseudomonas marginalia was able to resist 2.5 mM 

lead by sequestering lead in its exopolymer (Roane, 1999). Similarly exopolysaccharide 

produced by Paenibacillu.s jamilae can biosorb 303.03 mg lead/g EPS from lead solution 

(Morillo, et al., 2008). Paenibacillus jamilae, which could use toxic olive-mill wastes as 

fermentation substrate for production of exopolysaccharide showed preferential binding of 

lead using multi-metal sorption system (Morillo, et al., 2006). In marine Pseudomonas 

aeruginosa CH07 lead was entrapped in EPS and EPS served as a possible lead resistance 

mechanism (De et al., 2007, 2008). Enzymatic activities in bacterial EPS are also involved in 
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detoxification of heavy metals by transformation and subsequent precipitation resulting in 

entrapment of metals in these polymeric substances (van Hullebusch et al., 2003; Pal and 

Paul, 2008; Poll et al., 2010). Therefore understanding the mechanism by which EPS 

producing bacteria sequester/adsorb toxic heavy metals extracellularly to protect themselves 

from toxic effects on their physiological and biochemical processes is crucial to the 

development of microbial processes for concentration, removal and recovery of toxic metals 

from industrial wastes and effluents. 

Bioremediation technology is simple, cost effective, highly efficient and 

environmentally sustainable as compared to physicochemical methods to remove heavy 

metals. Our studies have clearly demonstrated that lead ions could interact with carboxyl, 

hydroxyl and amide groups along with uronic acids from different chains of polyanionic 

exopolysaccharide produced by Enterobacter cloacae strain P2B. This exopolymer acts as an 

electrostatic bridge between them producing finally a mesh of polymer large enough to 

sequester 17% lead as weight percent. Thus use of isolated microbial biopolymer in metal 

bioremediation process is more economically viable and ecofriendly alternative than 

environmentally risky chemical methods such as precipitation, coagulation, ion exchange and 

electrochemical processes. Therefore Enterobacter cloacae strain P2B may serve as a 

potential microorganism in bioremediation of lead contaminated environmental sites. Since 

this exopolysaccharide also exibits good rheological properties it may be used in wide range 

of other applications viz. stabilizing, thickening, gelling, coagulating, film-forming, 

detergent, textile, paper and paint industries as well. 
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3.10 Providencia alcalifaciens strain 2EA showing precipitation of lead as lead 

Phosphate i.e. Pb9 (PO4)6 

Providencia alcalifaciens strain 2EA isolated from lead contaminated soil sample of 

car battery manufacturing M/S Permalite industry (Fig.3.7) containing 5,496 ppm lead could 

resist lead nitrate up to 1.4 mM (MIC of lead : 1.5 mM). No precipitate was produced in 

control flask but brown precipitate was observed in TMM amended with 1.4 Mm lead nitrate. 

This result confirmed that Providencia alcalifaciens strain 2EA produced brown 

bioprecipitate when exposed to lead nitrate. X- ray diffraction analysis of purified brown 

precipitate revealed close resemblance with lead phosphate, Pb9(PO4)6 (Fig. 3.8) using the 

JCPDS library of compounds and JCPDS card no. 33-0768 (Mire et al., 2004; Martinez et 

al., 2004). Scanning electron microscopy and elemental analysis for lead and phosphorus and 

oxygen in the brown precipitate further confirmed that the precipitate is a complex lead 

phosphate (Fig. 3.9.a, b). 

Bioprecipitation of toxic heavy metals viz. Cd, U, Zn, Pb into non-bioavailable forms 

such as metal sulphides and phosphates is one of the important resistant mechanisms present 

in microorganisms to withstand high levels of toxic heavy metals (Wang et al., 2002; 

Macaskie, et al., 2000; Mire et al., 2004). In very few cases chemical nature of the lead 

precipitate produced by bacteria has been determined. It is interesting to note that lead was 

precipitated on the cell surface of Citrobacter sp. as PbHPO4 (Aickin et al., 1979) which was 

revealed by electron microscopy and X-ray elemental analysis (SEM-EDS). Levinson et al., 

(1996) have suggested intracellular accumulation of Pb3(PO4)2 as precipitate produced by S. 

aureus when grown in the presence of high concentrations of soluble lead nitrate. Vibrio 

harveyi is also capable of precipitating lead as an unusual lead phosphate, Pb9(PO4)6 (Mire et 

al., 2004). Similarly Klebsiella sp. cultured in phosphate-limited medium has been reported 
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to precipitate lead as PbS (Aiking et al., 1985). Phosphate solubilising Enterobacter cloacae 

resists lead by immobilizing lead as insoluble lead phosphate mineral i.e. pyromorphite (Park 

et al., 2011). X ray spectroscopic data (EXAFS) and Transmission electron microscopy 

(TEM) observations showed that the enhanced Pb accumulation by Burkholderia cepacia 

biofilms is due to the formation of nanoscale crystals of pyromorphites i.e Pb 5(PO4) 30H 

(Templaton et al., 2003). In case of Staphylococcus aureus lead precipitation occurred in 

both lead-sensitive and lead-resistant strains, however the resistant strains were more 

effective in precipitation of lead (Levinson and Mahler, 1998). Lead resistant Bacillus 

iodinium GP13 and Bacillus pumilus S3 precipitates lead as lead sulphide (PbS) (De et al., 

2008). 

In our studies with lead resistant Providencia alcalifaciens strain 2EA, we have 

observed production of an insoluble, extracellular brown precipitate when cells were grown 

in TMM amended with 1.4 mM lead nitrate. XRD and SEM-EDX analysis further confirmed 

brown precipitate as Pb9(PO4)6 (Mire et al., 2004; Martinez et al., 2004 ). Providencia 

alcalifaciens strain 2EA has developed resistance mechanism in which soluble toxic lead 

(Pb+2) is transformed into insoluble, nontoxic, biologically unavailable Pb9(PO4)6. It appears 

that this strain has evolved this bioprecipitation mechanism to survive in toxic level of lead 

nitrate. Bioavailability of toxic metals in the environment is an important factor for their 

toxicity on natural biota. Insoluble lead phosphate, Pb9(PO4)6 is not available freely as lead 

ions (Pb+2) to the test organism Providencia akalifaciens strain 2EA making it resistant to 

lead. This study has provided first evidence of lead precipitation as Pb9(PO4)6 by naturally 

occurring Providencia alcalifaciens strain 2EA which was isolated from soil contaminated 

with car battery waste containing lead as there is no report on precipitation of lead by 

Providencia alcalifaciens. Therefore we can employ lead resistant Providencia alcalifaciens 
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strain 2EA for bioremediation of toxic lead through its conversion into insoluble lead 

phosphate, Pb9(PO4)6 extracellularly which can be removed easily by centrifugation. 

3.11 Pseudomonas aeruginosa 4EA exposed to lead: Morphological characterization and 

biosorption studies 

Pseudomonas aeruginosa strain 4EA isolated from soil sample of Germania company 

containing 7,767 ppm lead could resist up to 0.8 mM lead nitrate in TMM (MIC:1 mM). The 

cell morphology of Pseudomonas aeruginosa strain 4EA was normal when grown in TMM 

without lead, but significant change in cell morphology as reduction in cell size due to 

shrinkage was evidently observed when cells were exposed to 0.8 mM lead nitrate which was 

revealed by SEM (Fig. 3.10.a, b). 

Change in morphology is one of the strategies that bacteria adopt to cope up with 

environmental stresses. It was observed that the maximum alterations in size occurred when 

the bacterium Acidiphilium symbioticum H8 was exposed to sub-inhibitory concentrations of 

Cu and Cd. Loosely packed coccobacillus-type normal cells formed characteristic chains of 

coccoidal, lenticular shape with constrictions at the junctions between them in the presence of 

Cd, whereas Cu induced their transformation into round cells. Ni caused cell aggregation, but 

Zn showed no effect (Chakravarty and Banerjee, 2008). Cadmium-exposed Pseudomonas 

putida showed extensive blebbing of the outer membrane along with polyphosphate granules 

containing Cd2+  which was revealed by electron microscopy. Cells from exponential phase 

cultures of cadmium adapted P. putida were found in clusters and were much smaller than 

control cells grown without cadmium and contained electron dense aggregates also (Higham 

et al., 1986). Scanning probe atomic force microscopy (AFM) analysis indicated that 

exposure of Pseudomonas sp. G I DM2I to 1 mM Cr (VI) for 24 h, leads to an increase in cell 
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length and height (Desai et al., 2008). Interestingly Pseudomonas aeruginosa strain 4EA 

along with reduction in cell size also showed biosorption of 11% lead (as weight %) as 

compared to other elements present on the cell surface when grown in 0.8 mM lead nitrate 

which was clearly revealed by SEM-EDX analysis. Whereas bacterial cells grown in TMM 

without lead nitrate demonstrated absence of any signal pertaining to lead (Fig. 3.10.a, b). 

3.12 Characterization of siderophore production in Pseudomonas aeruginosa strain 

4EA exposed to lead nitrate 

Lead resistant Pseudomonas aeruginosa strain 4EA resists up to 0.8 mM lead nitrate 

in TMM and produced siderophore as yellow-green, diffusible pigment. UV—Vis 

spectrophotometric and spectrofluorimetric analysis of this yellow-green pigment clearly 

revealed presence of two types of siderophores such as pyochelin and pyoverdine. Pyochelin 

showed absorbance maxima at 247 nm and 310 nm in UV range, whereas pyoverdine showed 

strong absorbance at 370 nm (Fig. 3.11). Pyoverdine exhibited emission at 460 nm when 

excited at 405 nm whereas pyochelin emitted at 448 nm when excited at 350 nm (Fig. 3.12. a, 

b). The earlier UV—Vis spectrophotometric and spectrofluorimetric studies on microbial 

siderophores (pyochelin and pyoverdine) have also shown similar results (Cox and Adams, 

1985; Namiranian et al., 1997; Pandey et al., 2005). 

Lead enhanced gradual siderophore production was observed with increase in lead 

levels in the growth medium which was evidently revealed as increase in the diameter of 

orange halo on CAS agar plates using CASAD assay (Fig.3.13.). It is interesting to note that 

siderophore production was enhanced maximally up to 0.5 mM lead nitrate in TMM and was 

repressed above this level as evident from decrease in diameter of orange halo (Fig. 3.14.). 

Pseudomonas aeruginosa is known to secrete two chemically distinct iron chelators 
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(siderophore pigment) viz. pyoverdine and pyochelin in iron limited conditions to solubilise 

Fe+3  and transport into the bacterial cells via specific receptors (Cox and Adams, 1985; 

Namiranian et al., 1997). Besides Fe +3  these microbial siderophores also form stable 

complexes with metals such as Cd +2, Pb+2, and Zn+2  (Namiranian et al., 1997; Gilis et al., 

1998; Hepinstall et al., 2005). Induction of bacterial siderophore synthesis in response to 

Cd+2 , Zn+2  and Cu+2  stress has also been reported which is responsible for detoxification of 

these heavy metals as a consequence of chelation (Clarke et al., 1987; Rossbach et al., 2000; 

Sinha and Mukherjee 2008) and thus proved to be an important strategy of microorganisms to 

sequester non- toxic (micronutrients) and toxic metals. In the present investigation, alteration 

in the cell morphology and enhancement of siderophore production in lead exposed 

Pseudomonas aeruginosa strain 4EA appeared to be the protective response of bacterial cells 

against toxic lead. 

Lead is also known to inhibit chlorophyll biosynthesis; growth and bioproductivity of 

plants (Sengar and Pandey, 1996).We have clearly demonstrated that lead resistant 

Pseudomonas aeruginosa strain 4EA has potential to biosorb significantly high levels of lead 

and also to produce lead enhanced siderophores. Thus, this lead resistant bacterial strain may 

serve as a bioinoculant for crop plants to supplement sufficient amount of iron (Fe +3) by 

producing lead enhanced siderophores along with biosorptive amelioration of lead present in 

contaminated crop fields. 

3.13 Lead resistant Pseudomonas aeruginosa WI-1 also exhibits antifungal activity 

Pseudomonas aeruginosa WI-1 resists up to 0.6 mM lead nitrate with MIC of 0.8 mM 

in TMM and accumulated lead up to 26.5 mg/g of dry cell biomass. Orange zone around 

bacterial colony on chrome azurol S agar proved the siderophore producing potential of this 
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strain (Fig.3.15.). This strain also produced a biocidal compound, which was present in the 

culture supernatant when cells were grown in TMM. The supernatant showed significant zone 

(2.6 ± 0.4 cm) of inhibition on a potato dextrose agar plate with lawn of Fusarium oxysporum 

NCIM 1008 by agar well diffusion method. Whereas uninoculated sterile growth medium i.e. 

TMM broth showed no zone of inhibition (Fig.3.16.a, b). This clearly revealed that the lead 

resistant Pseudomonas aeruginosa strain WI-1 also possessed anti-fungal activity against 

important phytopathogens of crop plants. UV—Vis spectrophotometric and spectrofluorimetric 

analysis of this yellow-green pigment clearly revealed presence of pyoverdine siderophore. 

Pyoverdine showed strong absorbance at 370 nm in the UV range. Pyoverdine exhibited 

fluorescent emission at 460 nm when excited at 405 nm (Fig.3.17). This isolate also produced 

HCN (Fig. 3.18) and plant growth promoting hormone Indole acetic acid (IAA). A change in 

colour of the filter paper placed in lid of petriplate from yellow to redish brown indicates 

cyanogenic activity of Pseudomonas aeruginosa strain WI-1. Development of intense pink 

colour after addition of ortho-phosphoric acid and reagent A to the culture supernatant of 

Pseudomonas aeruginosa strain WI-1 grown in Nutrient broth with tryptophan confirmed high 

amount of IAA production. 

Phytopathogens cause approximately 30% loss of agricultural production every year 

and soils contaminated with heavy metals severely affect crops productivity and also pose 

serious threat to human health (Sengar and Pandey, 1996; Jiang et al., 2008; Sayyed and 

Chincholkar, 2009). Therefore there is pressing need to clean up metal contaminated crop 

fields using biotechnological approach along with eradication of phytopathogens without 

affecting environmental sustainability. Plant growth promoting rhizobacteria (PGPR) are 

known to produce variety of secondary metabolites viz. siderophores, antibiotics, growth 

hormones and HCN which protect plants from phytopathgens and improve plant growth by 

supplying essential nutrients (Bano and Musarrat, 2003; Sayyed and Chincholkar, 2009). 
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Pseudomonas aeruginosa is a well known metabolically versatile PGPR which also shows 

heavy metal resistance (Sinha and Mukherjee, 2008). It is interesting to note that Siderophore 

(Pyochelin and Pyoverdine) mediated suppression of Pythium-induced damping off of tomato 

by Pseudomonas aeruginosa 7NSK2 and involvement of fluorescent siderophore produced 

by Pseudomonas sp. in the biological control of bacterial wilt in tomato suggests the possible 

role of siderophores in the biocontrol of phytopathogens (Buysens et al., 1996; Jagadeesh et 

al., 2001). Siderophore-rich culture supernatant culture supernatant and purified siderophore 

preparation of Alcaligenes feacalis has been reported to exert antifungal activity against 

Aspergillus niger NCIM 1025 and Fusarium oxysporum NCIM 1008 (Sayyed and 

Chincholkar, 2009). In our study we have clearly demonstrated that lead resistant 

Pseudomonas aeruginosa strain WI-1 possessed anti-fungal activity against important 

phytopathogen Fusarium oxysporum NCIM 1008 along with plant growth promoting 

metabolites viz siderophore and IAA. Thus this lead resistant bacterial strain may serve as a 

bioinoculant for crop plants in lead contaminated fields. 
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Fig.3.1 Rheological studies on EPS of Enterobacter cloacae strain P2B grown in 
presence of 1.6 mM (Filled diamond 4- ) and 0 mM (Filled square .U) 
lead nitrate (control) in TMM 

Fig.3.2.a FTIR spectrum of purified EPS produced by Enterobacter cloacae 
strain P2B grown without lead nitrate in TMM 
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Fig.3.2.b FTIR spectrum of purified EPS produced by Enterobacter cloacae strain 
P2B in the presence of 1.6 mM lead nitrate in TMM 
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Fig.3.3 Gas Chromatogram of EPS produced by Enterobacter cloacae strain P2B 
grown in presence of 1.6 mM lead nitrate in TMM 
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Fig.3.4.A-F Mass Spectra (with m/z ratio) of EPS produced by Enterobacter cloacae 
strain P2B in the presence of 1.6 mM lead nitrate.( A- Rhamnose, B-
Arabinose, C-Xylose, D- Mannose, E- Galactose, F- Glucose) 
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Fig. 3.5 Photomicrograph of EPS of Enterobacter cloacae strain P2B stained with 
alcian blue (X100) 

Fig.3.6 SEM - photomicrograph of EPS surrounding the cells of Enterobacter cloacae 
strain P2B grown in 1.6 mM lead nitrate in TMM and SEM - EDX analysis 
for biosorption of lead (SEM - magnification, X 9000) (Arrow points to the 
area considered for EDX analysis) 
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Fig.3.7 SEM-photomicrograph of lead resistant Providencia 
alcalifaciens strain 2EA (magnification: X9000) 
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Fig.3.8 X-ray diffraction pattern of purified brown precipitate 
produced by Providencia alcalifaciens strain 2EA in the 
presence of 1.4 mM lead nitrate in Tris-minimal 
medium (JCPDS pattern 33-0768) 
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Fig.3.9.a, b SEM- photomicrograph (a) and Energy dispersive X- 
ray analysis (b) of extracellular brown precipitate produced 
by Providencia alcalifaciens strain 2EA (Area marked with 
square is used for EDX analysis) 
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Fig.3.10. A, B SEM photomicrograph of Pseudomonas aeruginosa strain 4EA grown 
with and without exposure to lead nitrate in TMM (SEM-
magnification, X9000) and EDX spectrum of a marked area to show 
biosorption of lead (Arrow is pointing to the area considered for EDX 
analysis) A- Control cells (no lead exposure); B- Cells exposed to lead 
nitrate (0.8 mM) 
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Fig.11. UV—Vis spectrophotometric analysis of siderophore produced by 
Pseudomonas aeruginosa 4EA. 
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(b) 

Fig. 3.12.a, b Emission spectrums of siderophore -pyoverdine of Pseudomonas 
aeruginosa strain 4EA when excited at 405 nm (a) and siderophore-
pyochelin when excited at 350 nm (b) 

Fig.3.13 CAS agar diffusion (CASAD) assay to demonstrate lead enhanced 
siderophore production by Pseudomonas aeruginosa strain 4EA in terms 
of diameter of orange halo (cms). B, C and D indicate siderophore 
production in presence of 0.1, 0.3, and 0.5 mM lead nitrate respectively 
whereas A indicates basal level of siderophore production(Control) 
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Fig.3.14. Effect of different concentrations of lead nitrate on siderophore 
production by Pseudomonas aeruginosa strain 4EA in TMM as 
diameter of orange halo (cms) on CAS agar. 

Fig.3.15 Siderophore production by Pseudomonas aeruginosa strain WI-1 
on CAS agar 
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(a) 

(b) 

Fig.3.16.a, b Potato dextrose agar plate showing antifungal activity of 
Pseudomonas aeruginosa WI-1 on the plant pathogen, Fusarium 
oxysporum NCIM 1008 a. Well with sterile TMM only (Control); 
b. Well with culture filtrate of Pseudomonas aeruginosa WI-1 
grown in Tris minimal medium (TMM) 
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Fig.3.17 Emission spectrum of siderophore -pyoverdine of Pseudomonas aeruginosa 
strain WI-1 when excited at 405 nm 

Fig. 3.18 HCN production by Pseudomonas aeruginosa strain WI-1. (A) Kings B 
agar inoculated with Pseudomonas aeruginosa strain WI-1; (B) Control 
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CHAPTER 4 

Molecular and genetic characterization of lead resistant bacteria to explore 

lead and multiple drug (antibiotic) resistance 

MATERIALS AND METHODS 

4.1 Genomic DNA extraction of lead resistant bacteria (Jones and Barlet, 1990) 

Lead resistant bacterial strains were cultured at their optimal growth conditions for 16 

hrs in Nutrient broth for terrestrial isolates and Zobell marine broth for estuarine isolates 

(Appendix A.3, A7). 1.5 ml culture suspension was transferred in a microfuge tube followed 

by cell harvesting for 2 minutes using eppendorf refrigerated centrifuge (Eppendorf 5417R, 

Germany). The supernatant was decanted and drained well on a Kim wipe. The cell pellet 

was resuspended in 467 gl TE buffer by repeated pipetting. 30 pl of 10% SDS and 3 pi of 20 

mg/ml Proteinase-K were added and mixed well; suspension was incubated for 1 hr at 37°C. 

Equal volume of phenol: chloroform (1:1) was added and mixed well by inverting the tube 

until the phases are completely mixed. This sample was harvested at 9,000 rpm at 4°C for 10 

minutes. The upper aqueous phase was transferred to a new microfuge tube and an equal 

volume of phenol: chloroform was added followed by centrifugation at 9000 rpm at 4°C for 5 

minutes. The upper aqueous phase was transferred to a new microfuge tube. 3 M sodium 

acetate (1/10 th  volume of aqueous phase) and isopropanol (0.6 volumes of aquous phase) 

were also added and mixed gently in order to precipitate the' DNA. This sample was 

centrifuged at 9000 rpm at 4°C for 10 mins to get the pellet as DNA (genomic). The DNA 

pellet was washed with 0.5 ml 70% ethanol and finally resuspended the air dried pellet in 20 

TE buffer. The DNA concentration was measured by diluting 10 gl of DNA into lml TE 

buffer (1:100 dilution) and measured absorbance at 260 nm. Concentration of Genomic DNA 
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was determined using following formula: DNA µg/ml =Abs x100x50 gg/ml. (Appendix 

E.2.). 

4.2 Isolation of Plasmid DNA from lead resistant bacteria 

Lead resistant bacterial isolates were screened for the presence of plasmids. Plasmid 

mini preps were done, using alkaline lysis method (Birnboim and Doly, 1979; Sambrook et 

al., 1989). A single bacterial colony was transferred into 10 ml of NB in case of terrestrial 

isolates and ZMB for estuarine isolates and incubated overnight at their respective optimal 

growth conditions. 1.5 ml of culture suspension was taken in an eppendorf microfuge tube 

and centrifuged at 11,000 rpm for 5 min at 4°C. The supernatant was discarded leaving the 

bacterial pellet. The pellet was suspended in 100 11.1 ice-cold glucose EDTA tris-buffer 

(solution I) (Appendix E.3) by vortexing and microfuge tube was subsequently kept in ice for 

10 mins. 200 11.1 of freshly prepared solution II (appendix E.3) was added and the contents 

were mixed by inverting the microfuge tubes rapidly 4-5 times. The microfuge tubes were 

stored on ice for 10 min. Then 150 11.1 of ice-cold solution III (appendix E.3) was added and 

the microfuge tubes were gently vortexed to disperse solution III through the viscous 

bacterial lysate. The microfuge tubes were kept on ice for 3-5 min, followed by harvesting at 

11,000 rpm for 5 mins at 4°C. The clean supernatant was transferred to a fresh microfuge 

tube. Plasmid DNA was precipitated with two volumes of cold ethanol at room temperature. 

The contents were gently mixed by inversion followed by incubation on ice for 2 min. The 

sample in microfuge tube was centrifuged at 11000 rpm for 5 min at 4°C. The supernatant 

was discarded and the pellet (plasmid DNA) was washed with 70% (v/v) chilled ethanol at 

4°C. The supernatant was discarded again and the pellet was allowed to dry in air for 10 min 

by keeping microfuge tubes inverted on tissue paper. The dry pellet containing plasmid DNA 

was resuspended in appropriate volume (20-50 pi) of TE buffer (pH 8.0) containing DNase 
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free RNase (20 mg,/m1) and stored at -20°C until needed for agarose gel electrophoresis 

analysis. 

4.3 Agarose gel electrophoresis of DNA 

4.3.1 Agarose gel electrophoresis 

Agarose gel electrophoretic analysis of DNA (Genomic DNA and plasmid DNA) was 

performed using horizontal slab gels BG-100, 10x6 cms apparatus (Banglore Genei, 

Bangalore, India) and 0.8 % agarose (with 0.5 µg/ml ethidium bromide) prepared in 1X TAE 

buffer. Electrophoresis was performed using 1X TAE buffer (Appendix E.4) as electrode 

buffer at constant voltage of 80 V for 90 min in the gel. DNA samples (5 µl ) containing 

genomic DNA/ plasmid DNA/ PCR product were mixed with 2 111 6X DNA loading buffer 

(Appendix E.4), briefly spun using eppendorf centrifuge and loaded into the wells of agarose 

gel flooded with 1X TAE buffer. Large agarose gel electrophoresis units (BG-200) were also 

used (Bangalore, Genei). (Approximately 10x 15 cm, capacity 100 ml of agarose gel solution) 

for 4 hrs (80 V, IX TAE electrophoresis buffer). The electrophoresis was done usually until 

the dye front has travelled 2/3 rd  of the agarose gel. The gel was viewed and photographed 

using a gel documentation system (Alpha-Innotech, USA). If required, appropriate DNA 

markers (viz. 1 kb and 100 bps) were also loaded on agarose gels in parallel wells with the 

DNA samples to determine the size of the DNA fragment (Sambrook et al., 1989). 

4.4 Detection ofpbrA gene mediating efflux of lead in lead resistant bacteria 

4.4.1 PCR based detection ofpbrA gene encoding soft-metal-transporting Pis-type 

ATPase 

 

Nested PCR was done to detect amplicon ofpbrA gene using both genomic and 

plasmid DNA of test bacterial isolates as template and pbrA specific forward and reverse 
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primers. Following three primers were used in the two-step nested PCR (Coomb and Barkay, 

2004). 

R- 84JC 5'-GGAGCATCGTT'AATDCCRTCDCC-3' 

Fl- (first reaction): 79JC 5'-TGACTGGCGAATCGGTBCCBG-3' 

F2- (second reaction): 81 JC 5'-GGATGTCCTT'GTGCTYTART-3' 

Genomic DNA of lead sensitive E.coli HB101 was used as negative control for this PCR. 

PCR was performed using 50 pmoles primers, 50 ng template DNA (plasmid/genomic), 

dNTPs (0.2 mM each), 0.5 U Taq DNA polymerase and 1.5 mM MgC12. PCR conditions 

included a 10-min hot start step at 94°C. First reaction was run with 94°C melting step for 1 

min, 59 °C annealing step for 1 min extension at 72 °C for 1.5 min. Whereas second PCR 

reactions were performed for 30 cycles, with 94°C melting step for 1 min, 49 °C annealing 

step for 1 min and extension at 72 °C for 1.5 min. Final extension was performed at 72°C for 

7 mM. for both reactions. PCR product was electrophoresed in a 0.8% agarose gel. 

4.4.2 Transformation of plasmid DNA 

Transformation of plasmid DNA from Pseudomonas stutzeri strains M-9 and Vibrio 

harveyi M-11 and was done separately using lead and ampicillin sensitive E. coli HB101 as 

host (Bangalore Genei, India) by heat shock method (Hanahan, 1983). E. coli HB101 host 

cells transformed with both plasmids separately were plated on LB agar plates with 50 µg/ml 

ampicillin. Host cells transformed with plasmid pUC18 served as positive control and 

ampicillin sensitive E coli HB101 cells as negative control. Transformation mix was plated 

on TMM agar plates containing 0.2 mM lead nitrate. Transformants which appeared on 

ampicillin containing LB agar plates were further checked for presence of plasmids and 

replica plated on TMM agar containing 0.2 mM lead nitrate. 
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4.4.2.1 Preparation of competent cells 

Single isolated colony of E. coli HB101 was inoculated in 10 ml Luria Bertani broth 

and grown overnight at 30°C.The overnight grown culture was inoculated in 100 ml Luria 

Bertani broth in 250 ml Erlenmeyer flask. Inoculum density at this point should have 

absorbance of 0.1 at 600 nm. The culture was incubated at 30°C at 150 rpm and cells were 

grown till absorbance at 600 nm reached 0.5-0.6. The host cells were harvested by 

centrifugation at 6000 rpm for 10 min at 4°C, chilled on ice and supernatant was discarded 

retaining the cell pellets. The cell pellet was washed with 40 ml of 0.01M NaCI (prechilled at 

4°C) and incubated on ice for 20 min. Cells were harvested at 6000 rpm for 5 min and 

supernatant was discarded. Resuspend the pellet in 3 ml of 0.03 M CaCl2 and now competent 

cells are ready to be used for transformation. It may be stored for 1 week at 4°C as they are 

good within this period for better transformation results. 

4.4.2.2 Transformation experiment 

The Competent cells (100 1.11) are dispensed into prechilled 15 ml falcon tubes. 

Added 1.7 11.1 1:10 dil I3-mercaptoethanol to each 100 III competent cells and incubated in ice 

for 10 min while swirling the ice bucket every 2 min. Plasmid DNA ( 0.1-50 ng ) was added 

to the competent cells and mixed gently by pipetting. Incubate cells with plasmid DNA at 4 

°C using ice bucket. Cells in the falcon tubes were heat shocked for 45 sec at 42°C using 

water bath (Julabo F25, Japan). Ice quenching of cells was performed in ice bucket for 2 min 

after heat shock. Cells were mixed with 0.9 ml SOC ( 42 °C) (Appendix A.5), and incubated 

at 37°C with shaking at 225 rpm for 1 hour. Transformation mix was plated on TMM + lead 

nitrate (0.2 mM) as well as LB agar + ampicillin plates to check plasmid mediated lead 

resistance. Positive transformants were also analysed for presence of respective bacterial 

plasmids using alkaline lysis method (Birnboim and Doly, 1979). 
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4.5 Detection of mdrL gene encoding multi-drug efflux pump 

PCR amplification of mdrL gene (amplicon) encoding multi-drug efflux pump was 

carried out using following primers: Iltbl 5'-AAATGGATAACAGCGGCAG -3' and lltb2 

5'-TGTAAGGTAAAATGTGCTGG -3' using genomic DNA as template (Mereghetti et al., 

2000). Antibiotic sensitive E. coli HB101 was used as negative control. PCR reaction was 

performed using 20 pmoles each primer, 25 ng genomic DNA as template, 0.2 mM each 

dNTPs and 0.5 U Taq DNA polymerase. The reaction conditions include an initial 

denaturation step of 94°C for 2 min followed by 30 cycles of denaturation at 94°C for 1 min, 

annealing at 50°C for 1 min and extention at 72°C for 1.5 min. Final extention reaction was 

performed at 72 'C for 10 min. PCR product was analysed on 1% agarose gel by agarose gel 

electrophoresis and result was recorded using gel doc system (Alpha Innotech, USA). 

4.6 PCR mediated detection of bacterial metallothionein encoding gene (bmtA) in lead 

resistant bacteria 

In order to investigate involvement of metallothionein gene in lead resistance in 

Pseudomonas aeruginosa strain WI-I, PCR amplification of metallothionein encoding gene 

(bmtA) was carried out using genomic DNA as a template with following primers : 

P3 5'-GGTGGATCCCCATGAACAGCGAAACCT-3' and 

P4 5'-GGTGAATTCTCAGGGCGAGATCGGGTCGC-3' (Blindauer et al., 2002) 

PCR was performed using 30 pmol each primer, 25 ng purified genomic DNA, dNTPs (0.2 

mM each), 0.25 U of Taq DNA polymerase and 1.5 mM MgC12. PCR conditions include 10-

min hot start step at 94°C and 30 cycles were performed, with 94°C melting step 1min, 62°C 

annealing step for 1 min, 72°C step for 1.5 min followed by final extension at 72 °C for 10 

min (Sambrook et al., 1989). PCR product was analysed on I% agarose gel by agarose gel 

electrophoresis and result was recorded using gel doc system (Alpha Innotech, USA). 
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4.6.1 PCR mediated detection of Synechococcus metallothionein encoding gene (smt4) 

in lead resistant bacteria 

In order to detect internal fragment of cynobacterial (Synechococcus sp.strain PCC 

7942) smtAB genes, PCR was performed using primers: smtl (5'- GAT CGA CGT TGC 

AGA GAC AG- 3') and smt2 (5'- GAT CGA GGG CGT TIT GAT AA- 3') and both 

plasmid and genomic DNAs of lead resistant bacterial strains 4A, GM-10, GMO2, 4EA, 

GM03 and GM04 as templates (Naz et al., 2005). Total reaction volume was 50 gl which 

contained 0.2 mmol of each dNTPs, 20 pmol of each primer, 10 ng template DNA, 1.5 mM 

MgC12 and 0.25 U Tag DNA polymerase. Amplification was carried out for 35 cycles of 1 

min 94 °C, 1 min 56 °C, and 1 min 72 °C followed by extension cycle of 5 min at 72 °C. PCR 

product was analysed on 1% agarose gel by agarose gel electrophoresis and result was 

recorded using gel doc system (Alpha Innotech, USA). 

4.6.1.1 Extraction of cellular proteins for SDS-PAGE and protein estimation 

5 ml bacterial culture was harvested during exponential growth phase for 5 minutes at 

10,000 rpm and 4°C (Remi cooling centrifuge, C-24 rotor). Cells were suspended in 50 mM 

Tris-HCI buffer (pH 8.0). In order to extract the cellular proteins cells were disrupted by 

sonication (Braun Biotech 450, USA) at 45 watts, duty cycle of 10 pulsed of 20 sec for 5 

minutes. The cells were kept on ice during sonication and tip was allowed to cool every 30 

seconds pulse. Cell debris was removed by centrifugation for 15 minutes at 12,000 rpm, using 

cooling centrifuge. The supernatant was collected and kept at -20°C until use. Similar 

procedure was followed for the extraction of proteins from the metal treated bacterial cultures 

as well as untreated cells (control). 
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4.6.1.2 Estimation of protein concentration 

Standard procedure was followed to estimate protein concentration of bacterial cells 

(Lowry et al., 1951). To 1 ml of diluted supernatant (protein sample), 5 ml of alkaline 

copper sulphate solution was added and kept at room temperature in the dark for 10 minutes 

(Appendix D.1). 0.5 ml Folin and Ciocalteu's Phenol reagent was added and kept in the 

dark for 20 minutes. Absorbance was measured at 660 nm against blank and concentration 

of protein in the samples was determined using Bovine serum albumin as standard. 

4.6.1.3 One-dimensional gel electrophoresis (SDS -PAGE) 

Sodium dodecyl sulphate - Polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed to resolve bacterial proteins using 10% resolving gel (Protean II unit, BlO RAD, 

USA) and 5% stacking gel according to standard method of Laemmli, 1970 (Appendix 

E.1). The total protein sample (10 ul containing approx. 30 lig of protein per sample) was 

mixed with equal volume of 2X sample solubilizing buffer containing brornophenol blue 

(Appendix E.1, tracking dye) and mixture was placed in boiling water bath for 5 minutes 

followed by centrifugation at 10,000 rpm at 4 °C for 2 minutes. The clear supernatant was 

loaded on the SDS-PAGE gel (Appendix E.1). Electrophoresis was carried out in 1 X Tris-

Glycine electrophoresis buffer at room temperature (25°C). Protein samples were initially 

electrophoresed at 35 mA until tracking dye entered the resolving gel, subsequently current 

was increased to 70 mA and run was done till the tracking dye reaches bottom of the 

resolving gel. Broad range molecular weight marker (MWM, Banglore Genei) was used to 

determine size of the polypeptides/proteins. The SDS-Polyacrylamide gel was visualized 

after staining with Coomassie brilliant blue followed by destaining (Appendix E.1) 

(Sambrook et al., 1989). Gel was recorded using gel documentation system. In all the SDS-

PAGE experiments equal amount of protein was loaded in each well and 

electrophoresed. In all the SDS-PAGEs protein concentration in each well was 30 f.tg. 
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4.6.1.4 Coomassie brilliant blue staining and destaining of SDS-PAGE gel 

Coomassie brilliant blue R-250 staining solution (Sigma,USA) was prepared by 

dissolving the 0.25 gm dye in 25% methanol before adding 10% acetic acid and 65% Milli-

Q water (Total volume:100 ml). Gels were stained in a glass tray for 30 minutes at room 

temperature with gentle shaking on a gel rocker. The gels were rinsed in Milli-Q water and 

transferred into destaining solution (10% acetic acid: 40 % methanol: 50 % milli-Q water). 

Destaining was done thoroughly till clear protein bands appear (Appendix E.1).The gel was 

observed and recorded in gel documentation system (Alpha-Innotech, USA). 

4.6.1.5 SDS-PAGE analysis of lead resistant bacterial strains to explore lead induced 

proteins 

Pseudomonas aeruginosa strain WI-I was grown in TMM amended with 0.6 mM lead 

nitrate and without lead nitrate, bacterial cells were harvested at mid log phase for protein 

extraction to study protein profile by SDS-PAGE analysis (Sambrook et al., 1989) in order to 

reveal lead-induced bacterial metallothionein (BmtA) proteins involved in lead resistance. 

Providencia alcalifaciens strain 2EA was also grown in TMM amended with 1.4 mM lead 

nitrate and without lead, bacterial cells were harvested at mid log phase for protein extraction 

and protein profile was studied by SDS- PAGE analysis to confirm possible involvement of 

lead induced proteins in lead resistance. Gel doc was used to record the image of SDS-PAGE 

gels (Alpha Innotech, USA). 
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4.7 Curing of plasmid DNA of Providencia alcalifaciens strain 2EA using acridine 

orange 

Curing of plasmid DNA of Providencia alcalifaciens strain 2EA was performed using 

acridine orange (Trevors, 1986).Stock solution (1mg/m1) of acridine orange was prepared in 

deionised water and filter sterilized. This solution was kept in amber coloured bottle in dark 

under cold conditions. Different concentrations of acridine orange ranging from 25-225 pg/m1 

were added to Nutrient broth (NB) and overnight grown culture of Providencia alcalifaciens 

strain 2EA was inoculated, cells were incubated in optimum growth conditions for 24 h. After 

24 h incubation absorbance of all the culture suspensions was recorded at 600 nm and 

graph was plotted as concentration of acridine orange (pg/ml) v/s % survival. Cells not 

exposed to acridine orange served as control (100% survival). LD50 value of acridine orange 

for the bacterial culture was determined from the graph of acridine orange (µg/m1) V/S % 

survival. The plasmid bearing bacterial strain was subcultured in Nutrient broth with two 

different levels of acridine orange (AO) below its LD50 value separately (Trevors, 1986; 

Gerhardt et al., 1994). Bacterial cells were subcultured at these AO levels 6 times while 

keeping one culture without AO as control. After serial dilution of these cultures 100 1.11 cell 

suspension was plated on Nutrient agar and incubated at room temperature to get discrete 

colonies. The discrete colonies were selected and transferred to TMM agar plate containing 

1.4 mM lead nitrate to check lead resistance and these selected colonies were also inoculated 

in Nutrient broth to check presence of plasmid (Birnboim and Doly, 1979). 
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RESULTS AND DISCUSSION 

4.8 Agarose gel analysis of genomic DNA extracted from lead resistant bacterial 

strains 

Agarose gel analysis of genomic DNA samples from lead resistant bacterial strains 

viz. Pseudomonas aeruginosa strain 4EA, Enterobacter cloacae strain P2B, Providencia 

akahfaciens strain 2EA, Pseudomonas stutzeri strain M-9, Vibrio harveyi M-11 and 

Pseudomonas aeruginosa WI-1 clearly revealed clean and very prominent bands. Genomic 

DNA of lead sensitive, E. coli HB101 was also analysed (Fig.4.1). We will use these genomic 

DNAs as template for PCR analysis of these isolates to screen lead resistance encoding genes. 

4.9 Efflux mediated lead resistance and multi-drug resistance 

4.9.1 Identification of lead resistant bacterial strains 

Bacterial isolates M-9 and M-11 have been identified as Pseudomonas stutzeri and 

Vibrio harveyi on the basis of their biochemical characteristics (Krieg and Holt, 1984) and 

FAME analysis. These strains were further confirmed by 16S rDNA sequencing followed by 

NCBI-BLAST search as Pseudomonas stutzeri and Vibrio harveyi (Altschul et al., 1997). 

16S rDNA sequence data has already been submitted to GenBank and we have got their 

accession numbers as GenBank accession no. HQ268731 and HQ268730 respectively. These 

test bacterial strains resist lead nitrate up to 0.8 mM and 1.2 mM respectively with MIC value 

of 1 mM and 1.4 mM respectively. 

4.9.2 Soft-metal-transporting P-type ATPases regulating efflux of lead 

In order to maintain heavy metal homeostasis, intracellular level of toxic heavy metal 

ions has to be tightly controlled (Nies, 1999). Soft metal transporting Pm-type ATPases are 
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group of proteins involved in transport of heavy metals outside the cell membrane and 

governing bacterial heavy metal resistance (Nies and Silver 1995; Rensing et al., 1999). 

These transporter proteins prevent over-accumulation of highly toxic and reactive metal ions 

viz. Pb (II), Cu (I), Ag (I), Zn (II) and Cd (II). Ps-type ATPases can be divided into two 

subgroups: i) Cu (I)/Ag (I) - translocating ATPases encoded by gene copA in Enterococcus 

hirae, Helicobacter pylori and E. coli; and ii) Zn (II) /Cd (II) / Pb(II) - translocating 

ATPases encoded by gene zntA in E. coli and gene cad A in Staphylococcus aureus 

plasmid, p1258 (Nies and Silver, 1995; Rensing et al., 1999). Ralstonia metallidurans CH34 

is th only bacterial strain where complete operon pbrUTRABCD conferring efflux mediated 

lead resistance has already been sequenced (Borremans et al., 2001; Taghavi et al., 2009). 

In our studies both Pseudomonas stutzeri strain M-9 and Vibrio harveyi strain M-11 

showed presence of plasmids and these plasmids were transformed into lead and ampicillin 

sensitive E. coli HB101 (Fig.4.2 and 4.3). Transformed E coli HB101 with M-9 plasmid 

DNA separately and transformed E. coli HB101 with M-11 plasmid DNA did not grow on 

TMM agar plates amended with 0.2 mM lead nitrate but these cells showed plasmid mediated 

ampicillin resistance. Nested PCR using their genomic DNA as template, revealed an 

amplicon of 750 bps corresponding to genes pbrA encoding P113-type ATPases. But plasmid 

DNA as a template did not generate any amplicon (Figs.4.4, 4.5). It interesting to note that 

these 750 bps amplicons interestingly matched with pbrA gene amplicons (Coomb and 

Barkay, 2004). Thus these gene encoding metal ion transporter proteins prevent the over-

accumulation of highly reactive soft-metals such as lead, Cd and Zn and play an important 

role in heavy metal resistance. Since we have got 750 bps amplicons corresponding to pbrA 

gene exclusively from genomic DNAs of Pseudomonas stutzeri strain M-9 and Vibrio harveyi 

strain M-11 and not from plasmid template, we can conclude that lead resistance is not 

plasmid mediated but genomic DNA mediated. 
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4.9.3 MdrL- efflux pump mediating multidrug resistance 

Since its discovery, antibiotics are essential drugs to treat bacteria producing 

infectious diseases. Many of the available antibiotics are no longer effective because of 

emerging resistance, which is mainly caused by uncontrolled, haphazard and extensive use of 

antibiotics and anti-microbial drugs in hospitals, aquaculture farms prawn hatcheries and 

poultry farms has become a major environmental problem due to their ultimate release and 

persistence in the natural terrestrial and aquatic environments (Khetan and Collins, 2007). 

Long term exposure of microbes to these residual antibiotics and anti-microbials leads to 

evolution of drug resistance which is conferred by genetic determinants on plasmids, 

transposons or integrons (Okeke et al., 2000; Martinez, 2008). These mobile elements often 

carry several antibiotic resistance genes, and thus their transfer results in immediate 

multidrug resistance in recipient strains (Horizontal DNA transfer). L. monocytogenes 

isolated from the environment and food products showed multi-drug efflux pump (MdrL) 

which governed resistance to multiple antibiotics (Mereghetti et al., 2000). In 

Enterobacteriaceae, the expulsion of antibiotics is currently associated with efflux pump 

belonging to AcrAB-ToIC family. This pump contributes to a multidrug resistance (MDR) 

phenotype often associated to the modification of the outer membrane permeability 

(Baucheron, et al., 2004). 

PCR studies using both lead resistant Pseudomonas stutzeri strain M-9 and Vibrio 

harveyi strain M-11 have clearly demonstrated mdrL gene amplicon of 1136 bps from 

genomic DNA as template. These studies clearly revealed that mdrL gene encodes MdrL 

efflux pump which is responsible for multi-drug (antibiotics) resistance (Fig.4.6). 

Interestingly we have also observed presence of 467 bps amplicon of orfA which is a 

repressor encoding gene to regulate MdrL efflux pump in both strains. These studies clearly 
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demonstrated that multiple antibiotic resistance is governed by mdrL gene responsible for 

efflux mediated multidrug resistance. 

4.10 Plasmid profile of lead resistant bacterial isolates 

Plamid profile of lead resistant bacterial isolates from contaminated soil and liquid 

wastes of car battery manufacturing company clearly revealed that all the lead resistant 

bacterial strains except Pseudomonas aeruginosa 4EA possessed plasmids (Fig.4.7a, b, c). 

4.11 Bacterial metallothionein protein as lead resistance mechanism 

Intracellular metal bioaccumulation and homeostasis in cell cytosol involves low 

molecular weight, cystein-rich metallothioneins which range from 3.5 to 14 kDa (Hamer, 

1986). These unique proteins also demonstrate induction in response to specific heavy metals 

such as Cd, Pb, Zn, and Cu (Gadd, 1990; Turner et al., 1996; Blindauer et al., 2002; Liu et al., 

2003). Metallothioneins play an important role in immobilization of toxic heavy metals 

thereby protecting bacterial metabolic processes catalysed by enzymes (Blindauer et al., 

2002; Liu et al.,2003).Several cyanobacterial and bacterial strains have been reported to 

encode metallothioneins for maintaining cytosolic metal homeostasis viz. Synechococcus 

PCC 7942 (SmtA), Anabaena PCC 7120 (SmtA), Oscillatoria brevis (BmtA), Pseudomonas 

aeruginosa (BmtA) and Pseudomonas putida (BmtA) (Turner et al., 1996; Blindauer et al., 

2002; Liu et al., 2003 ). Pseudomonas sp. S8A when exposed to >10 mg/1 cadmium showed 

induction of unidentified 28 kDa protein responsible for cadmium resistance (Kassab and 

Roane, 2006). Genetically modified Escherichia coli expressing the metal binding peptide 

fusion demonstrated enhanced binding of Cd 2+  and Hg2+  compared to bacterial cells lacking 

the metal binding peptide (Pazirandeh et al., 1998). 
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Pseudomonas aeruginosa strain W1-1 resists up to 0.6 mM lead nitrate with M1C 

value 0.8 mM in TMM and accumulates lead up to 26.5 mg/g dried cell biomass. PCR 

amplification of 270 bps amplicon clearly revealed presence of bacterial metallothionein 

gene, bmtA (Fig.4.8). Further studies using SDS-PAGE analysis also indicated lead induced 

11 kDa protein which corresponds to predicted molecular weight of BmtA protein (Fig.4.9). 

Metallothionein proteins are reported to maintain intracellular homeostasis of essential 

metal ions and for acquiring resistance against toxic metals (Blindauer et al., 2002; Liu et 

al., 2003) Our investigation has clearly demonstrated that Pseudomonas aeruginosa WI-I 

exhibits metallothionein (11 kDa) mediating lead resistance by accumulating significantly 

high levels of lead (26.5 mg/g) intra-cellularly. The total protein concentration also 

increased from 528µg/ml to564 µg/ml when Pseudomonas aeruginosa WI-1 was grown in 

the presence of 0.6 mM lead nitrate. This unique characteristic of hyper-lead accumulating 

Pseudomonas aeruginosa strain W1-I may be exploited for bioremediation of 

environmental sites contaminated with considerably high levels of toxic lead. 

It is evident from Fig 2.19 that Pseudomonas aeruginosa strain WI-1 exposed to 

0.6 mM lead nitrate showed less biomass and increased lag but total protein 

concentration was significantly high as compared to control because of high level 

expression of lead induced stress proteins (11 kDa) which is clearly evident from SDS-

PAGE analysis of lead exposed cells and control cells (Fig. 4.9). I have taken equal 

density of cells for protein estimation when exposed to 0.6 mM lead nitrate and in 

control conditions. 

4.11.1 PCR mediated detection of Syneehoeoccus metallothionein encoding gene (smtA) 

in lead resistant bacteria 

PCR amplification of 507-bps internal fragment of sintAB genes using genomic DNA of 

Salmonella choleraesuis 4A and Proteus penneri GM-10 as template clearly revealed possible 

involvement of metal binding small metallothionein protein, SmtA in lead resistance (Fig.4.10.). 

But no smtAB amplicon was found using plasmid DNA as template in all bacterial isolates 

including Salmonella choleraesui.s 4A and Proteus penneri GM-10 (Fig. 4.1 I). Therefore we 

can infer that sin/AB genes encoding small metallothioneins confer lead resistance in Salmonella 

choleraesnis 4A and Proteus penneri GM - l0 and these genes are located on genomie DNA. 
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4.11.2 Lead induced proteins 

Microorganisms including bacteria express stress induced proteins in response to 

stress stimuli viz. heavy metal, oxidative, temperature, organic toxicants etc. (Harwood-

Sears and Gordon, 1990; Noel-Georis et al., 2004; Sharma et al., 2006; Cheng et al., 2009; 

Ramachandran and Dubey, 2009; Yildirim et al., 2011). One of the common mechanisms of 

metal resistance in bacteria is induction of specific metal binding proteins facilitating the 

sequestration/bioaccumulation of toxic metals inside the cell. Two copper-inducible 

supernatant proteins viz. CuBP1 and CuBP2 with molecular mass 21 kDa and 19 kDa were 

identified in marine bacterium, Vibrio alginolyticus which were 25-46 times amplified in the 

supernatant of copper-challenged culture as compared with control. Thus these proteins 

facilitated copper accumulation and homeostasis (Harwood-Sears and Gordon, 1990). 

Similarly Pseudomonas .fluorescens exposed to lead although showed 18 differentially 

expressed proteins, but only one protein could match significantly to spoVG protein which 

expressed Pb-induced upregulation (Sharma et al., 2006). These unique proteins also 

demonstrated induction in response to specific heavy metals such as Cd, Pb, Zn, and Cu 

(Gadd, 1990; Harwood-Sears and Gordon, 1990 Turner et al., 1996; Blindauer et al., 2002; 

Liu et al., 2003; Sharma et al., 2006; Yildirim et al., 201 1). 

In our investigation, lead resistant Providencia alcalifaciens strain 2EA grown in 

TMM amended with 1.4 mM lead nitrate clearly revealed induction of 97 kDa and 147 kDa 

proteins which may be involved in lead resistance mechanism (Fig.4.12). It interesting to 

mention that total protein concentration also increased from 548 µg/ml when groWn in 

absence of lead to 582 µz/ml when Providencia alcalifaciens strain 2EA was grown in the 

presence of 1.4 mM lead nitrate. 

It is evident from Fig 2.17 that Providencia alcalifaciens 2EA exposed to 1.4 mM 

lead nitrate showed less biomass and increased lag but total protein concentration was 

significantly high as compared to control because of high level expression of lead 

induced stress proteins (97 kDa and 147 kDa) which is .clearly evident from SDS-

PAGE analysis of lead exposed cells and control cells (Fig. 4.12 ). 
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4.12 Acridine orange curing of plasmid DNA 

It is interesting to note that heavy metal resistant bacteria possess genetic determinants 

(genes) conferring metal resistance either on chromosomal genome, plasmid or transposons 

(Silver, 1981; Bopp et al., 1983; Lebrun et al., 1994; Silver and Phung, 1996; Crupper, 1999; 

Nies 1999; Borremans et al., 2001; Bruind et al., 2003; Coomb and Barkay, 2005; Taghavi et al., 

2009; ). Earlier reports have confirmed that genome of Pseudomonas putida KT1440 contained 

61 open reading frames involved in resistance to several metals (Canovas et al.,2003), whereas 

,resistance to multiple metals viz. Pd, Cd, Zn, Sn, Cu, and Hg was found in tributyltin resistant 

250 bacterial strains (Pain and Cooney, 1998). 

The percentage survival curve of test bacterium Providencia alcalifaciens 2EA clearly 

indicated that the culture showed 24 % and 15% survival in presence of acridine orange 

concentration of 175 and 200µg/ml respectively (Fig. 4.13). Cells subcultured in 175 and 200 

µg/ml acridine orange resulted in complete loss of plasmid after sixth subculture in acridine 

orange (Fig.4.14).But cells were still resistant to lead nitrate (1.4 mM) even after complete loss 

of plasmid indicating that lead resistance determinants are not on plasmids. Therefore we can 

conclude that lead resistance is governed by genes located on chromosomal genome. We used 

acridinre orange for plasmid curing since it is one of the potential curing agents. It is evident 

from earlier reports that acridine orange inhibits the replication of bacterial plasmid DNA by 

causing mutation in the absence of light at the site of semi-conservative DNA replication (Webb 

and Hass, 1984; Trevors, 1986). 

4.13 Molecular mechanisms of lead resistance in bacteria 

I tried to isolate plasmid DNA from all the 11 lead resistant bacterial isolates out of 

which 10 isolates were found positive for plasmid (Fig. 4.2, 4.3, Fig. 4.7a, 4.7b, 4.7e, Fig. 4.14). 

There are various heavy metal resistance mechanisms operational in bacteria which regulate the 

toxic level of biologically available metal ions in order to protect the cells from toxic effects of 

heavy metals on various vital metabolic processes. I have screened presence ofpbrA, .switA and 

BintA genes involved in lead resistant mechanism using plasmid/ genomic DNA of selected 

potential isolates (Figs. 4.2, 4.3, 4.4, 4.5, 4.8, 4.9, 4.10, 4.11, 4.12). Therefore .1 can conclude that 

there are multiple possible mechanisms for lead resistance in natural isolates. But I do not have 

any idea weather all the above lead resistance regulating genes are present in a single lead 

resistant bacterial strains because I have not done sufficient experiments to prove it. We can't 

deny with the possibility of multiple resistance mechanism. 
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Fig.4.1 Genomic DNA of lead resistant bacteria. Lane.1 Pseudomonas 
aeruginosa strain 4EA; Lane.2 Enterobacter cloacae strain P2B; 
Lane.3 Providencia alcalifaciens strain 2EA; Lane.4 Pseudomonas 
stutzeri strain M-9; Lane. 5 Vibrio harveyi M-11; Lane.6 Pseudomonas 
aeruginosa WI-1 and Lanes.7, 8 E. coli HB101 

 

2 Kbps 

 

Fig.4.2 Plasmid profile of lead-resistant Pseudomonas stutzeri strain M-9. 
Lane 1 plasmid DNA of strain M-9; lane 2 with 1 Kb DNA marker 
(ladder); lane 3 plasmid DNA isolated from transformed E. coli 
HB101 and lane 4 E.coli HB101 without plasmid (control) 
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24.5 Kbps 

    

  

2 Kbps 

    

 

500 bps 

 

    

Fig.4.3 Plasmid profile of lead-resistant Vibrio harveyi strain M-11. Lane 1 
super mix DNA ladder; lane 2 plasmid DNA of strain M-11; lane 3 
plasmid DNA isolated from transformed E. coli HB101 and lane 4 
E.coli HB101 without plasmid DNA (control) 

 

800 bps 

 

Fig. 4.4 PCR amplification using the pbrA specific primer pair. Lanes 1, 6 
with 100 bps DNA ladders; lanes 2, 3 and 4, 5 with 750 bps pbrA 
amplicons using genomic DNA as templates of Pseudomonas stutzeri 
stains M-9 and Vibrio harveyi strain M-llrespectively and lanes 7, 8 
negative controls using genomic DNA of lead-sensitive E. coli 
HB101 as template 
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800 bps 

 

Fig.4.5 PCR amplification using the pbrA specific primer pair. Lane 1 with 
100 bps DNA ladder; lane 2 with 750 bps pbrA amplicon using 
genomic DNA of Pseudomonas stutzeri strain M-9 as template 
(positive control); lanes 3, 4 PCR amplification using plasmids of 
strain M-9 and Vibrio harveyi strain M-11 as templates and 
lane 5 genomic DNA of lead-sensitive E. coli HB101 as template 
(negative control) 

  

1.1 Kbps 

 

1 Kbps 

 

  

Fig.4.6 PCR amplification using mdrL specific primer pair. Lanes 2, 3 and 4 
with 1136 bps mdrL amplicons using genomic DNA of Pseudomonas 
stutzeri strains M-9 and Vibrio harveyi strain M-11 respectively as 
template; Lane 1, 6 are 500 bps DNA ladder and 100 bps DNA 
ladder respectively; lane 5 genomic DNA of lead- sensitive E. coli 
HB101 as template (negative control) 
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10 Kbps 

 

Fig.4.7a Plasmid profile of lead resistant bacterial strains. Lane 1 One Kb 
DNA marker; Lane 2 Salmonella choleraesuis 4A; Lane 3 Proteus 
penneri GM-10; Lane 4 Bacillus subtillis GMO2; Lane 5 
Pseudomonas aeruginosa 4EA; Lane 6 Proteus penneri GM03; 
Lane 7, 8 Providencia rettgeri GM04 

 

24.5 Kbps 

8.9 Kbps 

 

Fig. 4.7b Plasmid profile of lead resistant Enterobacter cloacae strain 
P2B. Lane 1. Supermixed DNA marker; Lane 2, 3 Plasmid 
isolated from Enterobacter cloacae strain P2B 
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3 Kbps 

 

  

1 Kbps 

  

Fig 4.7c Plasmid profile of lead resistant Pseudomonas aeruginosa strain 
WI-1. Lane 1 Plasmid DNA isolated from Pseudomonas aeruginosa 
strain WI-1; Lane 2. 1Kb DNA marker 

 

300 bps 

 

Fig.4.8 PCR amplification of metallothionein encoding gene (bmtA) using 
specific primer pair. Lane 1. 100 bps DNA marker; Lane 2. 
270 bps bmtA amplicon using genomic DNA of 
Pseudomonas aeruginosa strain WI-1 as template and lane 3, 4 
PCR using genomic DNA of E. Coli HB101 as template 
(negative control) 
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Fig.4.9 SDS-PAGE analysis of whole cell protein of Pseudomonas aeruginosa 
strain WI-1 grown in TMM with, lane 1. zero mM lead nitrate; 
Lane 2. 0.6 mM lead nitrate and Lane 3. protein marker 

 

600 bps 

 

Fig.4.10 PCR amplification of internal fragment of smtAB gene using 
genomic DNA as template. Lanel. Providencia rettgeri GM04; 
Lane.2. Proteus penneri GM03; Lane.3. Pseudomonas aeruginosa 
4EA; Lane.4, 5 Bacillus subtillis GMO2; Lane.6. Proteus penneri 
GM-10; Lane.7. Salmonella choleraesuis 4A an_ d Lane.8. 100 bps 
DNA ladder 
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600 bps 

Fig.4.11 PCR amplification of internal fragment of smtAB gene using plasmid 
DNA as template. Lane 1. 100 bps DNA ladder; Lane.2. 
Providencia rettgeri GM04; Lane.3. Proteus penneri GM03; 
Lane.4. Bacillus subtillis GMO2; Lane.5. Proteus penneri GM-10 and 
Lane.6. Salmonella choleraesuis 4A 

3  203 kDa 

97 kDa 

66 kDa 

43 kDa 

20 kDa 

14 kDa 

6 kDa 

Fig.4.12 SDS-PAGE analysis of whole cell protein of Providencia 
alcalifaciens strain 2EA grown in TMM with, lane 1. 1.4 mM 
lead nitrate; Lane 2. 0 mM lead nitrate and lane 3. protein 
marker 
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Acridine orange (Wm!) 

Fig.4.13 Percentage survival curve of Providencia alcalifaciens strain 2EA in 
different concentrations of acridine orange 

   

24.5 Kbps 

   

 

500 bps 

 

   

Fig.4.14 Plasmid curing using acridine orange. Lane, 1 and 2 Plasmid DNA 
preparation from Providencia alcalifaciens strain 2EA subcultured 
6 times in 175 and 200 pg/ml acridine orange respectively; Lane.3. 

Supermixed DNA marker; Lane 4 and 5 Plasmid DNA isolated 
from Providencia alcalifaciens strain 2EA not treated with 
acridine orange (control) 
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CONCLUSION 

1. Pseudomosas aeruginosa strain 4EA resists 0.8 mM lead nitrate and exhibits lead enhanced 

siderophore production and alteration in cell morphology as reduction in cell size when exposed 

to lead nitrate. Interestingly this bacterial strain also showed 11% (as weights %) lead 

biosorption .as compared .to other elements present on the cell surface when grown in 0.8 mM 

lead nitrate, confirming its potential in bioremediation of lead contaminated environmental 

sites. Alteration in cell morphology and lead enhanced siderophore production in this isolate 

also demonstrated its lead biomonitoring potential as a biosensor to detect lead contamination 

in drinking water as well as in terrestrial environments. 

2. Pseudomonas aeruginosa strain WI-1 isolated from Mandovi estuary resist 0.6 mM lead 

nitrate, accumulated 26.5 mg lead/g cell dry weight intracellularly and produced bacterial 

metallothionein (BmtA), which was evidently demonstrated by AAS, SDS-PAGE and PCR 

amplification. Significant growth inhibition of phytopathogenic fungi, Fusarium oxysporum 

NCIM 1008 by Pseudomonas aeruginosa strain WI-1 and production of plant growth 

promoting substances such as siderophores and IAA was also observed. Since Pseudomonas 

aeruginosa strain WI-1 can sequester significantly high amount of lead and also produce plant 

growth promoting substances, we can employ this strain for bioremediation of estuarine 

environmental sites contaminated with lead and also as plant growth promoting bacteria in the 

soil heavily contaminated with lead. 

3. Similarly Providenlia alcalifaciens strain 2EA resists 1.4 mM lead nitrate by precipitating 

lead as insoluble lead phosphate Pb9 (PO4)6,  which was clearly demonstrated by XRD and 

SEM-EDS analysis of the light brown precipitate. This bacteria can serve as a biosensor to 

monitor lead contamination by precipitating lead as insoluble light brown lead phosphate and 

also as an agent for bioremediation of industrial effluents highly contaminated with lead. 
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4. Enterobacter cloacae strain P2B resists 1.6 mM lead nitrate by entrapping lead in acidic 

exopolysaccharide (EPS), which was clearly revealed. by Alcian blue staining, FTIR and SEM-

EDS analysis. Therefore EPS produced by Enterobacter cloacae strain P2B can be used for 

bioremediation of lead contaminated aquatic ecosystems. Since Enterobacter cloacae strain 

P2B showed lead enhanced EPS production, it can also be used for biomonitoring of lead 

contamination in drinking water. 

5. Pseudomonas stutzeri strain M-9 and Vibrio harvevi strain M-11 isolate from Zuari estuary 

resist 0.8 mM and 1.2 rnM lead nitrate respectively using Pm-type ATPase mediated efflux 

system, which was demonstrated by PCR mediated amplification of pbrA gene (amplicon-750 

bps). Genes encoding P 1B -type ATPase mediated efflux and repressor (pbrR) may be used to 

develop microbial sensors for environmental biomonitoring of lead using lux genes as reporter 

system and promoter-reporter transcriptional fusion technology. 

6. Interestingly, lead resistance in Salmonella choleraesuis strain 4A and Proteus penneri strain 

GM-10 was mediated by small metallothionein (SmtA) encoded by sintA gene which was 

clearly revealed by PCR amplification of 507 bps internal fragment of smtAB genes and 

accumulation of significant amount of lead by both lead resistant isolates. This unique 

characteristic of hyper-lead accumulating bacterial strains 4A and GM-10 may be exploited for 

bioremediation of environmental sites (industrial waste dump sites) contaminated with 

considerably high levels of toxic lead. These interesting studies dealing with lead resistant 

bacteria will definitely facilitate designing strategies for bioremediation of lead contaminated 

environmental sites. 
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Summary 
Heavy metals viz. lead, cadmium and mercury being non-essential to bacterial cells are 

toxic even at low concentrations. Generally, both natural and anthropogenic sources are 

responsible for terrestrial and aquatic contamination with toxic heavy metals. Heavy metals 

including lead exert toxic effects on living organisms in a variety of ways which include 

DNA damage, inactivation of proteins, essential metabolic enzymes and lipids. But, 

interestingly some natural microbial strains employing a variety of protective mechanisms 

can survive at very high levels of these toxic heavy metals including lead without any impact 

on their growth and metabolism.Various strategies through which they resist high levels of 

heavy metals include efflux, reduction, oxidation, extracellular sequestration, biosoption, 

precipitation and intracellular bioaccumulation It is interesting to note that they possess 

genetic determinants (genes) conferring metal resistance either on chromosomal genome, 

plasmid or transposons. This unique characteristic of heavy metal resistant microbes 

including bacteria makes them an ideal tool for bioremediation of heavy metal contaminated 

environmental sites. 

• In the present study we have screened several lead resistant bacterial strains from 

terrestrial (waste from car battery manufacturing and electronics industries) and 

estuarine econiches (Mandovi and Zuari estuaries) of Goa. 

• Six highly lead resistant bacterial strains were selected for further characterization. 

• Based on morphological, biochemical characteristics, Fatty acid methyl esters profile 

and molecular characteristics (16S rDNA sequencing) these lead resistant bacterial 

strains were identified. These include: Pseudomonas stutzeri strain M-9, Vibrio 

harveyi strain M-11 and Pseudomonas aeruginosa strain WI-1 (estuarine isolates); 
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Enterobacter cloacae strain P2B, Providentia alcalifacience strain 2EA and 

Pseudomosas aeruginosa strain 4EA (terrestrial isolates). 

• Lead resistance limit and resistance to multiple antibiotics showed by lead resistant 

bacterial strains were studied along with tolerance to Cd, Hg and Zn. 

• Pseudomonas stutzeri strain M-9 and Vibrio harveyi strain M-11 resists 0.8 mM and 

1.2 mM lead nitrate respectively possibly using Pm-type ATPase mediated efflux 

mechanism, which was revealed by PCR mediated amplification of pbrA gene (750 

bps). 

• Enterobacter cloacae strain P2B resists 1.6 mM lead nitrate by entrapping lead in 

acidic exopolysaccharide (EPS), which was clearly revealed by Alcian blue staining, 

FTIR and SEM-EDX analysis. 

• Similarly Providentia alcalzfaciens strain 2EA resists 1.4 mM lead nitrate by 

precipitating lead as insoluble lead phosphate i.e. (Pb9 (PO4)6), which was clearly 

demonstrated by XRD analysis and SEM-EDX analysis of the precipitate. 

Pseudomonas aeruginosa strain WI-1 resists 0.6 mM lead nitrate and sequestered 26.5 

mg lead/g cell dry weight intracellularly and produced bacterial metallothionein 

(BmtA), which was evidently demonstrated by AAS, SDS-PAGE and PCR 

amplification. 

• Pseudomosas aeruginosa strain 4EA resists 0.8 mM lead nitrate and exibits lead 

enhanced siderophore production and alteration in cell morphology when exposed to 

lead nitrate. Interestingly this bacterial strain also showed I I% (as weights %) lead 
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biosorption as compared to other elements present on the cell surface when grown in 

0.8 mM lead nitrate. 

• Interestingly, lead resistance in Salmonella choleraesuis strain 4A and Proteus 

penneri strain GM-10 was mediated by small metallothionein (SmtA) encoded by 

smtA gene which was clearly revealed by PCR amplification of 507 bps internal 

fragment of smtAB genes. 

• These interesting studies dealing with lead resistant bacteria will definitely facilitate 

designing strategies for bioremediation of lead contaminated environmental sites. 

FUTURE PROSPECTS OF THE RESEARCH 

There are several important prospects of my Ph.D. research which will be evaluated in future. 

• Designing and development of packed bed reactor using microbial biomass or 

exopolysaccharide (EPS) to remove lead from industrial effluents. 

• Identification and characterization of lead induced stress proteins using 2D-gel 

electrophoresis followed by MALDI-TOF-MS. 

• Genes encoding lead-induced stress proteins may be used to develop microbial 

sensors for environmental biomonitoring of lead using lux genes as reporter system 

and promoter-reporter transcriptional fusion technology. 

• Molecular biological characterization of lead resistant bacterial strains will be carried 

out in depth to explore various other mechanisms of lead resistance. 
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• Several genetic engineering approaches have been developed recently which proved 

useful in introducing the desired traits in potentially bioremediating estuarine bacteria 

for designing genetically engineered bacteria with novel remedial characteristics. 

• Valuable characteristics already present in certain bacterial strains may be combined 

or improved using standard genetic engineering tools, but practical impact and 

delivery of these genetically modified strains under field conditions needs to be 

studied extensively. 

• Terrestrial and estuarine bacterial strains may be genetically engineered to express 

high levels of metal binding ligands viz. carboxyl, hydroxyl, sulphate, phosphate and 

amine for biosorption of high levels of toxic metals either on cell surface or microbial 

products such as EPS and biosurfactants. Modification of these bacterial isolates over 

producing EPS and biosurfactant will be a good strategy for bioremediation of 

significant amount of heavy metals including lead. 
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APPENDIX 

A. Media composition 

A.1 Tris minimal medium (single strength) for 1L: (Mergeay et al., 1985) 

Tris-HCI 	6.06 gm 

NaCI 	 4.68 gm 

KC1 	 1.49 gm 

NH4C1 	 1.07 gm 

MgC12. 6H20 	0.2 gm 

Na2SO4 	0.43 gm 

CaC12 	 0.03 gm 

(3-glycerol PO4 	0.5 gm 

Fe (NH4) citrate 	0.005 g 

Add 1 ml of trace element solution SL-7 (Biebl and Pfenning, 1981) for 1000 ml distilled 

water. Sterilized for 10 min at 120°C and 15 lbs pressure. To prepare TMM agar, TMM broth 

is mixed with 1.5% agar and autoclaved accordingly. 

SL-7 trace element solution (Biebl and Pfenning, 1981) 

25% HC1 (7.7 M) 	10 ml 

FeCl2. 4H20 	1.5 mg 

CoC12. 6H20 	190 mg 

MnC12. 4H20 	100 mg 

ZnC12 	 70 mg 

H3B03 	 62 mg 

Na2MoO4. 2H20 	36 mg 

NiC12. 6H20 	24 mg 

CuC12. 2H20 	17 mg 
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d/w 	 1 L 

Dissolve FeCl2. 4H20 in 25% HC1 and then add d/w followed by the other components. 

A.2 Luria Bertani (L.B) Broth (Gerhardt et al., 1994) 

Tryptone 	 10.0 gm 

Yeast extract 	 5.0 gm 

Sodium chloride 	10.0 gm 

Double distilled water 	1000 ml 

Adjust to pH 7.0 with 0.1 N NaOH 

For LB agar, 1.5 gm of agar is added to 100 ml L.B broth. Digest in water-bath and sterilized 
accordingly. 

A.3 Zobell marine broth (Zobell, 1941) 

Peptic digest of animal tissue 	5 gm 

Yeast extract 	 1 gm 

Ferric citrate 	 0.1 gm 

Sodium chloride 	 19.45 gm 

Magnesium chloride 	 8.8 gm 

Calcium chloride 	 1.8 gm 

Pottasium chloride 	 0.55 gm 

Sodium sulphate 	 3.24 gm 

Sodium biocarbonate 	 0.16 gm 

Potassium bromide 	 0.08 gm 

Strontium chloride 	 0.034 gm 

Boric acid 	 0.22 gm 

Sodium silicate 	 0.004 gm 

Sodium fluorate 	 0.0024 gm 

Ammonium nitrate 	 0.0016 gm 
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Disodium phosphate 	 0.008 gm 

Double distilled water 	 1 L 

For agar plates add 1.5 % agar to Zobell marine broth and sterilized (autoclaved) 

A.4 PYT80 broth (Konopka et al., 1999) 

Peptone 	 80 mg 

Yeast extract 	 80 mg 

Tryptone 	 80 mg 

4-morpholineethanesulfonic acid 	10 mM 

Double distilled water 	 1L 

Adjust pH to 6.8 using 0.1N NaOH 

For PYT80 agar add 1.5 gm per 100 ml PYT80 broth. Digest in water bath and sterilized 
accordingly. 

A.5 SOC 

Deionized water 	950 ml 

Tryotone 	 20 gm 

Yeast extract 	8 gm 

NaCI 	 0.5 gm 

Shake until the solutes have dissolved. Add lml of MgC12-MgSO4 solution (12 gm 

MgSO4 + 9.5 gm MgCl2) and lml of 2M glucose or 20 ml of 20% glucose. Adjust volume of 

the solution to 1000 ml with deionised water and sterilize by autoclaving for 20 minutes at 15 

psi. 

A.6 Muller Hinton agar 

Commercially available Muller Hinton agar (Himedia, India) was used 
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A.7 Nutrient Broth 

Peptone 	 10.0 gm 

Beef extract 	 3.0 gm 

NaCI 	 5.0 gm 

Double distilled water 	1000 ml 

pH was adjusted to 7.0 with 0.1 N NaOH 

Appendix-B 

B. Composition of stains, buffers and reagents 

B.1. Stains 

i) Gram stain reagents 

Crystal violet 

Solution A- 2 gm of crystal violet on 20 ml ethanol 

Solution B- 0.8 gm ammonium oxalate dissolved in 80 ml d/w 

Mixed solution A and B and filter through Whatman filter paper No. 1. 

Gram's Iodine 

Dissolve 1 gm iodine and 2 gm Potassium iodide in 300 ml d/w. Filtered through Whatman 

filter paper No. 1 (diameter =12.5 cm). 

Safranine 

2.5 gm Safranine was dissolved in 10 ml ethanol made the volume to 100 ml with d/w and 

filter through Whatman filter No.1 . 
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Procedure for gram staining 

Prepare smear of the organism on a clean glass slide and heat fixed it. Flood the smear 

with crystal violet for 1.5 min and gently wash with running tap water, then flood smear with 

Gram's iodine for a minute. Gently washed with tap water and decolourized with 90% 

ethanol prepared in d/w till colour oozes out. Counter stained with saffranine for 1 minute. 

Washed with tap water, air dry the slide and then put a drop of oil on smear to examined 

under oil immersion lens of microscope. 

B.2 Buffers 

i) Phosphate buffer (0.05 M) 

Solution A (0.05 M monobasic di-hydrogen phosphate): 6.0 gm NaH2PO4 dissolve in 1000 ml 

d/w 

Solution B (0.05 M dibasic di-hydrogen phosphate): 7.1 gm of Na2HPO4 dissolved in 1000 

ml d/w. 

X ml of A + Y ml of B mixed to obtain buffer of the desire pH. 

X Y pH 
88.7 12.3 6.0 
39.0 61.0 7.0 
5.3 97.4 8.0 
2 98 9.5 

APPENDIX C 

C.1. Biochemical media used for identification. 

Peptone 5.0 gm 
Sugar 1 gm 
NaCI 5.0 gm 
Phenol red 0.01 gm 
pH 7.0 
WY To make 1 L 
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Media with Durhams tube was autoclaved at 15 psi for 20 minutes. Tubes inoculated 

and incubated at R.T. for 24-48 hrs. Change in colour from pink to yellow indicated sugar 

fermentation and presence or absence of gas was noted. Uninoculated tube served as control. 

Nitrate reduction test 

Nitrate broth 

Peptone 5 gm 
Beef extract 3 grn 
KNO3 1 gm 
NaC1 5 gm 
pH 7.0 
d/w Make volume to IL 

Nitrate broth was inoculated and incubated at R.T. for 24 hrs. After incubation, 5 drop 

of sulfanilic acid and 5 drop of a-naphthylamine were added. Red coloration indicated a 

positive test while in a negative test, red coloration is observed after addition of 5 mg of zinc. 

Uninoculated tubes served as the control. 

Citrate utilization test 

Simon's citrate agar 

Ammonium dihydrogen phosphate 1 gm 
Diammonium phosphate 1 gm 
Sodium chloride 5 gm 
Magnesium Sulphate 0.2 gm 
Sodium citrate 5 gm 
Bromothymol blue 0.3 gm 
d/w Make volume to 1L 
Agar 20 gm 
pH 7.0 

Inoculate Simon's citrate slant and incubate for 24-48 hrs at R.T. Citrate utilization is 

indicated by presence of growth and media become dark blue colour. 
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Catalase test 

Three or 4 drops of 3% (v/v) hydrogen peroxide was mixed with a loop full of culture 

in a plate. Evolution of gas bubbles caused by liberation of free oxygen was indicative of 

catalase positive organisms. 

Oxidase test 

A filter paper strip was soaked in Tetramethyl paraphynylene diamine (TMPD) dye. A 

loop full of fresh bacterial culture was smeared on the moist filter paper. Production of deep 

purple colour in 5-10 seconds indicated a positive oxidase test. This dye act as electron 

accepter and get reduced. 

Gelatin liquefaction 

Nutrient Gelatin 

Peptone 5 gm 
Beef extract 3 gm 
Gelatin 20 gm 
PH 7.0 
d/w To make 1 L 

Inoculate tubes and incubate at R.T. for 24 hrs, the tubes were refrigerated for 30 min and the 

medium were observed. Liquid medium after refrigeration showed positive test. 

Starch hydrolysis 

Starch agar medium 

Peptone 5 gm 
Beef extract 3 gm 
Soluble starch 2 gm 
Agar 20 gm 
pH 7.0 
d/w Make volume to 1L 
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Inoculate starch agar plates by spot inoculation. Incubate the plates at R.T. for 24-48 

hrs then flood the plates with Gram's iodine for 1 min and pour off the excess stain. Clear 

zone around the colony indicated positive test and rest of plate appear blue. 

Casein hydrolysis 

Inoculate milk agar plates (milk added to Nutrient agar) and incubate at R.T. for 24-48 

hrs then examine the plates for the presence of a clear area around the colony. A zone of 

clearance around the bacterial colony indicates positive proteolytic activity. 

Hugh and Leifson's test 

Peptone 2 gm 
NaCI 5 gm 
K2HPO4  0.3 gm 
Glucose 10 gm 
Bromothymol blue 0.0 1 gm 
pH 7.0 
d/w Make volume to 1 L 

Sterilized media and cool immediately to avoid diffusion of air in medium. Inoculate 

in two tubes and overlay one tube with sterile paraffin oil and incubate. Facultative anaerobes 

showed change in colour in both tubes from green to yellow whereas aerobic (oxidative) 

organism showed yellow colour only in tube which is not overlaid with paraffin. Strict 

anaerobes show yellow colour in tube overlaid with paraffin. 

MR-VP tests 

MR-VP Medium (Glucose phosphate broth) is recommended for the performance of the 
Methyl Red and Voges-Proskauer tests in differentiation of the coli-aerogenes group. 

peptone 7 gm 
Dextrose 5 gm 
Dipotassium phosphate 5 gm 
Final pH 7 gm 
d/w 1 L 
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Methyl red test is employed to detect the production of sufficient acid during the 

fermentation of glucose phosphate in the medium. In Voges-Proskauer test organisms which 

produce acetyl methyl carbinol or its reduction product 2, 3 butanediol from glucose are 

detected. O'Meara's reagent is added and incubated at 37°C for 2 hrs appearance of pink 

colour indicate positive test. 

Indole test 

The medium used is tryptone water which is rich in amino acid tryptophan. Some 

organisms produce an enzyme tryptophanase which breakdown tryptophan into indole and 

pyruvic acid. Xylene is added in medium to concentrate indole and then 2-3 drops of Kovac's 

reagent slowly to give pink colour in the xylene layer. 

C.2 Reagents for biochemical tests 

Reagents for nitrate reduction 

Solution A (Sulphanilic acid) 

Sulphanilic acid 	8 gm 

Acetic acid (5N) 	One part of acetic acid added to 2.5 parts of d/w 

d/w 	 make final volume 1 L 

Solution B (a-naphthylamine) 

a-naphthylamine 	5 gm 

Acetic acid (5N) 	1 L 

APPENDIX-D 

Chemical estimation and standard graphs 

D.1 Folin Lowry's method for Protein estimation (Lowry et al. 1951) 

Reagent A: 2 % Na2CO3 in 0.1 N NaOH 

Reagent B: 0.5% CuSO4 in 1% potassium sodium tartarate. 

Reagent C: Alkaline Copper solution- Mixed 50 ml A and 1ml B prior to use. 
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Reagent D: Folin and Ciocalteau's phenol reagent 

Commercially available reagent diluted with equal volume of d/w on the day of use. 

This reagent is a solution of sodium tungstate and sodium molybdate in phosphoric and 

hydrochloric acids. 

Standard bovine serum albumin solutiom: 0.1 mg of BSA dissolve in 1 ml distilled water 

Procedure: To 1 ml of the sample, 5 ml of copper sulphate solution was added and kept at 

room temperature in the dark for 10 minutes. 0.5 ml Folin and Ciocalteu's Phenol reagent 

was then added and kept in the dark for 20 minutes. Absorbance was measured at 660 nm 

against blank and concentration of the samples determined from standard graph using Bovine 

serum albumin as the standard (0-100 µg/ml). 

APPENDIX-E 

E.1. Stock solution for SDS-PAGE 

Acrylamide-bis-acrylamide solution (Monomer solution): 29 gm acrylamide and 1 gm 

(wiv) N, N-methylene bis-acrylamide was dissolved in 70 ml d/w. pH was adjusted to 7.0 and 

volume was made up to 100 ml with d/w. Stored in amber coloured bottles at 4°C. 

Resolving gel buffer (1.5 M Tris, pH 8.8): Prepared by dissolving 18.615 gm Tris base, in 

70 ml d/w. The pH of the solution was adjusted to 8.8 using 6N HCI and volume was made 

upto 100 ml with d/w. The solution was stored at 4°C. 

Stacking gel buffer (1.0 M Tris, pH 6.8): Prepared by dissolving 12.11 gm Tris base, in 70 

ml d/w. The pH of the solution was adjusted to 6.8 using concentrated HCl and the volume 

was made up to 100 ml with d/w. The solution stored at 4°C. 
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Ammonium per sulphate (APS, 10%): Prepared by dissolving 0.1 gm of APS in 1.0 ml 

d/w. The solution was prepared fresh each time. 

Electrophoresis buffer: 

Composition of 1X buffer is as follows: 

Tris base 	3.0 gm 

Glycine 	14.4 gm 

SDS (10%): 	10 ml 

d/w 	 to make total volume 1000 ml 

pH 	 8.3 

Sample solubilising buffer 

Composition of 4X buffer is as follows: 

Tris-HCI (1M, pH 6.8) 	0.04 ml 

Glycine 	 0.04 gm 

SDS 	 0.004 gm 

13-mercaptoethanol 	 0.004 ml 

d/w 	 to make total volume 10 ml 

Tracking dye: 

50% sucrose 
	 1 0 ml 

Bromophenol blue 
	

10 mg 

Staining solution: 

Coomassie Brillient Blue G-250 solution was prepared by dissolving 0.25 gm Coomassie 

Brillient Blue G-250 in 100 ml of 25% methanol, 10% glacial acetic acid and 65% d/w. 
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Destaining Solution 

Methanol 	40 ml 

Acetic acid 	10 ml 

d/w 	 50 ml 

Preparation of gel monomer 

The composition of the resolving and tracking gels is as follows: 

Solution Resolving gel (10%) ml Stacking gel (5%) ml 
Monomer 2.5 0.33 
1.5 M Tris, pH 8.8 1.875 - 
1.0 M Tris, pH 6.8 - 0.625 
10% SDS 0.075 0.025 
10 % APS 0.0375 0.025 
d/w 3 1.525 
TEMED 0.005 0.005 

E.2. Reagents for Genomic DNA isolation (Jones and Barlet 1990) 

TE buffer: (10 mM Tris HC1, 1mM EDTA, pH 8.0) 

10% w/v Sodium dodecyl sulphate 

20 mg/ml Proteinase K 

Phenol : Chloroform (1:1) 

Isopropanol 

70% ethanol 

3 M Sodium acetate (pH-5.2) 

E.3. Reagents for plasmid DNA isolation (Sambrook et al. 1989) 

Alkaline Lysis Method (Birnboim and Doly, 1979) 

i) Solution I (pH 8.0) 

Glucose 	 0.9 g 
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Tris-HC1 	 0.394 gm 

EDTA 	 0.292 gm 

d/w 	 100 ml 

ii) Solution II 

SDS 
	

1.0 gm 

0.2 N NaOH 100 ml 

iii) Solution III (pH 5.2) 

5 M Potassium acetate 	60 ml 

Glacial acetic acid 	11.5 ml 

d/w 	 28,5 ml 

pH 	 8.0 

Tris acetate EDTA (TAE) buffer (pH 8.0) 

50X 

Tris base 	: 2.42 gm 

0.5 M EDTA 	: 1 ml 

Tris base and 0.5 M EDTA was dissolved in 10 ml of double distilled water and pH was 

adjusted to 8.0 with glacial acetic acid (0.57 ml) and final volume was made to 500 ml. 

TE buffer (pH 8.0) 

10 ml 0.1'M Tris-HC1 (pH 8) was diluted with 90 ml of distilled water and 0.0372 gm of 

EDTA was added and pH was adjusted to 8.0. 

E.4. Agarose gel Electrophoresis 

Agarose 	0.8 gm 
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1X TAE buffer 100 ml 

Ethidium bromide solution 

Ethidium bromide 10 mg 

Distilled water 	1 ml 

Stock solution was prepared and kept cool and dark places. The final•concentration used for 

agarose gel was 5µg/ml 

Loading dye 

Bromophenol blue 	0.25 gm 

Sucrose 	 40 gm 

0.1 M EDTA 	 10 ml 

1% SDS 	 10m1 

d/w 	 100 ml 

Tracking dye was stored at 4°C 

E.5. Plasmid curing agent 

Acridine orange 10 mg/ml 

Stock solution was then filter sterilized 

APPENDIX-F 

F.1 Preparation of stock solutions 

F.1. Metal stock solution 

1. Mercuric chloride (HgCl2) (M.W- 271.52) 

Stock solution (1 M) - HgC12 (271.52 gm) was dissolved in 1 Litre of de-ionized double 

distilled water. The solution was filter sterilized and stored at 4°C in dark places. 
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2. Cadmium chloride (CdC12) (M.W- 183.31) 

Stock solution (1 M) - CdC12 (183.31 gm) was dissolved in 1 Litre of de-ionized double 

distilled water. The solution was filter sterilized and stored at 4°C in dark places. 

3. Zinc chloride (ZnCl2) (M.W-136.31) 

Stock solution (1 M) - ZnC12 (136.31 gm) was dissolved in 1 Litre of de-ionized double 

distilled water. The solution was filter sterilized and stored at 4°C in dark places. 

4. Lead nitrate (Pb(NO3) 2  (M.W-331.20) 

Stock solution (1 M) - (Pb(NO3)2) (331.20 gm) was dissolved in 1 Litre of De-ionized double 

distilled water. The solution was filter sterilized and stored at 4°C in dark places 

F.2 Tributyltin chloride (TBTC) (M.W 325.49 g/mole) 

Preparation of 1 M stock of TBTC 

Absolute ethanol (72.2 ml) + TBTC (27.8 ml) (3.7 M) was mixed make upto final 

volume of 100 ml. The solution was kept in amber coloured bottle in cold and dark 

conditions. The experiment ware performed by removing the required amount stock solution 

in sterile condition. 

F.3. Ampicillin: 100 fig was weighed and dissolved in 1 ml of double distilled water and 

filter sterilized. The solution was kept at 4°C. 
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G. Standard graphs 

a) Standard graph of lead using AAS 
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CORRECTIONS IN THE THESIS 

1. I have now included possible bioremediation strategies using lead resistant bacterial 

strains and also their use in monitoring lead contamination in the terrestrial and aquatic 

environment in the separate conclusion section of the thesis. 

2. The main objective of this study was to isolate highly lead resistant bacteria from 

terrestrial and estuarine environments of Goa and explore their resistance mechanisms in 

order to employ them for bioremediation and biomonitoring of lead. Therefore, no 

attempt was made to study the community structure and dynamics of lead resistant 

bacteria during different seasons. During this study, I have done sampling three times to 

isolate highly lead resistant bacterial strains. There was no need to do sampling 4 times a 

year as my main objective was to study their resistance mechanisms rather than finding 

out presence of stable lead resistant microbial community. 

3. Our aim was not to determine total organic carbon concentration in order to observe 

effect of TOC on lead resistant microbial community. We were also not interested in 

finding correlation between total organic carbon content of sample vis- a- vis total 

bacterial count along with total lead resistant bacterial count. Therefore, TOC of the 

sample from which lead resistant bacteria were isolated was not estimated. Aim of this 

study was to isolate highly lead resistant bacteria from terrestrial and estuarine econiches 

of Goa and explore their resistance mechanisms. 

Glucose (0.4%) was optimum concentration for the growth of lead resistant isolates 

whereas glucose above 0.4% caused precipitation of lead in the growth medium and 

results in decrease lead bioavailability (Fig. 2.24). Only bioavailable heavy metals exert 

toxic effect on bacterial cells and not sequestered (non bioavailable) metals. 

Studies dealing with metal resistance in bacteria are done in commonly used minimal 

media instead of organic media rich in complex carbon sources, since complex media 

(Nutrient broth, Zobell marine broth) with complex carbon sources viz. oil and 

hydrocarbons tend to sequester metal ions thus make them unavailable to bacterial cells. 

Therefore simple carbon source like glucose and Tris- minimal medium with glucose was 

used in our study to study lead resistance. 

4. It is ideal to do comparative study on environmental -  optimas for six selected -isolates, 

but we have not presented any comparative data with reference to pH, temperature, .NaCl• 



and carbon sources. In order to avoid confusion arising due to crowding of lines, if we 

combine 6graphs together as single graph, I have presented each graph separately. 

I have very well included physiological characteristics of lead resistant bacterial isolates 

from lead battery waste in my Ph.D thesis. 

5. I have used Pb(NO3)2 , CdC12, ZnCli and HgC12 since these are the most soluble salts 

of lead, cadmium, zinc and mercury respectively and most toxic. Most soluble metal salts 

give the real picture of metal resistance concentration, since soluble metals are readily 

bio-available for microorganisms. 

6. It is evident from Fig 2.17 that Providencia alcalifaciens 2EA exposed to 1.4 mM lead 

nitrate showed less biomass and increased lag phase but total protein concentration was 

significantly high as compared to control because of high level expression of lead induced 

stress proteins (97 kDa and 147 kDa) which is clearly evident from SDS-PAGE analysis 

of lead exposed cells and control cells (Fig. 4.12). 

It is evident from Fig 2.19 that Pseudoinonas aeruginosa strain WI-1 exposed to 0.6 mM 

lead nitrate showed less biomass and increased lag but total protein concentration wp.s 

significantly high as compared to control because of high level expression of lead induced 

stress proteins (I1 kDa) which is clearly evident from SDS-PAGE analysis of lead 

exposed cells and control cells (Fig. 4.9). I have taken equal density of cells for protein 

estimation when exposed to 0.6 mM lead nitrate and in control conditions. 

7. In all the SDS-PAGE experiments equal amount of protein was loaded in each well and 

electrophoresed. In all the SDS-PAGEs protein concentration in each well was 30 ttg. 

8. I tried to isolate plasmid DNA from all the 11 lead resistant bacterial isolates out of 

which 10 isolates were found positive for plasmid (Fig. 4.2, 4.3, Fig. 4.7a, 4.7b, 4.7c, Fig. 

4.14). 

There are various heavy metal resistance mechanisms operational in bacteria which 

regulate the toxic level of biologically available metal ions in order to protect the cells 

from toxic effects of heavy metals on various vital metabolic processes. I have screened 

presence of pbrA, sin/A and Bin/A genes involved in lead resistant mechanism using 

plasmid/ genomic DNA of selected -potential isolates. (Figs. 4.2, 4.3, 4.4, 4.5, 4.8, 4.9, 

4.10, 4.11, 4.12). Therefore I can conclude that there are multiple possible mechanisms 



for lead resistance in natural isolates. But I do not have any idea weather all the above 

lead resistance regulating genes are present in a single lead resistant bacterial strains 

because I have not done sufficient experiments to prove it. We can't deny with the 

possibility of multiple resistance mechanism. 
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Abstract A lead-resistant bacterial strain 4EA from soil 
contaminated with car battery waste from Goa, India was 
isolated and identified as Pseudomonas aeruginosa. This 
lead-resistant bacterial isolate interestingly revealed lead-
enhanced siderophore (pyochelin and pyoverdine) pro-
duction up to 0.5 mM lead nitrate whereas cells exhibit a 
significant decline in siderophore production above 
0.5 mM lead nitrate. The bacterial cells also revealed sig-
nificant alteration in cell morphology as size reduction 
when exposed to 0.8 mM lead nitrate. Enhanced produc-
tion of siderophore was evidently detected by chrome az-
urol S agar diffusion (CASAD) assay as increase in 
diameter of orange halo, and reduction in bacterial size 
along with significant biosorption of lead was recorded by 
scanning electron microscopy coupled with energy dis-
persive X-ray spectrometry (SEM-EDX). Pseudomonas 
aeruginosa strain 4EA also exhibits cross tolerance to other 
toxic metals viz. cadmium, mercury, and zinc besides 
resistance to multiple antibiotics such as ampicillin, 
erythromycin, amikacin, cephalexin, co-trimoxazole, 
mecillinam, lincomycin, ciphaloridine, oleondamycin, and 
nalidixic acid. 
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Introduction 

Toxic metals viz. cadmium, lead, and mercury without any 
known biological functions are one of the most severe 
environmental pollutants prevalent in industrial wastes and 
their release into natural water bodies and terrestrial eco-
systems pose serious threat to humans as well as micro-
organisms. Heavy metals are toxic to cells in a variety of 
ways which include DNA damage, oxidative damage to 
proteins and lipids, and binding to essential proteins and 
enzymes [1, 10, 18]. Therefore, U.S. Environmental Pro-
tection Agency has included lead, mercury, and cadmium 
in their list of hazardous wastes [4]. Some natural micro-
bial strains employing a variety of protective mechanisms 
can survive at very high concentrations of these toxic 
heavy metals without any impact on their growth and 
metabolism. This unique characteristic of heavy metal-
resistant microbes including bacteria makes them an ideal 
tool for bioremediation of metal contaminated sites. Vari-
ous strategies through which they resist high concentrations 
of heavy metals include efflux, reduction, oxidation, 
extracellular sequestration, and intracellular bioaccumula-
tion [3, 18, 20, 21]. In order to counteract frequent expo-
sure to toxic organic compounds and heavy metals bacteria 
also exhibit significant alteration in cell morphology 
[5, 17]. 

Microbes require iron for growth and proliferation but 
iron (Fe+3) at neutral pH in aerobic environment forms 
insoluble ferric hydroxide unavailable to microorganisms 
since the solubility constant for ferric hydroxide is 
4 x 10-38  and respond to iron limitation by producing iron 
chelating siderophores [9, 11]. Pseudomonas aeruginosa is 
known to secrete two chemically distinct iron chelators viz. 
pyoverdine and pyochelin to solubilise Fe +3  and transport 
into the bacterial cells via specific receptors [7, 16]. These 
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bacteria are very useful in agriculture since their sidero-
phores exhibit good plant growth promoting activity under 
iron limiting conditions, control crop diseases, and rescue 
plants from heavy metal toxicity [19, 25]. Apart from Fe ±3 

 these microbial siderophores also form stable complexes 
with metals such as Cc1 ±2, Pb±2, and Zn±2  [9, 11, 16], and 
induced siderophore production in bacteria in response to 
Cc1±2, Zn±2, and Cu±2  stress has also been reported [6, 21, 
25]. Since microbial siderophores form stable metal—ligand 
complexes and influence the metal mobility in the envi-
ronment and thus proved to be an important strategy to 
sequester toxic metals. 

In the present investigation we have screened and 
identified a highly lead-resistant bacteria from soil sample 
contaminated with car battery waste besides its biological 
characterization with reference to lead-enhanced sidero-
phore production, alteration in cell morphology, lead bio-
sorption, growth behavior, cross tolerance to mercury, 
cadmium, and zinc along with antibiotic susceptibility. 

Materials and Methods 

Isolation of Lead-Resistant Bacterial Strain 

Isolation of lead-resistant bacterial strain was done from 
soil sample contaminated with car battery waste from a 
battery manufacturing company of Goa, India. The soil 
sample was plated on PYT80 agar (10 mM 4-morpholi-
neethanesulfonic acid (pH 6.8), 80 mg peptone, 80 mg 
yeast extract, and 80 mg tryptone in 1 I deionized double 
distilled water) plates amended with 100 trM lead nitrate 
by dilution plating technique [131. Filter sterilized lead 
nitrate (1 M stock) was amended to the PYT80 agar 
medium after sterilization. The isolated bacterial colonies 
which appeared were further spot inoculated on fresh 
PYT80 agar plates with different concentrations of lead 
nitrate and the bacterial colony which appeared at highest 
concentration of lead nitrate was selected for further 
characterization. 

Identification of Lead-Resistant Bacterial Isolate 

Identification of the selected lead-resistant bacterial isolate 
was done based on morphological characterization, bio-
chemical tests, FAME analysis (Sherlock version 6.0B), 
and 16S rDNA sequencing. 16S rDNA was PCR amplified 
using following eubacterial primers: 

8F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R 
(5'-ACGGCTACCTTGTTACGACTT-3'). PCR amplifica-
tion was performed using PCR amplification kit (Bangalore 
Genei, India) and sequencing was done at Xcelris labora-
tories, Ahmedabad, Gujarat, India. 16S rDNA sequence  

was compared against GenBank database using NCBI 
BLAST search. Phylogenetic analysis of the bacterial iso-
late was also done constructing phylogenetic tree using 
MEGA4 software [8, 12, 22, 26]. 

Characterization of Lead-Resistant Isolate 

Growth behavior and lead resistance limit of the selected 
lead-resistant isolate was studied in Tris-minimal medium 
(TMM) [15], supplemented with different concentrations 
of lead nitrate at 30°C, pH 7.2 with constant shaking at 
150 rpm. Absorbande of the culture suspension was 
recorded at definite time intervals as OD600nm  using UV-
Vis spectrophotometer (Shimadzu, UV-2450, Japan) and 
graph was plotted between Absorbance and time interval. 
Slight modification in Tris-minimal medium was done by 
using 0.05 mM /3-glycerol phosphate instead of inorganic 
phosphate in order to avoid lead precipitation and 0.4% 
glucose as carbon source along with 0.1 p.M FeC1 3 

 (Himedia, India).  Cross tolerance of the isolate to HgC12, 
CdC1 2 , and ZnC12 was also determined in TMM. 

Characterization of Siderophore and Assay 

Characterization of siderophore of lead-resistant strain was 
done using UV—Vis spectrophotometer and spectrofluo-
rimeter (Shimadzu, RF-5301-PC, Japan). Siderophore 
production was monitored by chrome azurol S agar diffu-
sion (CASAD) assay [24]. The selected strain was grown in 
TMM with different concentrations of lead nitrate; cells in 
stationary phase were harvested to collect yellow—green 
supernatant containing siderophore which was filter steril-
ized (0.22 p.m). In CASAD assay, each well (5 mm) was 
filled with 40 p.1 of siderophore containing supernatant and 
incubated for 2 h at 30°C. After incubation the diameter of 
orange halo around each well was measured and compared. 
Desferal mesylate (Sigma, USA), was used as a positive 
control and sterile TMM as negative control. 

Morphological Characterization 

Scanning electron microscope coupled with energy dis-
persive X-ray spectrometer (SEM-EDX) (JEOL JSM-
5800LV) was used to examine morphological changes and 
lead biosorption in terms of weight % as compared to 
major and minor elements present on the cell surface of 
lead-resistant strain exposed to toxic levels of lead nitrate 
during exponential growth phase. Cells grown in TMM 
without lead served as control for SEM-EDX analysis. 
Cells were also grown in TMM with different concentra-
tions of lead nitrate and effect of lead on cell morphology 
was analyzed by fixing bacterial cells in 3% glutaraldehyde 
overnight with 50 mM potassium phosphate buffer at 4°C. 
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Fig. 1 Phylogenetic tree 
showing the evolutionary 
relationship of the test 
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FR272002- Parrodernonas asnigitrosa strain 407 

F2652615.1• Pseudomonas aeruginosa strain ATCC 23993 

F2652616.1• Pseudomonas notary' nose strain SC.1 
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60180117.1. Pseudomonas aeinginosa strain MW3A 

60180118.1 Priandornonas asruginosa strain MW3AC 

F472538.1. Pseudonronas aoroginosa 51 

F472532.1- Pseudomonas aeruginosa NO4 

FJ972535.1• Pseudomonas aeruginosa C4 

F2972531.1- Pseudomonas 0.111010Sn NO3 
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Cells were washed thrice with phosphate buffer and 
dehydrated in gradually increasing concentrations of etha-
nol, i.e., 10, 20, 50, 70, 80, 90, 95, and 100% for 15 min 
each [17], air dried and stored in vacuum chamber prior to 
SEM-EDX analysis. 

Antibiotic Susceptibility Testing 

Antibiotic susceptibility test of lead-resistant isolate was 
performed following Kirby-Bauer disc diffusion method 
[2], using Muller-Hinton agar and antibiotic discs (Hime-
dia, India). 

Results and Discussion 

In the present investigation we have isolated a lead resis-
tant bacterial strain from a terrestrial site contaminated 
with lead battery waste. This bacterial strain was found 
Gram negative, motile, rod shaped, and oxidative. It 
showed presence of enzymes such as oxidase, catalase, 
gelatinase, and appeared as yellow-green colony on cetri-
mide agar. Indole, methyl red and voges proskaeur's tests 
were found negative but bacterial isolate utilized citrate. 
Based on biochemical characteristics following Bergey's 
Manual of Systematic Bacteriology [14], Fatty acid methyl 
esters analysis and 16S rDNA sequencing followed by 
NCBI-BLAST search this lead resistant bacterial isolate 
was identified as Pseudomonas aeruginosa (Bankit no. 
1341984) and designated as strain 4EA. Phylogenetic 
analyses clearly revealed its evolutionary relatedness with 
other Pseudomonas aeruginosa strains already reported 
(Fig. 1). 

Pseudomonas aeruginosa strain 4EA could resist up to 
0.8 mM lead nitrate in TMM (Fig. 2) and produced yellow-
green, diffusible pigment. UV-Vis spectrophotometric and 
spectrofluorimetric analysis of this yellow-green pigment 
clearly revealed presence of two types of siderophores 
such as pyochelin and pyoverdine. Pyochelin showed 

Fig. 2 Growth behavior of Pseudomonas aeruginosa strain 4EA in 
TMM amended with different concentrations of lead nitrate. Filled 
diamond: 0 mM (control), filled square: 0.5 mM, filled triangle: 
0.8 mM, times: 0.9 mM 

Fig. 3 Emission spectrum of pyoverdine of Pseudomonas aerugin-
osa strain 4EA when excited at 405 nm 

absorbance maxima at 247 and 310 nm in UV range 
whereas pyoverdine showed strong absorbance at 370 nm. 
Pyoverdine exhibited emission at 460 nm when excited at 
405 nm whereas pyochelin emitted at 448 nm when exci-
ted at 350 nm (Figs. 3, 4). The earlier UV-Vis spectro-
photometric and spectrofluorimetric studies on microbial 
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Fig. 4 Emission spectrum of pyochelin of Pseudomonas aeruginosa 
strain 4EA when excited at 350 nm 

Fig. 5 CAS agar diffusion (CASAD) assay to demonstrate lead-
enhanced siderophore production by Pseudomonas aeruginosa strain 
4EA in terms of diameter of orange halo (cm). B, C and D indicate 
siderophore production in presence of 0.1, 0.3, and 0.5 mM lead 
nitrate, respectively, whereas A indicates basal level of siderophore 
production 

siderophores (pyochelin and pyoverdine) have also shown 
similar results [7, 16, 19]. 

Lead enhanced gradual siderophore production was 
observed with increase in lead levels in the growth medium 
which was evidently revealed as increase in the diameter of 
orange halo on CAS agar plates using CASAD assay 
(Fig. 5). It is interesting to note that siderophore production 
was enhanced maximally up to 0.5 mM lead nitrate in 
TMM and was repressed above this level as evident from 
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Fig. 6 Effect of different concentrations of lead nitrate on sidero-
phore production by Pseudomonas aeruginosa strain 4EA in TMM in 
terms of diameter of orange halo (cm) 

decrease in diameter of orange halo (Fig. 6). It is inter-
esting to note that there are very few reports on metal 
induced siderophore production in microorganisms which 
is limited to Cd, Zn, and Cu only [6, 21, 25]. In the present 
study we have demonstrated lead-enhanced siderophore 
production in Pseudomonas aeruginosa for the first time. 
In addition to lead resistance this strain also showed cross 
tolerance to ZnC12, CdC1 2, and HgC1 2  as MIC for lead 
nitrate, zinc chloride, cadmium chloride, and mercuric 
chloride were 1, 0.7, 0.4, and 0.06 mM, respectively. The 
test bacterium also showed resistance to multiple antibi-
otics viz. oleondamycin (15 1.tg), nalidixic acid (30 1.tg), 
ampicillin (25 1.tg), erythromycin (15 1.tg), amikacin 
(10 1.tg), cephalexin (30 i.tg), co-trimoxazole (25 1.tg), 
mecillinam (33 1.tg), lincomycin (5 1.tg), and ciphaloridine 
(30 1.tg). The cell morphology of Pseudomonas aeruginosa 
strain 4EA was normal when grown without lead in the 
growth medium but significant change in cell morphology 
as reduction in cell size and shrinkage was evidently 
observed when cells were exposed to 0.8 mM lead nitrate. 
Interestingly this strain also showed 11% (as weight %) 
lead as compared to other elements present on the cell 
surface when grown in 0.8 mM lead nitrate which was 
clearly revealed by SEM-EDX analysis, whereas cells 
grown in TMM without lead nitrate demonstrated absence 
of any signal pertaining to lead (Fig. 7a, b). 

In the present report, alteration in the cell morphology 
and enhancement of siderophore production in lead 
exposed Pseudomonas aeruginosa strain 4EA appear to be 
the response of bacterial cells against toxic lead. Lead is 
known to inhibit chlorophyll biosynthesis and hence sup-
presses the overall growth and bioproductivity of higher 
plants [23] but our studies have clearly demonstrated that 
lead resistant Pseudomonas aeruginosa strain 4EA has 
potential to biosorb very high levels of lead and also pro-
duce lead enhanced siderophores. Thus, this strain may 
serve as a bioinoculant for crop plants to supplement suf-
ficient amount of iron (Fe III) by producing lead enhanced 

D
ia

m
et

e
r  

o
f 

o
ra

n
ge

  h
a

lo
  (

cm
)  

42) Springer 



M. M. Naik, S. K. Dubey: Lead-Resistant Pseudomonas aeruginosa Strain 4EA 	 413 

10pm 

Fig. 7 Photomicrograph of Pseudomonas aeruginosa strain 4EA 
with and without exposure to lead nitrate using scanning electron 
microscopy-coupled with EDX (SEM—magnification, x9000). 
a Control cells (no lead exposure) and EDX analysis (Arrow is 
pointing to the area considered for EDX analysis). b Cells exposed to 
lead nitrate (0.8 mM) and EDX analysis (Arrow is pointing to the area 
considered for EDX analysis) 

siderophores along with biosorptive amelioration of lead 
present in contaminated fields. 
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Chapter 29 
Bioremediation of Metals Mediated 	 2 

by Marine Bacteria 	 3 

Milind M. Naik, Anju Pandey, and Santosh Kumar Dubey 	 4 

Abstract Metals are an intrinsic part of the earth's crust. With rapid indUStrialization 5 

and urbanization, enormous amounts of industrial waste's inelUding metal wastes 6 

are accumulating, which require special treatment. Wastes/from mining and metal 7 

refining industries, sewage sludge, power plant wastes and waste incineration plants 
often contain substantial amounts of toxic heavy metals viz. Hg, Cd, Pb, As, Sb, Zn, 9 

/ 
Cu which pose serious treat to the environment and need to be removed from the 10 

source of pollution. 	 11 

Microorganisms from metal polluted habitats possess a variety of inherent mech- 12 

anisms to tolerate high levels of toxic,metals which include precipitation of metals 13 

as phosphate, sulphide, carbonate; volatililation via methylation/ethylation; physi- 14 

cal exclusion in membranes andextracellular polymeric substances (EPS); energy 15 

driven metal efflux system and intracellular sequestration mediated by metallothi- 16 

onein like proteins. For the last several decades, metal resistant microorganisms 17 

including marine bacteria:har teen considered a potential alternative for heavy 18 

metal recovery and bioremediation resulting in the development and refinement of 19 

many bioremediation technologies for removal of toxic metals form contaminated 20 

soils and aqueous mining and industrial wastes/effluents. Interestingly, these biore- 21 

mediation teehnologies are economically viable, environmental friendly and value 22 

added processes. 23 
SE, 
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26 29.1 Introduction 

27 	Heavy metals are intrinsic part of the earth crust. With rapid industrialization and 
28 	urbanization enormous amount of industrial waste containing toxic heavy metals 
29 	have been generated which need special treatment before release into the natural 
30 	environment viz. terrestrial, aquatic and atmospheric environment. These toxic met- 
31 	als viz. Hg, Cd, Pb, Zn, Cr, Te, As, Sb and Cu released directly into the marine 
32 	environment pose serious threat to the health and productivity of the marine biota 
33 	including marine flora and fauna (Skei 1978; De et al. 2007, 2008; Jayaraju et al. 
34 	2010). Wastes from industries, sewage sludge, power plants and incineration plant 
35 	often contain substantial amount of toxic heavy metals, which are of seriOus,envi- 

 36 	ronmental concern and need to be removed from the source of pollution itself'. ,It is 
37 	interesting to mention that even Antarctic Ocean water, which is considered rela- 
38 	tively more pristine than any other ocean water, is also contammatedwith heavy 
39 	metals due to anthropogenic activities (Bonner 1984). Ecrinstande; Thigh level of 
40 	several heavy metals in krills have been already reported (yaniatnoto et al. 1987). 
41 	Similarly level of Cd in caridean decapods, Chorismus antateticus and Notocrangon 
42 	antarcticus was highest among marine crustaceanS"(i,e.13 mg/kg dry weight). Some 
43 	bacterial isolates from Antarctic Ocean have also sliolkn high resistance to common ,  
44 	antibiotics and heavy metals which clearly indicates that Antarctic Ocean is con- 
45 	taminated with heavy metals (De Souza .et al{" 2006). 
46 	For last several decades metal resistant "'microorganisms including bacteria have 
47 	been considered a potential alternative for cleadtip and bioremediation of heavy metal 
48 	contaminated environmental sites. Many bioremediation technologies have been 
49 	developed for detoxification and removal of toxic heavy metals from metal contami- 
5o 	nated aquatic sites and industrial wastes employing various indigenous metal resistant 
51 	bacteria from heavy metal contaminated marine sites (Francis and Tebo 1999; 
52 	Rathgeber et al. 2002; Iyer et'al. 2005; De et al. 2007, 2008; Wang et al. 2009). 
53 	Microorganisms including bacteria possess a variety of mechanisms to tolerate 
54 	and bioremediatebiglyievels of toxic metals which include precipitation of metals 
55 	as phosphates-, carbonates and sulphides; volatilization via methylationJethylation/ 
56 	reductiOn; intracellular bioaccumulation mediated by low molecular weight 
57 	metallothionein proteins; ATP mediated efflux system; biosorption of metals at 
58 	cell surface and sequestration in extracellular polymeric substances viz. EPS 
59 	(Nakantira 1989; Blindauer et al. 1992; Nies 1999; Roane 1999; Rossbach et al. [AU1] 

so 	2000; Borremans et al. 2001; Edgcomb et al. 2004; Mire et al. 2004; Naik and 
61 	Dubey 2010). It is important to note that bioremediation technologies based on 
62 	microbes are economically viable, cost effective, environment friendly. 

63 29.2 Heavy Metal Pollutants in Marine Environment 

64 	Although essential metals viz. Zn, Cu, Mn, Mo, Ni, Co, Mg and Fe are required in 
65 	trace amounts for various metabolic processes of organisms, they are toxic at higher 
66 	concentrations (Gadd 1992; Choudhuri and Srivastava 2001).Toxic metals viz. Cd, 
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Pb, Hg, Cr and metalloids such as As and Te which are non-essential, non-biodegradable 67 
persist indefinitely in marine ecosystem as a result of natural and anthropogenic 68 
activities posing serious environmental and health problems to the marine biota. 69 
Consumption of seafood contaminated with mercury and cadmium has been reported 70 
to cause serious diseases such as Minamata and itai-itai in coastal population of 71 
Japan respectively (Lanford and Ferner 1999; Matsuda et al. 2003). Therefore, these 72 
heavy metals have been included as the most hazardous substances in the US-EPA 73 
list of priority (Cameron 1992). 74 

29.3 Level of Heavy Metal Pollutants in Marine Environinent 75 

All heavy metals exist in surface water in colloidal, particulate and idissOlved phases, 76 
although dissolved concentrations are generally low (Kenni sh r 129.2), The colloidal 77 
and particulate metals may be found as (i) hydroxides, oxides, Silicates, sulphides; 78 
or (ii) adsorbed to clay, silica or organic matter. The solubleforms are generally ions 79 
or un-ionized organometallic chelators or complexes. Nonssential heavy metals 80 
and metalloids of particular concern to surface water system's are Cd, Cr, Hg, Pb, As 81 
and Sb (Kennish 1992).The level of heavy metals in trough sediments , Kara sea, 82 

arctic ocean have been determined which revealedyresence of cadmium< 0.5 ppm; 83 

As 2 ppm; Co 23 ppm; Cr 1.12 ppm; Cu 30 ppin r  Hg :310 ppb; Ni 51 ppm; Pb 17 ppm; 84 
Sb 1.8 ppm and Zn 96 ppm respectively (Siegel et al. 2001). Whereas in Minamata 85 

bay very high level of mercury was reported which caused a serious neurological 86 
disorder in humans referred as ",Minarnata disease". The level of total mercury in 87 

sea water of Minamata bay ranged, froth 56 to 285 ng/L and 2.1-506 ng/L (Kumagai 88 
and Nishimura 1978). interestingly, surface sediment sample from semi-enclosed 89 
bay, "Gunnekleivfjorden" from F  Southwest, Norway contained mercury ranging so 
from 90 to 350ppm (Skei' 91 

The behaviour of metals in natural waters is a function of substrate sediment 92 

composition, the suspended sediment composition, and the water chemistry. 93 

Sediment composed of fine sand and silt will generally have higher levels of 94 
adsorbed metals than quartz and detrital carbonate rich sediments. Metals also have 95 

a high affinity for humic acid, organo clays and oxides coated with organic matter 96 
(Connell-arid miller 1984). The water chemistry of the system controls the rate of 97 

adsorption and desorption of metals to and from sediment. Adsorption removes the 98 
metal from the water column and stores the metal in the substrate. Desorption 99 
returns the metal to the water column where recirculation and bioassimilation may 100 
take place. Metals may be desorbed from the sediment if the water experiences 101 
increase in salinity, decrease in redox potential or decrease in pH. 102 

The contamination levels and distribution characteristics of heavy metals in 103 

coastal waters and sediments from Tianjin Bohai Bay, China revealed that Pb and 104 
Zn were the main heavy metal pollutants in the coastal waters of the bay. High levels 105 

of Pb and Zn appeared especially near the estuary, indicating that river discharge 106 
was the main pollution source. Analysis of data for the period 1987-2004 indicated 107 
that Pb pollution in coastal waters of Tianjin Bohai Bay originated primarily from 108 
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109 river discharge before 2001. Pb levels did not decrease after 2001 when annual 
110 runoff levels declined; indicating that. Pb pollution by atmospheric deposition had 

increased due to the use of leaded petrol in motor cars. Pb, Zn, and Cd were the 
112 dominant polluting elements in superficial sediments from Tianjin Bohai Bay, with 
113 levels in excess of the corresponding upper limits of environmental background 
114 values. High concentrations of polluting elements were found in tidal sediments 
115 near water bodies such as Qihe and Dagu estuaries (Meng et al. 2008). 

116 29.4 Heavy Metal Resistant Marine Bacteria 

117 29.4.1 Heavy Metal Resistant Marine Bacteria 
118 	 from Coastal Waters 	 e.,\:‘, ), 

119 Since presence of metal resistant bacterial isolates in the environment directly suggests 
120 metal contamination, unusual rise in the number ofmercLirY:resistant bacteria along 
121 	the Indian coast indicates significant mercury contamination. Several heavy metal 
122 resistant marine bacteria from coastal waters of IndialAvere isolated and evaluated 
123 for their ability to transform/efflux heavy m&als: viz: mercury, cadmium and lead. 
124 Interestingly, these marine bacteria were highly, resistant to mercury and were 
125 capable of growing at 25 ppm or higher levels:of mercury indicating their potential 
126 for detoxification not only of Hg, butalsO Cd and Pb along with polychlorinated 
127 biphenyls (Ramaiah and De 2003; De',et ai. 2006, 2007, 2008).These metal tolerant 
128 bacteria removed mercury byfriearis of volatilization and were successful to detoxify 
129 mercury amended waters,( Mercury resistant marine, Pseudomonas aeruginosa 
130 strain CH07 resists leadbyEPS — entrapment mechanism which was clearly revealed 
131 by SEM-EDX analysis (De "et al. 2007). Antarctic water samples were also 
132 examined for the preSenee of metal and antibiotic resistant bacteria (De Souza et al. 
133 2006).The bacterial isolates from these waters showed varying degrees of resistance 
134 to antibioticsyiz. cploramphenicol, ainpicillin, streptomycin, tetracycline and kana- 
135 myeln along with metals such as Cr, Cd, Zn and Hg which proved that even pristine 
136 environments are not devoid of metal pollutants and metal resistant bacteria. The 
137 metal resistant marine bacteria include Enterobacter cloacae, Alcaligenes faecalis, 
138 Bacillus pumillus, Bacillus sp., Pseudomonas aeruginoasa, Alterornonas sp., Vibrio 
139 harveyi, Aeromonas sp., Corynebacterium sp., Brevibacterium iodinium, 
140 Streptomyces sp., Salinobacter sp., Micromonospora sp., Saccharomonospora 
141 sp., Flavobacterium sp., Moraxella sp., Micrococcus sp. and Aeromonas sp. (Mire 
142 et al. 2004; Iyer et al. 2005; De Souza et al. 2006; De et al. 2008; Selvin et al. 2009; 
143 Matyar et al. 2010). 
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29.4.2 Heavy Metal Resistant Marine Bacteria 	 144 

from Marine Sediments 	 145 

As a consequence of anthropogenic activities marine environment around the world 146 

is also contaminated by heavy metals. These toxic metal contaminants usually accu- 147 

mulate in the sediments and interestingly concentration of heavy metals is by sev- 148 

eral orders of magnitude higher in the sediment than their levels in surface water. It 149 

has long been recognised that aquatic microorganisms have a strong affinity for 150 

surfaces and that the majority of benthic bacteria are not suspended in waters but are 151 

attached to sediment particles. Adherent bacteria from Belgian continental plate 152 

showing metal contaminated marine sediment belongs to y and 8 proteobacteria 153 

(Gillan and Pernet 2007). Water and sediments of the Seine estuary are also 'Con- 154 

taminated by chemicals, especially Cadmium, which interestingly ffavours_,snrvival, 155 

growth and selective enrichment of Cadmium resistant bacteria., Among them 11 156 

distinct isolates were found to carry cadA gene e.g. Staphy,locoeCus sii':;-Micrococcus 157 

sp. and Halobacillus sp. (Oger et al. 2003). 158 

sediments  Arsenite resistant bacteria were detected in deep sea sediments on the SouthWest 159 

Indian Ridge. Phylogenetic analysis based on 16S rRNA revealed that they mainly 160 

belonged to proteobacteria and actinobacteria. Denaturing gradient gel electropho- 161 

resis revealed that Microbacterium esteraromaticum,..Was the dominant member in 162 

the arsenite enriched communities and .this was reconfirmed by 16S rRNA gene 163 

library analyses. There is a significant diversity in arsenite resistant bacteria inhabit- 164 

ing the deep sea sediment which may'play (a'role in the biogeocycling of arsenic in 165 

the marine environments (Chen and Shao2009). 166 

A deep sea sedimentary man'gariesE-oxidizing bacterium, Brachybacterium sp. 167 

strain Mn 32 showed high Mn(II) resistance (MIC 55 mM) and Mn (II) — oxidizing/ 168 

removing abilities. Strain Mn 32 removed Mn(II) employing two pathways : 169 

(i) oxidizing soluble Mn (II) to insoluble biogenic Mn oxides — birnessite (8-Mn0 2  170 

group) and manganitet-MnO0H); (ii) the biogenic Mn oxides further adsorb more 171 

Mn(II) from the Culture medium (Wang et al. 2009). 172 

Few studies have focused on the mechanisms of adaptation to mercury contami- 173 

nation in marine sediment microbial communities. High frequency of Gram-negative 174 
\ , 

bacterial isolatesthat are resistant to mercury were isolated from the aerobic culturable 175 

marinemicrobial community of marine sediment of Brunswick, GA, and Skidaway 176 marine' microbial 
 near Savannah, GA, USA (Reyes et al. 1999). 	 177 

29.4.3 Heavy Metal Resistant Marine Bacteria 	 178 

from Hydrothermal Vent, Sponges and Coral Reefs 	179 

Hydrothermal vents are highly rich sources of heavy metals which are considered to 180 

be toxic to living organisms. Since deep-sea hydrothermal vent fluids are enriched 181 

with toxic metals, it was hypothesized that (i) the biota in the vicinity of a vent is 182 
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183 adapted in the presence of toxic metals and (ii) metal toxicity is modulated by the 
184 steep physico-chemical gradients that occur when anoxic, hot fluids are mixed with 
185 cold oxygenated seawater. These metal enriched waters provide a constant selection 
186 pressure making the deep-sea hydrothermal vent environment a likely place to find 
187 heavy metal resistant microorganisms. For instance, heavy metal resistant het- 
188 erotrophic bacteria were also isolated from the deep sea hydrothermal vent poly- 
189 chaete, Alvinella pompejana (Jeanthon and Prieur 1990). Mercury adaptation among 
190 _ bacteria from a deep-sea hydrothermal vent has also been reported (Vetriani et al. 
191 2005). Deep-sea hydrothermal vents lie deep below the ocean and spew waters 
192 enriched with metals such as cadmium, zinc, lead, iron, and mercury. Pseudomonas 
193 aeruginosa CW961, an isolate from the vicinity of a deep-sea hydrothermal vent, 
194 grew in the presence of 5 mM Cd 2+ and removed Cd 2+ from solution. Sulphate was 
195 sufficient for growth when Cd 2+  was not present in the culture medium; however, 
196 thiosulfate was necessary for Cd 2+ precipitation and cell survivarinAi44'esence 

\ 
197 of Cd2+ (Wang et al. 2002). Three hyperthermophilic vent arthaeaThe sulfur- 
198 reducing heterotrophs, Thermococcus furnicolans anc17*cOcctis strain GB-D 
199 and the chemolithoautotrophic methanogen MethanocUldodOccusjannaschii were 
200 tested for tolerance to heavy metals viz. Zn, Co, and Cu (Jhe sulphide addition 
201 consistently ameliorated the high toxicity of free :metal cations by the formation 
202 of dissolved metal-sulphide complexes as well as solid precipitates (Edgcomb 
203 	et al. 2004). 
204 	Coral reef flora and fauna are at riSlc,‘dt -  exposure to high concentrations of 
205 heavy metals from contaminant inputs such as processing plant and mine effluent 
206 discharged into rivers and marine ecosystems (Gladstone 1996). Coral reef 
207 sponges often harbour communities of symbiotic microorganisms that fulfil nec- 

, . 	, 
208 essary functions for the well zbemg of, their hosts. Sponges invariably filter a large 
209 volume of seawater and poteMially accumulate heavy metals and other contami- 
210 nants from the environment. Sponges, being sessile marine invertebrates and 
211 modular in body organization, can live many years in the same location and there- 
212 fore have the capability:too accumulate anthropogenic pollutants such as toxic 
213 heavy metals over-a long time period. Sponges and corals are often host to abun- 
214 dant and diverse co_nmunities of symbiotic bacteria and algae that contribute to 
215 their nutrition and health. Microbial communities associated with the sponge, 
216 Rhopaloeides odorabile were used as bioindicators for sublethal copper stress 
217 (Webster and Webb 2001). Not only do sponges have potential for monitoring 
218 elevated concentrations of heavy metals but also examining changes in their 
219 microbial symbionts which is a novel and sensitive bioindicator for the assess- 
220 ment of pollution on important microbial communities. The sponge associated 
221 bacteria including Streptomyces sp. MSI01, Salinobacter sp. MSI06, Roseobacter 
222 sp. MSI09, Pseudomonas sp. MSI016, Vibrio sp. MSI23, Micromonospora 
223 sp. MSI28, Saccharomonospora sp. MSI36 and Alteromonas sp. MSI42 showed 
224 resistance against Cd, Hg and Pb (Selvin et al. 2009). 
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29.5 Biochemical and Genetic Mechanisms of Heavy Metal 	225 

Bioremediation by Marine Bacteria 	 226 

29.5.1 Intracellular Sequestration by Metallothioneins 	 227 

and Other Metal Binding Proteins 	 228 

--Metallothioneins are small cysteine rich, low molecular weight proteins ranging 229 

from 3,500 to 14,000 Da and ubiquitous in eukaryotes but also present in bacteria 230 

and cyanobacteria (Hamer 1986).These proteins have potential to sequester multiple 231 

heavy metal ions viz. Hg+2, Cd+2, Pb+2 , Zn+2, Ag+I and Cu+2  through thiol iriiups of 232 

cysteine and also participate in metal homeostasis. Cysteine constitutesliearly -30% 233 

of the total amino acids present in the protein. Metallothioneins and\Other metal 234 

binding proteins present in diverse cyanobacterial and bacterial speciesreitilate the 235 

intracellular toxic metal concentration through highly  speeifie ',metal binding. 236 

Metallothioneins limit metal availability and is thereby::bellevecks.to confer protec- 237 

tion against deleterious effects of high concentration,ofiOxic heavy metals in 238 

Synecococcus PCC 7942, Anabaena PCC 7120, 1--'eitgomonas putida and 239 

Pseudomonas aeruginosa (Blindauer et al. 2002): ::Typically, the metals for which 240 

metallothioneins have the highest affinity are Cd,.Pb, Hg, Cu and Zn but also bind 241 

to Ni though with lower affinity. The heterotropliie marine bacterium, Vibrio algi- 242 

nolyticus interestingly showed productiOn of extracellular copper-binding com- 243 

pounds when exposed to copper in a sea water; medium. Fractionation and analysis 244 

of copper and methionine incorporation in culture supernatant fractions showed that 245 

the copper-binding compound co-eluted with material which was radiolabeled with 246 

35S methionine. This suggested that the copper-binding compound is a protein 247 

(Schreiber et al. 1990).The data suggest a potential role for macromolecules excreted 248 

by heterotrophic bacteria in control of copper ion activity in seawater. Two copper- 249 

inducible supernatant.proteins having molecular masses of 21 and 19 kDa (CuBP1 250 

and CuBP2) were identified in marine bacterium, Vibrio alginolyticus and these 251 

proteins were 25 and 46 times amplified in supernatants of copper-challenged bac- 252 

terial cultures as ,compared with controls without copper (Harwood-Sears and 253 

Gordon 1990). . 254 

29.5.2 Exopolymers, Biosurfactants and Other Biomolecules 	255 

Prokaryotic microorganisms in nature produce diverse and chemically complex 256 

exopolymeric substances (EPS) comprising of a variety of high molecular weight 257 

organic molecules viz. polysaccharides, proteins, nucleic acids, phospholipids along 258 

with other non-polymeric constituents of low molecular weight. EPS localized on 259 

outer bacterial cell surface mediate exchange of nutrients and essential metal ions 260 

with surrounding environments and also play important role in cell adhesion, formation 261 
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262 of biofilms, flocks and protects cells from hostile environments (Vu et al. 2009). 
263 Electrostatic interaction of metal cations with negatively charged functional groups 
264 involved in metal immobilisation by EPS are C00 -, HPO4, OH-  and SO4-2  and 
265 possess both adsorptive and adhesive properties (Pal and Paul 2008). EPS is believed 
266 to play a substantial role in sequestration of toxic heavy metals with varying degree 
267 	of specificity and affinity thus prevent their entry inside bacterial cells and protect 
268 bacterial cells from toxic heavy metals such as Pb, Cd, Hg and Zn. Enzymatic activ- 
269 ities in bacterial EPS are also involved in detoxification of heavy metals by transfor- 
270 mation and subsequent precipitation resulting in entrapment of metals in these 
271 polymeric substances (Loaec et al. 1998; Bhaskar and Bhosle 2006; Roli et al. 
272 2010). Therefore use of microbial sorbents like EPS can be used to bioterfiediate 
273 heavy metals from marine waters since marine pollution control is a,majorschal- 
274 lenge to the environmental biotechnologists. The use of isolated microbial bibpoly- 
275 mer in metal bioremediation process is more economically viable and,ecdfriendly 
276 alternative to environmentally risky chemical methods such as precipitation, coagu- 
277 lation, ion exchange and electrochemical processes 
278 	Bacterial extracellular polymeric substances work as (acarrier of heavy metals in 
279 marine food chain since metal binding propertiesof bacterial EPS and its possible 
280 role in bioaccumulation of Cu and Pb in marine foOictchain was investigated using a 
281 	partially purified and chemically characterized microbial EPS isolated from 
282 Marinobacter sp. (Bhaskar and Bhosle 2006):'Marine isolates of sulphate reducing 
283 bacteria (SRBs) have been reported to telease EPS in the liquid medium during 
284 growth which forms complex with Ni„C• and IVIo and may be employed for biore- 
285 mediation of marine ecosystem (Beech andCheung 1995). It has been demonstrated 
286 that heavy metal resistant, deep' sea 'hydrothermal vent bacterial species also 
287 produce EPS with capacity toibind metals and other toxic substances (Loaec et al. 
288 	1998; Wuertz, et al. 2000)."EPS produced by Antarctic bacterial isolate contained 
289 uronic acid and sulphate which may act as carrier of heavy metals in southern ocean 
290 environments (Mancuso, ei, al. 2005). In marine Pseudomonas aeruginosa CH07 
291 Lead was entrapped in OS indicating it as a possible resistance mechanism 
292 (De et al. 2007)(Pig 29.1) Accumulation of hexavalent chromium by an exopoly- , 
293 saccharide producing 'marine Enterobacter cloacae which is not only resistant to 
294 chromium but also showed enhanced growth and exopolysaccharide production in 
295 the presence of 25, 50 and 100 ppm Cr (VI) (Iyer et al. 2004). 
296 	Surfactants and emulsifiers comprise a unique class of molecules that are distin- 
297 guished by their capacity to interface between water-soluble and oil phases. This 
298 amphipathic quality is conferred by the presence of both polar and non-polar moi- 
299 eties, endowing these molecules with a hydrophilic-hydrophobic nature. Marine 
300 microorganisms produce low and high molecular weight biosurfactants. The low 
301 	molecular weight biosurfactants include glycolipids viz. trehalose tetraesters, dico- 
302 rynomycolates, fructose lipids, sophorolipids and rhamnolipids and lipopeptides 
303 which include surfactin and viscosin. Preferred use of biosurfactants for bioreme- 
304 diation of heavy metals over chemical surfactants and emulsifiers is due to their 
305 lower toxicity, better environmental compatibility and economic viability. Among 
306 the various bioactive compounds, biosurfactants (BS)/bioemulsifiers (BE) are 
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a 

Fig. 29.1 Removal of Pb from Sea water nutrient broth (SWNB) amended with 50 mg/I Pb. 
a) SEM picture of the EPS-entrapped Pb (black arrow). b) The signal reflected from Pb as revealed 
by EDS. Results shown here are for the mercury-resistant marine Pseudomonas strain CH07. 
(Courtesy of De Jaysankar, in Microbes and Environment 22(4):336-345, 2007) 

attracting major interest and attention due to their structural and functional diversity. 307 
Marine microorganisms such as Acinetobacter sp., Arthrobacter sp., Pseudomonas 308 

Sp., Halomonas sp., Myroides sp., Corynebacteria sp., Bacillus sp., Alteromonas sp. 300 
have been studied for production of BS/BE and exopolysaccharides (Satpute 310 
et al. 2010). Hexavalent chromium reduction and trivalent chromium tolerance of 311 
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312 marine Bacillus sp. MTCC 5514 is known to be mediated by its extracellular 
313 enzyme, chromate reductase and its biosurfactant (Gnanamani et al. 2010). An 
314 excellent alternative for enhanced metal bioremediation is the use of microbial 
315 biomolecules such as microbial surfactants and extracellular polymers which would 
316 increase the efficiency of metal reduction/sequestration by microorganisms to 
317 achieve field bioremediation of metal contaminated sites (Singh and Cameotra 
318 2004). It is interesting to note that these biomolecules exhibit dual advantage in 
319 bioremediation of sites contaminated with metals and organic compounds since 
320 microorganisms have capability to utilize organic compounds such as hydrocarbons 
321 as carbon source and simultaneous sequestration of heavy metals. 

322 29.5.3 ATPase Mediated Efflux 

323 In order to maintain heavy metal homeostasis, intracellular‘cOricentration of toxic 
324 heavy metal ions has to be tightly controlled. Soft , metal-transporting P-type 
325 ATPases are group of proteins involved in transport of heavy metals across the bio- 
326 logical membranes and thus responsible for bacteri 'al heavy metal resistance. ATPase 
327 mediated efflux pump prevents over accumulatiOn of rietals inside the bacterial 
328 cells by effluxing excessive heavy metals outside 'thetells. The best examples of 
329 Zn(II)/Cd(II)/Pb(II)-translocating ATPges are encoded by gene, zntA from E. coli 
330 and cadA gene from S. aureus plasmid 0258„ (Silver 1999; Rensing et al. 1999). 
331 Complete operonpbrUTRABCD conferingefflux mediated lead resistance has been 
332 well studied in Ralstonia metallichiians 0434 (Borremans et al. 2001; Taghavi et al. 
333 2009).The mechanism of Zn ,fe:_4i§iance in multiple metal-resistant Pseudomonas 
334 putida strain S4 is based on inducible efflux. An ATPase in this strain mediates 
335 active extrusion of Zn+ 2,„ Which 'Occurred during the exponential phase of growth 
336 (Choudhuri and Srivastava =2001). ,, 

337 29.5.4 Biosorption 

338 Biosorption of metals is mediated by several mechanisms such as ion exchange, 
339 chelation, adsorption and diffusion through cell walls and membranes. Biosorption 
340 encompasses those physico-chemical mechanisms by which metal ions are removed 
341 from an aqueous solution. This phenomenon is often attributed to the binding of 
342 metals on to the bacterial cell surface and EPS (Fig. 29.2) (Van Hullebusch et al. 
343 2003). For example bacterial biomass was produced by culturing polysaccharide- 
344 producing marine Bacillus circulans in liquid medium containing glucose as carbon 
345 source and biomass was used to remove copper and cadmium ions from aqueous 
346 solutions through biosorption. A biomass of 1.48-1.52g dry weight/1 was found to [AU2J 

347 remove 80% of copper and 44% of cadmium from solutions containing 495 ppm 
348 copper and 492 ppm cadmium respectively (Sahoo et al. 1992). Heavy metal chelation 
349 property of exopolysaccharide produced by Enterobacter cloacae, a marine 
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Fig. 29.2 Schematic representation of the interaction between' metals and biofilm. 1: Metal 
biosorption by EPS; 2: Reductive precipitation of imetal by-enzymatic transformation; 3: 3-1: 
Metal precipitation as sulfide and phosphate; 3=2 Me0 precipitation as biogenic oxide (iron and 
manganese) and metal adsorption on biogenic oXides. (Courtesy of Lens et al. 2003 ; Environ. Sci. 
Bio/Technol. 2: 9-33) 

bacterium, isolated from the ,VVest,,,Coast of India has already been reported. The 350 

exopolysaccharide demonorated, excellent chelating properties with respect to cad- 351 

mium (i.e. 65%) followed ‘by copper (20%) and cobalt (8%) at 100 mg/1 level of 352 

respective heavy metal (Iyeret -al. 2005). Mn(II)-oxidizing spores of marine Bacillus 353 
sp. strain SG-1 rutty be .uged successfully for bioremediation of Mn due to their 354 

inherent physically tough nature, unique metal binding capacity and oxidative 355 

precipitation (Francis and Tebo 1999). Photosynthetic bacterium, Rhodohacter 356 

sphaeroides S and another marine photosynthetic bacterium Rhodovulum sp. PS88 357 

in a hatch culture were capable of significant cadmium removal in the presence of 358 

30 g/1 Sodium chloride and divalent cations Mg' and Ca" (Watanabe et al. 2003). 359 

29.5.5 Bioprecipitation as Phosphates and Sulphides 360 

Marine bacteria immobilise toxic metals through bioprecipitation as phosphates and 361 
sulphides and protect bacterial cells from toxic effects of metals. Three pleiotropic, 362 
quorum sensing-defective Vibrio harveyi mutants were observed to precipitate soluble 363 

Pb+2  as an insoluble compound. The compound was purified and subjected to X-ray 364 
diffraction and elemental analyses. These assays identified the precipitated compound 365 
as Pb9(PO4)6, an unusual and complex lead phosphate salt that is produced synthetically 366 
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Fig. 29.3 Plates used for the enumeration of metalloid-resistant or - reducing bacteria irrbacterial-
film-like formations taken from the Melarie Summit site, Main Endeavor Field. (A) Metalloid-free 
control plate; (B and C) Plates containing 100 1.,ig Na2Se03 per ml and 100 [ig Krte03 Per ml, 
respectively. The red-orange color of colonies (B) is due to the accumulation of elementa),Se, and 
the black color (C) is due to the accumulation of elemental Te. (Courtesy of 'Yurkov; 
Appl. Environ. Microbiol. 68(9):4612-4622, 2002) 	 , 

,  
367 at 200°C (Mire et al. 2004). Sulphate reducing bacteria\ (S/RBs) are anaerobic het- 
368 erotrophic bacteria in marine environment which < also P\reCipitate heavy metals as 
369 insoluble metal sulphides e.g. ZnS, PbS, CdS and CUS ,(Chainberlain et al. 1988). A 
370 fluorescent Pseudomonas strain CW-96-I isolated from' deep-seavent sample under 
371 aerobic conditions tolerated cadmium up to 5"-niM- arid Cadmium was removed by 
372 precipitation on the cell wall as cadmium' sulOICIelWang et al. 1997, 2002). 

373 29.5.6 Redox Reactions. and Volatilization 

374 Certain heavy metals viz. Cr,Mo,'Se, U, Tc and Au can be immobilised by bacteria 
375 following enzymatic reduction of these metals into an insoluble lower redox state. 
376 Under oxidizing conditions; they occur as highly soluble and mobile ions, however, 
377 under reducing conditions they usually form insoluble phases (Van Hullebusch et al. 
378 2003).Variods marine mercury resistant bacterial isolates detoxify toxic mercury 
379 through 'redUctive volatalization of mercury. Hg÷ 2  gets reduced to elemental 
380 mercury (He) through catalytic activity of mercuric reductase.enzyme encoded by 
381 merA gene (De et al. 2007, 2008). Various species of bacteria reduce selenite to 
382 elemental selenium which is insoluble and nontoxic thus eliminate its toxic charac- 
383 	teristics. Tellurite- and selenite-reducing bacterial strains were isolated in high 
384 numbers from ocean water near hydrothermal vents, bacterial films, and sulfide-rich 
385 rocks. Growth of these isolates in media containing K 2Te03  or Na2Se03  resulted in 
386 the accumulation of metallic tellurium or selenium (Figs. 29.3 and 29.4) (Rathgeber 
387 et al. 2002). Copper and nickel tolerant marine sulphate reducing bacteria (SRBs) 
388 were isolated from 90/10 copper-nickel alloy and were shown to attach and grow on 
389 this alloy. Using energy dispersive X-ray analysis, X-ray photoelectron spec- 
390 troscopy and electrochemical polarization analyses it was confirmed that intra- 
391 cellularly immobilized metal sulphides produced resemble with synthetic sulphides 
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Fig. 29.4,E19ctron microscopy of ultrathin sections (A) Strain Se-1-2-red grown in metalloid-free 
medium;' (B and C) intracellular localizations of Se (B) and Te (C), as reduction products of 
selenite and tellurite, in strains Se-1-2-red (48-h-old culture) and Te-1-1 (72-h-old culture), respec-
tively; (D) granules of Se released from cells of Se-1-2-red (48-h-old culture). Bars: 0.5 Itm. 
(Courtesy of Vladimir Yurkov; Appl. Environ. Microbiol. 68(9):4612-4622, 2002) 

(Chamberlain et al. 1988). A deep sea sedimentary manganese-oxidizing bacterium, 392 

Brachybacterium sp. strain Mn 32, showed high Mn(II) resistance (MIC 55 mM) 393 

and Mn(II)-oxidizing/removing abilities. This bacterial strain removed Mn (II) 394 

employing a simple pathway involving oxidation of soluble Mn (II) to insoluble 395 

biogenic Mn oxides (Fig. 29.5) (Wang et al. 2009). 396 



(Author's Proof)  
M.M. Naik et al. 

Fig. 293 SEM images of (a) cells of BrachybaGterium,sp.,Strain Mn32 (after 9 days of cultivation 
in liquid A medium without MnC12); (b) biogenic Mn oxides produced on the cell surface of strain 
Mn32 (9 days of cultivation with 0.2 M MnC12 in liquid A medium); (c) commercial MnO,; (d) fresh 
synthetic MnO2 (Courtesy of Wang et aL;'Microbi fOlogy 155:1989-1996, 2009) 

397 29.5.7 Metal Resistance Conferring Bacterial Genes 
398 	 and Their Significance in Metal Bioremediation 

399 Bacterial metallothionein genes bmtA from Anabaena PCC 7120, Pseudomonas 
400 aeruginosa.and )'seudomonas putida encoding metallothionein that bind multiple 
401 	zinc and copperions with high affinity have already been cloned. Thiol modifica- 
402 tioAlemongfrates that cystein coordinates zinc in all these proteins and participates 
403 primAyiti,Metal homeostasis. Bacterial isolates with this specific protein accumu- 
404 late very high intracellular levels of metals without any deleterious effects on cell 
405 physiology and metabolism. This unique property of hyper-metal accumulating 
406 bacterial isolates can be employed in heavy metal bioremediation (Blindauer et al. 
407 2002). Two copper-inducible supernatant proteins having molecular masses of 21 
408 and 19 kDa (CuBPI and CuBP2) were identified in marine bacterium, Vibrio algi- 
409 nolyticus and these proteins were 25-46 times amplified in supernatants of copper- 
410 challenged cultures as compared with controls, which help in metal accumulation 
411 and therefore homeostasis of metals (Harwood-Sears and Gordon 1990). 
412 	Volatilisation of mercury by reducing Hg+ 2  to highly volatile elemental mercury, 
413 He is mediated by the enzyme mercuric reductase encoded by the gene merA which 
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is a Hg detoxification mechanism employed by marine bacteria viz. Alcaligenes 414 

faecalis, Bacillus pumilus, Pseudomonas aeruginosa and Bacillus iodinium 415 

(De et al. 2008). Similarly mer B gene in marine bacteria encodes organomercurial 416 

lyase which is responsible for break down of organomercurial compounds causing 417 

cancer. Marine bacteria possessing this gene can be used to detoxify marine waters 418 

contaminated with organomercurials by using bioremediation technology. 419 

Bacterial plasmids possess genetic determinants encoding resistance to several 420 

toxic metal ions viz. Ag+ 2, As02, As043 , Cd+2, Co+2, Cr042 , Cu+2, Hg+2, Ni+2 , Pb+2 , 421 

Sb+3, Te03-2, Tl+ and Zn+2  (Silver 1999). The function•of most resistance systems is 422 

based on the energy dependent efflux of toxic ions. Efflux systems are ATPases and 423 

others are chemiosmotic cation/proton pumps e.g. czc system conferring resistance 424 

to Cd+2, Zn+2  and Co+2. Some arsenate resistant bacterial isolates posses,s ,ars,Operon 425 

including arsC gene encoding arsenate reductase enzyme which reduce arsenate 426 

(As+5) to arsenite (As+ 3) and arsA gene encoding ATPase enzyme wliieWeffInx toxic 427 

arsenite to the cell exterior in order to maintain metal homeostasis(Silver 1999). 428 

ATPase based efflux pumps prevent over accumulationAirto 4Xic,Metais inside the 429 
,/ bacterial cells by effluxing excessive heavy metals outside' the dells. For instance 430 

Zn(II)/Cd(II)/Pb(II)-translocating ATPases are encoded by,p1tA in E. coli and cadA 431 

of S. aureus plasmid p1258 confers cadmium efflux 'mediated by cadmium ATPase 432 

(Silver 1999; Rensing et al. 1999). 433 

29.5.8 Genetic Engineering of Marine Bacteria 	 434 

for Bioremediation-of Metals 	 435 

Significant developments in thefield of molecular biology, microbiology, microbial 436 

biochemistry, biotechnology and genetics resulted in successful development of 437 

genetically engineered' microbes for bioremediation of toxic metals. A number of 438 

genetic engineering approaches have been developed recently which proved useful in 439 

introducing the desirectraits in bioremediating marine bacteria for designing microbes 440 

with novel remedial properties (Chen et al. 1999; Pieper and Reneke 2000). 441 

Insertion of ,metallothionein encoding bmtA gene into a suitable expression 442 

vector. and its transformation in a marine bacteria is already accomplished. These 443 

genetically modified marine bacteria expressing extremely high amount of metal- 444 

lothionein can be employed to bioremediate marine sites highly contaminated with 445 

heavy metals. These hyper-metal accumulating bacteria maintain metal homeostasis 446 

by reducing metal bioavailability. Expression of metallothioneins on the cell surface 447 

by fusion with cell surface proteins improves the bioaccumulation capacity of bacteria 448 

(Chen et al. 1999). 449 

Marine bacterial isolates with natural plasmids have been well characterized 450 

which possess merA gene responsible for reduction of Hg+ 2  to elemental Hg" 451 

which is volatile and non toxic. This plasmid can also be transformed in marine 452 

bacteria or merA gene can be cloned into marine bacteria using standard genetic 453 

engineering techniques. These genetically engineered bacteria can be employed to 454 



(Author's Proof)  
M.M. Naik et al. 

455 detoxify mercury contaminated marine sites. Introducing genes responsible for 
456 resistance to multiple heavy metals into a marine bacterium makes it resistant to mul- 
457 tiple heavy metals and may be used to bioremediate sites contaminated with multiple 
458 heavy metals. 
459 	Marine bacteria can be genetically engineered to express high amount of metal 
460 binding groups viz. carboxyl, hydroxyl, sulphate, phosphoric, amine for biosorption 
461 of high amount of toxic metals either on cell surface or microbial products such as 
462 EPS and biosurfactants. Modification of bacterial isolates which can over produce 
463 EPS and biosurfactants may be a good strategy for bioremediation of significant 
464 amount of heavy metals. Microbial enzymes can be modified to increase their kinet- 
465 ics to reductively precipitate heavy metal ions or increase efficiency of enzyme to 
466 effectively detoxify metals such as mercury. 

-;\ 

467 29.6 Metal Bioremediation Technologies Based on Marine 
468 	 Bacteria and Future Prospects 

469 Natural marine bacterial isolates have got surpringly tremendous potential to 
470 tolerate, sequester and remove toxic metal pollutants rom ambient environment. 
471 	Therefore, it is imperative and highly desirab (16 to charaCterize such marine bacterial 
472 isolates with reference to their biocheniical and genetic mechanism of resistance 
473 against heavy metals. Highlighting the- fundamental mechanism of resistance in 
474 marine bacteria would prove useful in designing bioremediation sites polluted with 
475 toxic metals. The combination of geitetiC'engineering of bacterial catalysts with 
476 judicious eco-engineering offpolluted sites will be of paramount importance in 
477 future bioremediation strategies. Valuable properties already present in certain 
478 strains can be combined -or improved through state-of-the-art genetic engineering 
479 tools. In future, expression of metallothioneins (MTs) on the surface of environ- 
480 mentally robust organisms such as marine Pseudomonas ae•uginosa could prove to 
481 be a very promising ,strategy. Application of genetically engineered microorganisms 
482 (GEMs)-in btOremediation has received a great deal of attention but has largely been 
483 confined laboratory environment. Their practical impact and delivery under field 
484 conditions need to be studied. GEMs can also be employed to develop bioreporter 
485 sensors for biomonitoring sudden changes in the level of marine metal pollutants 
486 released due to several anthropogenic activities and natural geochemical cycling. 
487 However, ecological and environmental concerns and regulatory constrains are 
488 major obstacles for testing GEMs in the field. Legislations and biosafety norms 
489 should be strictly adhered to in this regard before employing these bacteria in metal 
490 bioremediation under field conditions. Since release of GEMs is banned worldwide 
491 	their release to the environment will not be possible. Therefore, only alternative for 
492 metal remediation remains to be under controlled laboratory conditions. 
493 	An excellent option for enhanced bioremediation of metal contaminated sites is 
494 use of microbial products viz. surfactants, emulsifiers and extracellular polymers 
495 which would increase the efficiency of metal reducing/sequestering organisms for 



(Author's Proof)  
29 Bioremediation of Metals Mediated by Marine Bacteria 

field bioremediation. Sustainable and ecofriendly biotechnologies should be used in 496 

future for bioremediation and environmental impact assessment (EIA) should be 497 

performed prior to introducing metal resistant, marine GEMs in fields for bioreme- 498 

diation of toxic metals. 499 
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A pathogenic Aeromonas hydrophila strain An4 was isolated from marine catfish and characterized with reference to its proteolytic 
and hemolytic activity along with SDS-PAGE profile (sodium dodecyl sulphate-Polyacrylamide gel electrophoresis) of ECPs 
(extracellular proteins) showing hemolysin (approximately 50 kDa). Agar well diffusion assay using crude cell extract of the 
bacterial isolate clearly demonstrated antibacterial activity against indicator pathogenic bacteria, Staphylococcus arlettae strain Anl, 
Acinetobacter sp. strain Ant, Vibrio parahaemolyticus strain An3, and Alterotnonas aurentia SE3 showing inhibitory zone >10 min 
well comparable to common antibiotics. Further GC-MS analysis of crude cell extract revealed several metabolites, namely, 
phenolics,. pyrrolo-pyrazines, pyrrolo-pyridine, and butylated hydroxytoluene (well-known antimicrobials). Characterization 
of EPS using FT1R indicated presence of several protein-related amine and amide groups along with peaks corresponding to 
carboxylic and phenyl rings which may be attributed to its virulent and antibacterial properties, respectively. Besides hemolysin, 
EPS, and protease, Aeromonas hydrophila strain An4 also produced several antibacterial metabolites. 

1. Introduction 

Aeromonas infections are one of the most common bacterial 
diseases diagnosed in marine and cultured freshwater fish. 
Aeromonas hydrophila is found in diverse habitats, including 
soil, water, and is pathogenic to warm and cold-blooded 
animals [I]. Aquatic environment along with seafood 
is thus important potential source for the transmission 
of Aeromonas hydrophila resulting in human infections. 
Aeromonas spp. have been involved in wound infections, 
sepsis, outbreaks of water, and food-borne gastroenteritis 
[2]. Virulence in Aeromonas hydrophila is multifactorial 
which consists of aerolysins, hemolysins, enterotoxins, and 
proteolytic enzymes which play significant role in pathogen-
esis. 

EPS, (exopolysaccharides) also play very important role 
in the interaction between bacteria and their environment 
as they are organic molecules formed by polymerization 
of organic fractions, carbohydrates, proteins, and humic  

substances [3]. In recent years there has been a growing 
interest in the isolation and characterization of micro-
bial EPS owing to their importance in adhesion, nutrient 
sequestration, chelation of heavy metals, detoxification of 
toxic compounds and protection against osmotic shock [4]. 
Despite their importance, very few studies have been done 
on chemical characterization of EPS produced by Aeromonas 
hydrophila. 

Over 120 of modern drugs have been isolated from 
terrestrial microorganisms, which includes important antibi-
otics and other drugs [5]. Although the ocean covers 
more than 70% of the earth's surface, microbial bioactive 
compounds of marine origin have been largely unexplored 
[6]. Marine environment is a special niche for many unique 
microorganisms, which produce bioactive compounds to 
adapt to particular environmental conditions [7]. There is an 
increasing demand of therapeutic drugs from diverse natural 
resources. Earlier studies focused on terrestrial plants and 
microbes proved extremely fruitful, yielding many organic 
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Identification and action of several antibacterial metabolites produced by a fish pathogen Vibrio 
parahaemolyticus strain An3 from marine ecosystem of Goa has been demonstrated. Antibacterial 
activity of the crude cell extract of the test bacterium has been evaluated against indicator pathogenic 
bacterial strains such as Acinetobacter sp. An2, Aeromonas hydrophila strain An4, Staphylococcus 
arlettae strain An1 and Alteromonas aurentia strain SE3 by agar well diffusion method which clearly 
demonstrated comparatively more significant inhibitory effect on indicator bacteria as compared to 
several commonly used antibiotics. Gas chromatography mass spectrometry (GC-MS) analysis of crude 
cell extract of the test organism interestingly revealed presence of indole, phenyl acetic acid, n-(3- 
methyl-1, 2, 4-oxadiazol-5-yl) - 1- pyrrolidine carboximidamide, pyrrolopyrazines, tetramethyl pyrazine 
and other important phenolic compounds which may be responsible for antibacterial activity against 
indicator microorganisms tested. It has been clearly demonstrated that V. parahaemolyticus strain An3 
produced several medically important organic metabolites during cultivation suggesting it as a 
potential candidate for production of several antibacterial metabolites to control pathogenic bacterial 
strains causing serious fish and human diseases. 

Key words: Antibacterial, gas chromatography mass spectrometry, metabolites, pathogenic bacteria, well 
diffusion. 

INTRODUCTION 

There is an increasing demand of therapeutic drugs from 
diverse natural resources. After many years of extensive 
research, the importance of terrestrial bacteria as source 
of valuable bioactive compounds has been very well 
established and exploited. As a result, the ocean and 
metabolites of marine organisms including associated 
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Abbreviations: GC-MS, Gas chromatography mass 
spectrometry; PCR , polymerase chain reaction; SYEP, sea 
water based yeast extract peptone agar; TCBS, thiosulfate 
citrate bile salts sucrose; TSI, triple sugar iron; ONPG, o-
nitrophenyl - 13-d -galactopyranoside; VP, Voges -Proskauer; 
BLAST, basic local alignment search tool. 

microorganisms have now become the main focus of 
drug discovery research (Finical, 1993).These studies are 
concerned with bacteria and fungi isolated from sea 
water, sediments, invertebrates and fish (Kelecom, 2002). 
Bacteria occurring in aquatic ecosystems may have the 
ability to inhibit the growth of other microorganisms by 
producing antimicrobial substances such as antibiotics 
and bacteriocins. Their inhibitory mechanisms include: (i) 
Production of antibiotics, bacteriocins, siderophores, 
lysozymes, and proteases and (ii) alteration of pH through 
production of organic acids (Jorquera et al., 1999). 

Vibrio spp. are common inhabitants of aquatic environ-
ment and are found free living as well as associated with 
various marine organisms such as squids, shrimps, 
corals, fish, molluscs, seagrasses and sponges. Some 
species are found as symbionts in specialized luminous 
organs of marine fish and invertebrates, whereas a number 
of other species are well-known pathogens of humans or 
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This study presents antibacterial activity of several organic metabolites produced by a fish pathogen, Acinetobacter sp. 
strain An 2, from marine ecosystem of Goa. Cell extract demonstrated stronger inhibitory effects on Gram negative bacteria as 
compared to common antibiotics. GC-MS analysis of crude cell extract revealed presence of potential antimicrobials (butylated 
hydroxytoluene, phenol, pyrrolo-phenol, benzo-quinone, pyrrolo-pyrazine, phthalic acid butyl octyl ester and penta-fluoro-
propion ic acid hepta-decyl ester). FTIR analysis of its exopolysaccharide (EPS) revealed presence of amine, amide, carboxylic and 
phenyl groups. Therefore, this strain can be exploited as a potential candidate for several antibacterial drugs to combat bacterial 
pathogens causing serious fish and human diseases. 

Keywords: Acinetobacter sp., Antibacterial activity, Crude cell extract, EPS, Indicator 

Introduction 
Although ocean covers more than 70% of earth's 

surface, microbial bioactive compounds of marine origin 
have been largely unexplored'. Marine microorganisms 
produce biologically active compounds to adapt to 
particular environmental condition 2 ". Earlier studies 
reported5-7  many organic biologically useful compounds 
including anticancer drugs and potential contribution of 
marine organisms including bacteria to the discovery of 
novel bioactive molecules. Several bacteria present in 
aquatic ecosystems inhibit growth of other 
microorganisms by producing antimicrobial substances 
(antibiotics and bacteriocins). Other inhibitors include 
siderophores, lysozymes, proteases, and organic acids'. 
Several biologically active substances, isolated from 
marine bacteria (Pseudomonas, Yersinia, Aeromonas, 
Brevibacterium, Bacillus, and Alteromonas), have 
demonstrated antibacterial act iv ity 6,9-  ' . Endophytic 
(Acinetobacter baumannii) secrete an antifungal 
compound, which inhibit growth of some fungal plant 
pathogens 14 . Microbial exopolysaccharide (EPS) plays 
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an important role in interaction between bacteria and 
their environment' 5  and is reported useful in adhesion, 
nutrient aquisition, heavy metal sequestration, 
detoxification of toxic compounds and protection against 
osmotic shock' 6 . 

This study presents isolation of a fish pathogenic 
strain of Acinetobacter, which inhibits growth of three 
Gram negative pathogenic indicator bacterial isolates 
(Vibrio parahaemolyticus strain An 3 Aeromonas 
hydrophila strain An 4 and Alteromonas aurentia strain 
SE 3). This study also demonstrated its antibacterial 
activity by agar well diffusion assay and detected 
antibacterial organic metabolites in crude cell extract 
(CCE) by GC-MS and in EPS by FTIR. 

Experimental Section 
Bacterial Strain 
Isolation and Screening of Marine Bacteria 

Marine fishes with visible hemorrhagic symptoms 
and lesions on their body were screened from Goa, and 
infected body parts (mouth, fins and gills) were washed 
with sterile deionized double distilled water and swabbed 
with sterile cotton wool. A suspension of swab was 
prepared in saline and used for isolation of pathogenic 
bacteria on nutrient agar plates by serial dilutions. Discrete 
colonies were picked up for further characterization. 
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