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1.1 Introduction

Heavy metals are commonly defined as metals having a specific density of more than
5 g/cm?®. The main threats to human health from heavy metals are associated with exposure to
lead, cadmium and mercury (J&rup, 2003). Heavy metals that are released into the environment
through anthropogenic and industrial activities tend to persist indefinitely, circulating and
ultimately accumulating throughout the food chain, thus posing a serious threat to the

environment, animals and humans (Volesky and Holan, 1995).

Lead continues to be a significant public health hazard in developing countries. The
environmental exposure to lead is associated with air, water as well as soil. The workers get
exposed to lead in several occupations viz. motor vehicle assembly, panel beating, battery
manufacturing, soldering, lead mining, smelting, lead alloy production, glass, plastic, printing,
ceramics and paint industries (Tong et al., 2000). Exposure to lead may result in acute or
chronic lead poisoning usually manifested as headache, irritability, abdominal pain, anaemia
and other symptoms related to nervous system. Lead encephalopathy is characterized by
sleeplessness and restlessness. Long-term lead exposure may also give rise to kidney damage

(Landrigan, 1990, 1991).

The entry of lead ions into bacterial cell takes place through common regulatory
systems prevalent for various divalent cations or oxyanions since the transmembrane proteins
are unable to distinguish them from other cations viz. Fe?*, Mg?*, Mn?* (Nies, 1999). Bacteria
have developed and evolved two kinds of resistance mechanisms to block the passive entry of

heavy metals inside the cells :

(1) fast, non-specific and proton-motive force based mechanism
(i) more specific, metal-inducible mechanism usually driven by ATP hydrolysis

(Gadd, 1990).
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Some prokaryotes possess multiple and even redundant metal resistance systems (Ji and
Silver, 1995). Generally, the genes induced by lead encode resistance proteins such as metal-
specific efflux pumps, membrane-bound transporters, metal reductases, cytoplasmic or
periplasmic metal transport proteins, or metal-sequestering proteins. Bacteria with the ability
to modify, extrude out or sequester lead may provide an important and valuable biological tool
for removal of toxic lead from lead contaminated terrestrial as well as aquatic environmental

sites (Gummersheimer and Giblin, 2003).

1.2 Review of Literature

1.2.1 Lead pollution in the environment

Lead (Pb) is naturally found as the most abundant trace metal in Earth’s crust with
average concentration of 13 pg g (Patel et al., 2006). It is a ubiquitous metal that has been
used by the human race since prehistoric times. It is used extensively by various industries due
to its unique characteristics viz. high malleability, ductility, softness, poor conductivity, low
melting point and corrosion resistance (Flora et al., 2012; Wani and Usmani 2015). Romans
extensively used lead in manufacturing water pipes and earthenware containers for wines
(Tong et al., 2000; Riva et al., 2012). It tends to persist in the environment therefore, it is a
serious global health hazard and has also been listed as a priority pollutant (Sparks, 2005; Gillis
et al., 2012). Lead has been identified as 1 of 10 chemicals of major public health concern by
the World Health Organisation (WHO). Lead pollution can be defined as the excessive use of

lead containing materials that results in toxic emissions of lead.

1.2.2 Sources of lead contamination

Lead contamination can result from both geogenic and anthropogenic activities (Park

et al.,, 2011a). However, geogenic processes Vviz. volcanic emission, soil erosion or Pb
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mobilization from various minerals are minor contributors to environmental Pb pollution
(Gadd, 2010; Jaroslawiecka and Piotrowska-Seget, 2014). Major fraction of the environmental
lead comes from anthropogenic activities viz. mining, coal combustion, lead smelting,
gasoline, motor vehicle assembly, pottery, production of lead-acid batteries, lead arsenate
insecticides, manufacturing of glazed ceramics, paints, pigments, stained glass, toys, water
pipes, printing, ammunition, jewellery and certain cosmetics (Tong et al., 2000; Wani and
Usmani, 2015). Lead exposure is a leading cause of occupational health hazards. Table 1.1

enlists specific industrial operations where workers are commonly exposed to high levels of

lead.
Table 1.1 Occupations posing health hazards in workers due to lead exposure.
(Hernberg, 1973)
Industrial Operations causing occupational lead exposure to
workers
Primary and secondary lead smelting Lead mining
Welding and cutting of lead-painted metal Plumbing
constructions
Welding of galvanized or zinc silicate Cable making

coated sheets, other welding activities

Ship breaking Wire patenting
Non-ferrous founding Lead casting
Battery manufacture: pasting, assembling, Type founding in printing shops

welding of battery connectors

Production of lead paints Glass making
Spray painting Assembling of cars
Mixing (by hand) of lead stabilizers into Shot making
polyvinyl chloride
Mixing (by hand) of crystal glass mass Lead glass blowing
Sanding or scraping of lead paint Repair of automobile radiators
Burning of lead in enamelling workshops Pottery
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1.2.3 Toxicology of lead

1.2.3.1 Lead exposure
Lead continues to be a significant public health hazard in developing countries.
Environmental exposure to lead is associated with multiple sources viz. petrol, industrial
processes, paint, solder in canned foods, water pipes and pathways viz. air, household dust,
street dirt, soil, water and food (Fig. 1.1). Lead enters the human body mainly through

following routes:

a) Ingestion of food, water or dust contaminated with lead due to use of leaded pipes
or storage in lead-glazed or lead-soldered containers.

b) Inhalation of particulate lead resulting from combustion of lead containing materials or
during smelting, battery recycling, leaded aviation fuel or gasoline or stripped paint.

c) Application of cosmetics or use of medicines containing lead

Young children are more vulnerable to the toxic effects of lead because their body can
absorb higher amount of lead and their organ systems particularly, nervous system is more
sensitive in comparison to adults. As per the guidelines of United States Center for Disease
Control and Prevention (CDC) and American Pediatric Association (APA) blood level > 10
ug/dL is considered to be of concern for children as well as young women. Occupational lead
exposure is considered safe if blood lead level (BLL) doesn’t exceed 30 pg/dL (Patrick, 2006).
WHO and the United Nations Environment Programme (UNEP) have jointly taken up an
initiative which is referred toas “The Global Alliance to Eliminate Lead Paint” in order to
prevent children from lead exposure and simultaneously abate occupational lead exposure
(http://lwww.who.int). The International Agency for Research on Cancer (IARC) has classified
lead as a “probable human carcinogen” (Rousseau et al., 2005). The United States -
Environmental Protection Agency (US-EPA) has established a regulation, “Lead and Copper

Rule” so that the concentration of lead in drinking water does not exceed beyond 15 ppb.
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Fig. 1.1 Illustration of lead exposure and its adverse effects on human health.

(Wani and Usmani, 2015)

1.2.3.2 Health hazards of lead
Ingestion or inhalation of lead results in its distribution to various vital organs of
the body viz. brain, liver, bones and kidney. It gets accumulated in bones as well as teeth over
time. During pregnancy, this lead gets remobilized into the blood stream by resorption and
diffusion. This poses risk of exposure to the foetus since lead can cross the placental barrier
(Cory-Slechta, 1996). Moreover, children suffering from malnutrition are more vulnerable to
lead exposure as their bodies tend to absorb more lead in absence of other nutrients such as

calcium. Toxic effects of lead on various organ systems are as follows:
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1.2.3.2.1 Nervous system
The main target of lead toxicity is brain, affecting both peripheral and central
nervous systems (Cory-Slechta,1996). Children suffer from hyperactivity, irritability,
headache, attention deficit disorders, reduction in intelligence quotient, antisocial behaviour,
hearing loss, short-term memory and delayed growth (Lanphear et al., 2005; Patrick, 2006;
Gillis et al.,, 2012). Lead toxicity can cause severe manifestations viz. encephalopathy,

convulsions, lack of coordination, paralysis, coma and even death (Cleveland et al., 2008).

1.2.3.2.2 Renal system
Lead nephropathy is manifested as glomerular sclerosis, proximal tubular damage and
interstitial fibrosis. However, chronic nephropathy is characterised by tubulointerstitial and

glomerular changes leading to renal breakdown and hyperuricemia (Patrick, 2006).

1.2.3.2.3 Haematopoietic system
Lead restrains the synthesis of haemoglobin by inhibiting the key enzymes of heme
synthesis resulting in anaemia. Moreover, it shortens the life span of the circulating

erythrocytes by making the cell membranes more fragile (Flora et al., 2012).

1.2.3.2.4 Reproductive system
Lead exerts negative impact on the reproductive systems of men as well as women.
In case of men, lead exposure results in reduced spermatogenesis (sperm count and motility),
infertility, changes in prostate function and testosterone levels along with a decreased libido.
On the other hand, women suffer from increase in rate of still-births, miscarriages, abortions

and reduced fertility (Patrick, 2006; Flora et al., 2012).
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1.2.3.2.5 Cardiovascular system
Acute and chronic lead poisoning may show potentially lethal manifestations in the
form of hypertension, ischemic coronary heart disease and other cardiovascular diseases

(Navas-Acien et al., 2007).

1.2.3.3 Mechanism of lead toxicity

Lead toxicity occurs as a result of inhibition of enzyme activity, modifications in the
conformation of nucleic acids and proteins, disruption of oxidative phosphorylation and
membrane functions as well as variations in the osmotic balance (Jaroslawiecka and
Piotrowska-Seget, 2014). The development of opiate system is also adversely affected by lead.
Moreover lead, being a divalent cation shows strong binding with the sulfhydryl groups of
proteins. It also interferes with the neuronal signalling by mimicking calcium ions. It prevents
the entry of calcium into cells and causes distortion of mitochondrial cristae thereby inhibiting
the respiration process (Needleman, 2004). In the presence of lead, there is generation of
reactive oxygen species (ROS) while there is depletion of the antioxidant reserves (Flora et al.,

2007; 2012). Table 1.2 clearly depicts the two different forms of lead poisoning.

Table 1.2 Different forms of lead poisoning (Flora et al., 2012).

S.N. Types of lead Exposure Lead levels | Clinical symptoms
poisoning (ng/dL)
1. Acute poisoning Intense exposure of 100-120 Muscle pain, fatigue,
short duration abdominal pain,

headache, vomiting,

seizures and coma

2. Chronic poisoning | Repeated low-level 40-60 Persistent vomiting,
exposure over a encephalopathy,
prolonged period lethargy, delirium,

convulsions and coma
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1.2.4 Lead resistance in bacteria

1.2.4.1 Overview

Lead is not required for any biological function in bacteria and is toxic even at minute
concentrations but it enters the cells by various pathways meant for uptake of other essential
divalent metal ions viz. Zn and Mn (Bruins et al., 2000). In spite of its toxicity, certain lead
resistant microorganisms specially, bacteria have been isolated from either lead contaminated
wastes (soil, water) or from the plants growing in those contaminated areas. Among these,
Bacillus megaterium, B. cereus, Pseudomonas putida, P. marginalis, P. vesicularis, P.
aeruginosa, Aeromonas caviae, Providencia alcalifaciens, Enterobacter cloacae, Bacillus
cereus, Vibrio harveyi, Staphylococcus aureus, Citrobacter freundii, Cupriavidus
metallidurans, Burkholderia cepacia, and Klebsiella aerogenes are known to tolerate
considerable amount of lead. They employ various resistance mechanisms such as production
of exopolymers, intracellular as well as extracellular precipitation of lead, intracellular
sequestration by metallothioneins, biotransformation of lead compounds, binding with
siderophores and efflux of lead mediated by P-type ATPases as shown in Fig. 1.2 (Levinson et
al., 1996; Levinson and Mabhler, 1998; Roane, 1999; Mire et al., 2004; Gadd, 2010, Naik and
Dubey, 2011; Naik, et al., 2012 a, b, c, d; Naik and Dubey, 2013; Shamim et al., 2013; Gupta

et al., 2014; Jaroslawiecka and Piotrowska-Seget, 2014; Kang et al., 2015; Pan et al., 2017).
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Fig. 1.2 Mechanisms of lead resistance employed by bacteria.

(Jaroslawiecka and Piotrowska-Seget, 2014)
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1.2.4.2 Exopolymeric substances and cell wall

Several bacterial strains are capable of synthesizing exopolymeric substance (EPS)
which consists of polysaccharides, proteins, nucleic acids, uronic acids and humic acids. EPS
can chelate the metal cations and reduce their bioavailability thereby alleviating the toxicity
to bacterial cells (Bruins et al., 2000). Roane (1999) had shown production of an exopolymer
by Pseudomonas marginalis as a lead resistance mechanism. There are reports of EPS
facilitated Pb binding in bacteria viz. Halomonas sp., Bacillus sp., Paenibacillus jamilae and
Pseudomonas sp. (Salehizadeh and Shojaosadati, 2003; Perez et al., 2008; Amoozegar et al.,
2012).

Bacterial cell wall also restricts the movement of lead ions into the cell as the functional
groups present on the cell wall interact with the metal ions. In case of Gram positive bacteria,
peptidoglycan, teichoic acid as well as teichuronic acid are involved in lead binding whereas
in Gram negative bacteria, lipopolysaccharide (LPS) is mainly responsible for it (Beveridge
and Fyfe, 1985). The major functional groups that participate in lead binding in Bacillus sp.
and Pseudomonas sp. include amide, sulphonamide, hydroxyl, amino, carboxyl, phosphate and

carbonyl (Cabuk et al., 2006, Gabr et al., 2008).

1.2.4.3 Precipitation of lead

Several bacteria are known to interact with lead forming insoluble complexes, thus
employing precipitation as a mechanism to reduce lead toxicity. Bacterial strains viz.
Citrobacter freundii, Vibrio harveyi and Providencia alcalifaciens 2EA are well known to
precipitate lead extracellularly as lead phosphates (Aickin and Dean, 1979; Aickin et al., 1979;
Levinson and Mabhler, 1998; Mire et al., 2004; Naik et al., 2012a). On the other hand, several
bacterial strains immobilize lead intracellularly in various forms viz. lead phosphate by

Burkholderia cepacia, Staphylococcus aureus; lead carbonate by Enterobacter cloacae; lead
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hydroxyapatite by Bacillus cereus 12-2; lead sulphide by Klebsiella aerogenes and
Rhodobacter sphaeroides (Aiking et al., 1985; Levinson et al., 1996; Levinson and Mahler,

1998; Templeton et al., 2003; Bai and Zhang, 2009; Kang et al., 2015; Chen et al., 2016).

1.2.4.4 Metallothioneins in intracellular metal sequestration

Metallothionein (MT) is a family of low molecular weight (MW range : 6-14 kDa),
cysteine rich, metal induced proteins found in both eukaryotes and prokaryotes (Kagi, 1991;
Klaassen et al., 1999; Cobbett et al., 2002; Achard-Joris et al., 2007; Atanesyan et al., 2011).
These are capable of binding both physiologically required metals viz. zinc, copper,
selenium as well as xenobiotic metals viz. cadmium, lead, mercury, silver and arsenic
through thiol groups of cysteine residues thus, facilitating detoxification of toxic heavy
metals (Hamer, 1986; Dunn et al., 1987; Cajaraville et al., 2000; Enshaei et al., 2010; Murthy
et al., 2011). The metallothionein gene, smtA was first characterized from the cyanobacterium,
Synechococcus PCC7942 whereas Pseudothionein, a histidine containing cadmium binding
protein was isolated and characterized from Pseudomonas putida (Huckle et al., 1993; Ji and
Silver, 1995; Blindauer, 2011). Presence of smtA gene that encodes bacterial metallothionein
have also been reported in Salmonella choleraesuis and Proteus penneri, whereas bmtA gene
encoding bacterial metallothionein has been reported in Pseudomonas aeruginosa (Blindauer
et al., 2002; Blindauer, 2008, 2011; Naik et al., 2012b). The copper-binding MT has also been

reported in the pathogen, Mycobacterium tuberculosis (Gold et al. 2008).

1.2.45 Efflux mediated resistance mechanism
Bacteria possess specific proteins to export the metal ions outside the cell. These
include P-type ATPases, cation diffusion facilitator (CDF) proteins and CBA efflux pumps

belonging to resistance-nodulation-cell division (RND) superfamily (Nies and Silver, 1995;
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Nies, 1999, 2003; Coombs and Barkay, 2005). Ps-type ATPases, a subfamily of P-type
ATPases regulate the export of heavy metal ions from cytoplasm to periplasmic space using
energy from ATP hydrolysis, while proton motive force drives the CDF transporters for
expelling toxic metal ions (Fig. 1.3). On the other hand, CBA transporters use a chemiosmotic
gradient to efflux metal ions from both cytoplasm and periplasm to outside the cell
(Hynninen, 2010). Efflux of Pb?" ions has been reported by PbrA of Cupriavidus
metallidurans CH34, CadA ATPase of S. aureus which is a cadmium translocating P-type
ATPase aswell as ZntA ATPase of Escherichia coli which is a cadmium and zinc transporting
ATP dependent pump (Silver, 1996; Silver and Phung, 1996; Rensing et al., 1998, Hynninen
et al., 2009). Several proteins viz. ZitB, CzcD and ZntA involved in zinc, cadmium resistance
respectively belong to the family of cation diffusion proteins (Anton et al., 2004; Haney et al.,
2005; Silver and Phung, 2005). CzcCBAL1 belongs to group of CBA transporters and facilitates
the export of lead ions from cells of Pseudomonas putida KT2440 (Hynninen, 2010;

Piotrowska-Seget, 2014).
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Fig. 1.3 Efflux systems found in bacteria to combat lead toxicity (Hynninen, 2010).
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1.2.4.6 Siderophores and pigments

Siderophores are organic compounds synthesized by bacteria in order to chelate iron
with a high afffinity. Apart from iron, these molecules are able to chelate other metal ions like
Pb?* as well (Saha et al., 2012). Pyoverdine and pyochelin are the main siderophore pigments
produced by Pseudomonas and they are also implicated in binding with Pb?* (Braud et al.,
2010). It is interesting to note that Pseudomonas aeruginosa strain 4EA showed enhanced
siderophore production in presence of 0.8 mM lead nitrate (Naik and Dubey, 2011).
Moreover, synthesis of red and red-brown pigments in presence of lead nitrate by P. vesicularis
and Streptomyces sp has also been reported (Zanardini et al., 1997). Therefore, siderophores
and bacterial pigments also play an important role in protecting the bacterial cells from lead

toxicity.

1.2.4.7 Lead resistance Operon ( pbr operon)

Metal resistance genes are known to be located on chromosome, plasmid or
transposon forming gene clusters or operons (Trevors et al., 1985; Silver and Walderhaug,
1992; Rouch et al., 1995; Silver, 1996). Cupriavidus metallidurans strain CH34 contains two
megaplasmids, pMOL28 and pMOL30 that govern resistance to 20 heavy metals (Monchy et
al., 2007; Janssen et al., 2010). Borremans et al. (2001) reported the first operon conferring
resistance to lead in C. metallidurans CH34 (previously known as Ralstonia metallidurans,
Alcaligenes eutrophus and Wautersia metallidurans) from mer-pbr-czc island of pMOLZ30.
Genes present on porTRABCD operon are located on two divergently transcribed regions and

govern lead resistance (Fig. 1.4).
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Fig. 1.4 pbr operon of Cupriavidus metallidurans CH34 (Borremans et al., 2001).

The proteins encoded by pbr operon are PbrT, a membrane protein responsible for
influx of Pb?" in the cytoplasm; PbrR, a positive transcriptional regulator; PbrA, a P-type
ATPase involved in the efflux of lead ions from cytoplasm to periplasm; PbrB, an
undecaprenyl pyrophosphate phosphatase that facilitates precipitation of lead; PbrC, a pro-
lipoprotein signal peptidase and PbrD, facilitates lead sequestration in the cytoplasm (Fig.

1.5). Some of these genes are also found in various other bacterial strains (Fig. 1.6).
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Fig. 1.5 Proteins encoded by the pbr operon (Silver and Phung, 2005).
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Fig. 1.6 pbr genes in various bacteria (Jaroslawiecka and Piotrowska-Seget, 2014).
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1.2.4.7.1 Mechanism of PbrA and PbrB mediated lead resistance

Hynninen et al. (2009) showed that lead resistance in C. metallidurans CH34 is
achieved through the cooperation of PbrA, a Pb/Zn/Cd-translocating ATPase and PbrB which
isan undecaprenyl pyrophosphate phosphatase. Pb?* ions enter the bacterial cells by means of
various transporters including those for essential metals. This initiates the transcription of pbr
operon. PbrA effluxes out the Pb?* ions from cytoplasm to the periplasmic space, whereas PbrB
generates inorganic phosphates by dephosphorylating other substrates. Consequently, the lead
ions present in the periplasm get sequestered as phosphate salt. Thus, the bacterial cells are

protected from harmful effects of lead (Fig. 1.7).
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Fig. 1.7 Mode of action for the pbr resistance determinants (Hynninen et al., 2009).
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1.2.4.8 Regulatory proteins

Various metallo-regulatory proteins belonging to MerR family regulate the
concentration of lead ions in the bacterial cell (Brown et al., 2003). PbrR of C. metallidurans
CH34 is a MerR-like protein (Borremans et al., 2001). It has been shown that PbrR binds
lead(I1) almost 1000-fold more selectively over other metal ions such as mercury, cadmium,
zinc, cobalt, nickel, copper and silver (Chen and He, 2008). CmPbrR and its two homologues,
CmPbrR2 (formerly PbrR691) and CmPbrR3 are the only Pb?*-specific regulatory proteins
reported from nature (Chen et al., 2007). ZntR is another transcriptional regulator belonging to
MerR family. It regulates the expression of ZntA which is known to efflux out Zn?*, Cd?* and
Pb?* in E. coli (Binet and Poole, 2000). CadC from S. aureus and CmtR from M. tuberculosis
are regulatory proteins from the SmtB/ArsR family. Likewise, CadA is a Zn?*/ Cd?*/Pb?*
translocating Pis-type ATPase and CmtR is a cadmium/lead detecting transcriptional repressor

(Busenlehner et al., 2003, Cavet et al., 2003, Jaroslawiecka and Piotrowska-Seget, 2014).

We are aware that microorganisms including bacteria adopt numerous mechanisms

to alleviate lead toxicity. Therefore, these microbes may be used as biological tools either to

sense this environmental pollutant or for it’s bioremediation.
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There is not enough information available illustrating the lead resistance mechanisms
in bacteria at molecular level. Therefore, keeping in view these facts and in order to explore

novel mechanisms governing lead resistance in bacteria following objectives were proposed:

1. Screening and identification of lead resistant bacterial isolates.

2. To determine whether the resistance to lead is conferred by plasmid or genomic DNA.

3. To explore the mechanisms of lead resistance viz. intracellular sequestration, surface
adsorption and precipitation.

4. To study the proteomic profile of lead resistant bacteria.

5. To examine the presence of metallothionein (MT) genes in lead resistant bacteria.
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2.1 Sampling and enrichment

Soil samples were collected from the waste dump of a battery manufacturing industry
in Corlim, Goa, India in sterile polypropylene tubes. The samples were enriched by incubating
1.0 g soil in 10.0 mL nutrient broth (Appendix A) supplemented with 1.0 mM lead nitrate

(Appendix B) in an incubator-shaker at 30°C for 24 h at 150 rpm.

2.2 Screening of lead resistant bacteria

Following enrichment, appropriate dilutions of the samples were plated on M9 minimal
medium agar plates (Sambrook et al., 1989) (Appendix A) supplemented with 1.5 mM lead
nitrate. The agar plates were incubated at 30°C for 48 h. Morphologically distinct bacterial
colonies were selected for further purification in order to obtain axenic cultures which were

maintained on nutrient agar supplemented with 1 mM lead nitrate.

2.3 Determination of maximum tolerance concentration (MTC)

In order to determine the maximum tolerance concentration (MTC) of lead for the
bacterial isolates, a defined minimal medium composed of (per litre): CeH120¢ (glucose), 1.0
g; CsHsO7Nas (sodium citrate), 0.5 g; (NH4)2SO4 (ammonium sulphate), 1.0 g; MgSO4.7H.0
(magnesium sulphate), 0.1 g and NasO10P3 (sodium tripolyphosphate), 0.1 g with pH 6.0
was used (Appendix A). Sodium tripolyphosphate being an organic source of phosphate was
incorporated in the medium in order to enhance the bioavailability of lead (Roane, 1999). Agar
plates with the defined minimal medium supplemented with an increasing concentration of lead
nitrate ranging from 0 to 4.5 mM were spot inoculated. These plates were incubated at 30°C

for 48 h and were observed for visible bacterial colonies.
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2.4 Plasmid profile

Lead resistant bacterial isolates were grown overnight in nutrient broth (Appendix A)
supplemented with 1 mM lead nitrate. Plasmid DNA from these isolates was isolated using
Gen Elute™ Plasmid Miniprep kit (Sigma-Aldrich, USA), electrophoresed on 0.8% agarose
gel with ethidium bromide (Appendix C) and visualized using gel documentation system

(Syngene G:BOX, UK).

2.5 Morphological and biochemical characterisation

The lead resistant isolates were subjected to gram staining and were observed using a
microscope at 1000X magnification (Nikon H600L, Japan). Additionally, the KOH string test
was performed in order to confirm the Gram character of the bacterial isolates (Powers, 1995).
In this test, a drop of 3% KOH (Appendix B) was placed on a clean glass slide and a loopful
of bacterial culture was added and mixed thoroughly. The organism was considered Gram
negative if the mixture turned highly viscous within 60 sec leading to formation of strings.
Biochemical identification was performed using a microbiological kit (Himedia, India) in order
to tentatively identify the selected bacterial isolates based on Bergey’s Manual of Systematic

Bacteriology (Holt et al., 1994).

2.6 Antibiotic susceptibility

Mueller Hinton agar (MHA) (Appendix A) was used to assess the sensitivity of selected
lead resistant bacterial isolates to various antibiotics by Kirby-Bauer disc diffusion test (Bauer
et al., 1966). Overnight grown bacterial cultures were spread plated on MHA plates to get
uniform lawn of bacterial cells and antibiotic octa-discs (Himedia, India) were placed on them.
The agar plates were incubated at 30°C for 24 h and zone diameter of clearance due to

different antibiotics was recorded.
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2.7 Extraction of genomic DNA

Genomic DNA of overnight grown bacterial strains was isolated using Dneasy®
Blood & Tissue Kit (Qiagen, Hilden, Germany), analysed using 0.8% agarose gel
electrophoresis and visualized by gel documentation system (Syngene G:BOX, UK). The
genomic DNA was further quantified and the purity was also checked using NanoDrop 2000c

spectrophotometer (Thermofisher Scientific, USA).

2.8 PCR amplification and DNA sequencing of 16S rRNA gene

PCR amplification of 16S ribosomal RNA (16S rRNA) gene was performed using
Jump Start Red Taq ReadyMix (Sigma - Aldrich, USA) and universal primers 27F and 1495R
(Appendix E). The thermal cycler program comprised of an initial denaturation step of 5 min
at 95°C followed by 30 cycles of 1 min denaturation at 95°C, 1 min annealing at 55°C and
elongation at 72°C for 1 min followed by a final extension step of 5 min at 72°C (Nexus
Gradient Mastercycler, Eppendorf, Germany). The resulting PCR amplicon was analysed on
0.8% agarose gel followed by purification using a Strata Prep PCR Purification kit (Agilent
Technologies, USA). The purified DNA of 16S rRNA gene amplicon was subsequently

sequenced using an automated DNA sequencer.

2.9 Bioinformatic analysis of 16S rRNA gene

The DNA sequence of 16S rRNA gene was subjected to BLAST analysis and was
subsequently submitted to Genbank (Altschul et al., 1990). A phylogenetic dendrogram was

also constructed by neighbor-joining method using MEGA 7.0 package (Kumar et al., 2016).
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2.10 Growth behaviour of selected bacterial isolates in presence of lead

The selected bacterial isolates were grown overnight and 2% inoculum was used
for flasks containing defined minimal medium amended with 0.2% glucose along with variable
concentration of lead nitrate in the range of 0 to 0.8 mM. The flasks were incubated under
constant shaking condition at 150 rpm, 30°C for 48 h. The absorbance of culture suspension
was recorded at 600 nm within definite time intervals (12 h) using a Biospectrometer

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

2.11 PCR amplification of pbrR gene

pbrR gene was amplified using Jump Start Red Tag ReadyMix (Sigma - Aldrich, USA)
and gene specific primers: pbrR1 and pbrR2 ( Appendix E) (Wei et al., 2014). Both genomic
and plasmid DNAs were used separately as templates for carrying out polymerase chain
reaction (PCR). The PCR conditions consisted of an initial denaturation step of 4 min at 96°C
followed by 35 cycles of 1 min denaturation at 96°C, 1 min annealing at 51°C and 1 min
elongation at 72°C with a final extension step of 5 min at 72°C. The PCR amplicon was
analysed on a 1% agarose gel followed by visualization using gel documentation system

(Syngene G:BOX, UK).

2.12 SEM-EDX analysis

The selected bacterial isolates were grown in a minimal medium supplemented with
0.2% glucose with lead nitrate (0.5 mM and 0.8 mM separately) as test and without lead
nitrate as control for 48 h under constant shaking at 150 rpm and at 30°C. Bacterial cell pellet
was obtained by centrifugation at 3,000 rpm for 10 min (Eppendorf, Germany) followed by
washing with 0.1 M phosphate buffered saline (PBS) with pH 7.4 (Appendix B). Bacterial

cells were smeared on cover slips and overnight fixation was done in 2.5% glutaraldehyde
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(prepared in PBS). The cells were subjected to critical drying in acetone series from 20% to
100%. The cells were viewed under scanning electron microscope (JEOL JSM-6360 LV, USA)

and electron dispersive spectroscopic analysis of the cells was performed simultaneously.

2.13 Transmission Electron Microscopy (TEM)

Transmission electron microscopy of the bacterial isolate grown with and without lead
nitrate was done by harvesting cells at 3,000 rpm for 10 min followed by washing with 0.1
M PBS (pH 7.4). The cell pellet obtained was resuspended and fixed in a mixture of 2%
para-formaldehyde and 2.5% glutaraldehyde prepared in PBS for 2 to 3 h at 4°C. Bacterial
cells were again centrifuged at 3,000 rpm and the fixative was replaced by 0.5 ml of 0.1 M
PBS. Samples were sectioned and analysed by TEM (Morgagni 268D, Fei Electron Optics,

USA).

2.14 Atomic Absorption Spectroscopy (AAS)

Bacterial cells were grown with and without lead nitrate (0.5 mM) in minimal medium
supplemented with 0.2% glucose in 500 ml flasks for 48 h at 150 rpm and 30°C. The cells were
harvested, dried and ground to obtain a fine powder. The samples were subjected to wet
digestion using nitric acid (50%) followed by filtration. Lead analysis was performed using
Atomic Absorption Spectrometer (Thermo Fisher Scientific, USA) by furnace method at a
wavelength of 217 nm. The amount of lead internalised by the bacterium was calculated as

mg Pb2*/g dry weight of the biomass using standards.
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2.15 X-ray Diffraction (XRD) analysis

Bacterial cells exposed to 0.5 mM lead nitrate and control (without lead nitrate) were
centrifuged at 10,000 rpm for 10 min followed by washing with 0.1 M PBS (pH 7.4).
Subsequently the cell pellet obtained was kept for drying at 45°C for 48 h. The dried pellet
was pulverized to form a fine powder which was further used to make a film on a glass slide
for X-ray diffraction analysis (Panalytical X’pert-pro diffractometer, Japan). The XRD
measurements were accomplished in a continuous-scan mode with Cu-Ka radiation (1.540

A) and 26 ranged from 10° to 80° by a step of 0.2°.

2.16 Fourier Transformed Infrared Spectroscopy (FTIR)

The 48h grown bacterial cultures in presence and absence of lead nitrate were
centrifuged at 10,000 rpm for 10 min followed by washing with 0.1 M PBS (pH 7.4). The cell
pellet was dried in an incubator at 45°C for 48 h. The dried pellet was subjected to grinding
using an agate mortar in order to obtain a fine powder. Sample was pressed into a sample
holder after grinding in excess of finely ground KBr. The infrared spectrum was displayed in

the range of 4000-400 cm™ by instrument, IR Prestige-21 (Shimadzu, Japan).

2.17 Phosphatase assay

Whole cell protein of the bacterial cells grown in presence (0.2 and 0.5 mM) and
absence of lead nitrate was extracted as per the standard protocol of Laemmli (1970) and used
to estimate phosphatase activity. Phosphatase assay was performed by modifying the protocol
of Sand et al. (2015). Para-nitrophenol (pNP) was used for preparation of a standard curve
(Appendix). Para-nitrophenyl phosphate (pNPP) was added to the reaction mix to a final
concentration of 5 mM in 50 mM sodium acetate buffer (pH 5.5). The reaction was initiated

by addition of 500 pg of extracted protein followed by an incubation at 37°C for 10 min. The
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reaction was terminated by adding 800 pul of 2 N NaOH and the absorbance was recorded at
405 nm using Biospectrometer (Eppendorf, Germany). Phosphatase activity was defined as

nmoles of para-nitrophenol generated min* at 37°C.

2.18 Statistical analysis

Experimental data were statistically analysed using one-way ANOVA in GraphPad
Prism 7.03 (GraphPad Software, La Jolla California, USA). The results were considered

significant if p <0.05.

2.19 Proteomic analysis

2.19.1 Extraction of whole cell protein

Bacterial cells were grown up to mid-log phase in presence (0.2 mM) as well as absence
of lead nitrate. 50 mg cell pellet was taken for proteomic analysis after harvesting cell
suspension at 10,000 rpm for 10 min at room temperature. The cell pellet was washed with
0.1 M PBS (pH 7.4) twice followed by addition of 20 uL protease inhibitor cocktail mix and
100 pL PBS along with lysozyme at a final concentration of 0.2 mg/mL followed by mixing.
The microfuge tubes containing the mix were incubated at 37°C, 700 rpm for 30 min. The
tubes were centrifuged at 10,000 rpm, room temperature for 5 min. The pellet was resuspended
in 0.1% RapiGest SF buffer (Waters, USA) prepared in 50 mM ammonium bicarbonate. The
bacterial cells were sonicated for 30 sec on ice. The tubes were recentrifuged at 10,000 rpm
for 10 min at 4°C. Subsequently, clean microfuge tubes were used to collect the supernatant
which was centrifuged again at 16,000 rpm, 4°C for 60 min. The protein was collected as the

supernatant in clean microfuge tubes.
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2.19.2 Quantification of protein
Protein samples were quantified by Bradford assay (Bradford, 1976). Bovine serum
albumin was used to prepare a standard curve for protein estimation (Appendix D). The

extracted protein from the control and lead exposed cells was quantified.

2.19.3 Qualitative analysis of protein

Protein sample containing 15 pg protein was mixed and heated with 6X sample
solubilizing buffer (Appendix D) and analysed using 12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) in 1X Tris-glycine electrophoresis buffer
(Appendix D) at 100V using BIORAD Mini PROTEAN Tetra System (Sambrook et al., 1989).
The gel was stained overnight using freshly prepared 0.05% Coomassie Brilliant blue R250
followed by thorough de-staining by keeping in de-staining solution on arocker till it became

clear (Appendix D).

2.19.4 In- Solution digestion

The extracted protein was subsequently subjected to in-solution digestion using trypsin
(Deshmukh et al., 2017). Initially, the protein samples were concentrated to 100 pL using
spin column with MW cut off of 3000 Daltons. The solution was subsequently heated at 80°C
for 15 min and maintained at 500 rpm. Later on, 3 uL of 100 mM dithiothreitol was added and
heated at 60°C for 15 min at 500 rpm. The pH of solution was checked following which 3 pL
of 200 mM iodoacetamide was added and incubated in dark for 30 min at RT. Eventually 2 pL
of 1 pg/uL trypsin was added and incubated overnight at 37°C, 500 rpm. Finally, 2 pL of
concentrated HCI was added to the tubes which were incubated at 37°C for 20 min before
centrifugation. Clean up of the digested peptides was performed by Zip Tips Cis (Millipore,

Merck, Germany) followed by reconstitution in 3% acetonitrile containing 0.1% formic acid.
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2.19.5 LC-MS/MS analysis

The peptides were analysed using a Micro LC 200 (Eksigent, Dublin, CA) and
TripleTOF 5600 (AB Sciex, USA). The sample parameters applied include cysteine alkylation
by iodoacetamide, digestion with trypsin and search effort was set to rapid. Identification and
quantification of the peptides was achieved by means of Independent Data Acquisition (IDA)
and Sequential Window Acquisition of All Theoretical Data (SWATH) respectively against
the Uniprot database of the respective bacterium (Gillet et al., 2012). False discovery rate
analysis (FDR) was set to <1% on protein level using ProteinPilot software. Quantitative
analysis of the proteins was performed in PeakView followed by MarkerView analysis (Sciex,

USA).

2.20 Cell motility assay

1 uL overnight grown bacterial culture was spot inoculated on PYE soft agar (Appendix
A) containing 0.25% agar supplemented with 0, 0.5 and 1 mM lead nitrate. The plates

were observed to check the growth rings after 16 h of incubation at 30°C.

2.21 PCR amplification of smtAB gene

Amplification of smtAB gene was performed using Jumpstart Red Taq ReadyMix
(Sigma-Aldrich, USA) and gene specific primers: smtl and smt2 (Appendix E) (Naz et al.,
2005) procured from Sigma-Aldrich, India. The PCR reaction conditions comprised of initial
denaturation step of 5 min at 94°C, followed by 35 cycles of 1 min denaturation at 94°C, 45
sec annealing at a temperature gradient (50°C to 60°C), and 1 min elongation at 72°C followed
by a final extension of 5 min at 72°C. Subsequently the PCR product was analysed on 1%

agarose gel.
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2.22 PCR amplification of bmtA gene

The isolated plasmid DNA was taken as a template for bmtA gene amplification using
gene specific primers: P3 and P4 (Appendix E) (Blindauer et al., 2002) synthesized by Sigma-
Aldrich, India. The PCR amplification was carried out using Jumpstart Red Taq ReadyMix
(Sigma-Aldrich, USA) with addition of 1.5 mM MgCl> since the optimum MgCl> required for
the PCR reaction was 2.25 mM. The PCR reaction conditions comprised of an initial
denaturation step of 5 min at 94°C, followed by 30 cycles of 1 min denaturation at 94°C, 45
sec annealing at 59°C and 1 min elongation at 72°C followed by a final extension of 5 min at
72°C. The PCR product was analysed on 1.5% agarose gel (Appendix C), purified by Strata

Prep PCR purification kit (Agilent Technologies, USA).

2.23 DNA sequencing of bmtA and phylogenetic analysis of BmtA

The bmtA amplicon was sequenced using an automated sequencer. The DNA sequence
was subjected to BLASTX, compared with the closely related sequences followed by
construction of a dendrogram using Mega 7.0 package by neighbour-joining method. The

bmtA gene sequence has been submitted to the Genbank.

2.24 Homology modelling of BmtA

The three-dimensional model of BmtA (Accession no. WP_003100805) was
constructed using I-TASSER suite which also predicted the secondary structure of this protein
(Yang et al., 2015). Modelled structures were assessed using the protein structure and model
assessment tools viz. QMEAN score (Benkert et al., 2008) and Gromos (van Gunsteren et al.,
1996) at the Swiss model server. They were further analysed by programs viz. PROCHECK
(Laskowski et al., 1993), VERIFY3D (Eisenberg and Luthy, 1997) and ERRAT (Colovos and

Yeates, 1993) of the verification server, SAVES (Dawar et al., 2013).
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2.25 Insilico docking studies of BmtA and metal ions

The BmtA protein was docked against various metal ions viz. Pb, Zn, Cd, Ni, Co, Cu
and Ca in order to understand the binding and interactions of these metal ions with various
amino acid residues of BmtA using Patchdock server (Schneidman-Duhovny et al., 2005)
(http://bioinfo3d.cs.tau.ac.il/PatchDock/). Subsequently the structures were viewed by PyMOL

and Discovery Studio.
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3.1 Isolation of lead resistant bacterial strains

A battery waste site was selected from industrial area of Goa for collection of
soil samples since batteries are a major source of lead contamination in the environment
nowadays. Minimal medium (M9) agar plate supplemented with 1.5 mM lead nitrate displayed

28 morphologically distinct bacterial colonies.

3.2 Maximum tolerance concentration (MTC) of lead

Bacterial isolates screened from battery waste of Goa when checked for their lead
tolerance in a defined minimal medium resulted in 11 lead resistant bacterial strains showing
tolerance of >2 mM lead nitrate which have been listed in Table 3.1. Most of them could
tolerate within arange of 3 to4 mM which is significantly high concentration. Earlier reports
suggest that lead resistant bacteria generally tolerate lead in the range of 0.5 - 3.7 mM. For
instance, the minimum inhibitory concentration was found to be 0.6 mM for Bacillus
megaterium, 2.5 mM for Pseudomonas marginalis (Roane, 1999; Das et al., 2016), 1.21 mM
for Agrobacterium tumefaciens and 3.62 mM for Acinetobacter sp. (Zhang et al., 2011).
However, it is not appropriate to compare our results with previous studies because there are
various factors such as media composition, strength of medium, complexation, organic
nutrients and availability of lead in the medium that alter the MTC values up to a great extent
(Kamala-Kannan and Krishnamoorthy, 2006; Govarthanan et al., 2013). Interestingly, the lead
resistant bacterial strains demonstrated various alterations in colony morphology viz.
brownish pigmentation, presence of a clear zone surrounding the colony and formation of a
precipitation ring on exposure to lead nitrate (Fig. 3.1). Red-brown pigmentation has also been
reported in Pseudomonas vesicularis and Streptomyces sp. on exposure to lead (Zanardini et

al., 1997).
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Table 3.1 Bacterial isolates showing MTC >2 mM for lead.

S.N. Lead resistant bacterial isolates MTC
(mM)
1 SI2A 3
2 SI3A 3
3 SJ4 3.5
4 SJ7A 3.5
5 SJ11 4
6 SJ20 3
7 SJ28 4
8 SJ29 4
9 SJ37B 4
10 SJ42 3
11 KS2 3.5

Fig. 3.1 Alterations in colony morphology of bacterial isolates on exposure to lead.
a), b) Controls of bacterial strains SJ2A and SJ11 respectively (without lead nitrate)
c), d) Zone of clearance in case of strain SJ2A and formation of a precipitation ring in
case of strain SJ11 (exposed to 2 mM lead nitrate) respectively.
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3.3 Plasmid profile

Heavy metal resistance in bacteria is known to be governed by plasmids (Silver and
Misra, 1988). This prompted us to screen the lead resistant isolates for occurrence of any
plasmids. Interestingly out of 11, three lead resistant bacterial isolates showed presence of
plasmids of varying sizes (Fig. 3.2). Earlier studies in C. metallidurans CH34 have described
presence of mega-plasmids, pMOL28 and pMOL30 which contain at least 7 genetic
determinants conferring resistance to several toxic heavy metals such as zinc, cadmium,
mercury, cobalt, nickel and lead (Mergeay et al., 1985; Borremans et al., 2001). Genes,
pbtTFYRABC located on plasmid pA81 of Achromobacter xylosoxidans A8 are also involved
in governing resistance to Pb?* and Cd?* (Hlozkova et al., 2013). Therefore, possibly the
plasmids present in the lead resistant isolates SJI2A, SJ3A and SJ20 are also responsible for
their resistance to high concentrations of lead. Based on MTC values, alterations in colony
morphology as well as presence of plasmids, bacterial isolates, SJI2A, SJ3A, SJ20 and SJ11

were selected for further identification using biochemical tests.

3.4 Morphological and biochemical characterisation

All the selected bacterial isolates were Gram negative rods. The Gram character was
confirmed by KOH string test since the mixture of cells and 3% KOH turned highly viscous
within a few seconds resulting in appearance of strings. Subsequently, all the three bacterial
isolates SJ2A, SJ3A and SJ20, were tentatively identified as Providencia sp. belonging to the
family Enterobacteriaceae based on biochemical tests though they depicted different plasmid
profiles (Table 3.2). On the other hand, the isolate SJ11 was not found to belong to
Enterobacteriaceae family. Therefore, the lead resistant bacterial isolates, SJ2A and SJ11 were

selected for further characterization.
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Fig. 3.2 Plasmid profile of lead resistant bacterial isolates.
Lane 1: Isolate SJ2A
Lane 2: Isolate SJI3A
Lane 3: Isolate SJ20

Lane 4: 1 kb DNA ladder
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Table 3.2 Biochemical characteristics of lead resistant bacterial isolates.

S.N. Biochemical tests SJ2A SJ3A SJ11 SJ20
1 ONPG - - - -
2 Lysine utilization - - - -
3 Ornithine utilization + + - +
4 Urease - + - +
5 Phenylalanine deamination + + - +
6 Nitrate reduction + - +
7 H,S production - - - -
8 Citrate utilization - + + -
9 Voges Proskauer’s - - - -
10 Methyl red + + - +
11 Indole - - - -
12 Malonate utilization - - - -
13 Esculin hydrolysis - - - -
14 Oxidase - - + _
15 Catalase + + + +

Sugar fermentation tests

1 Arabinose + + - +
2 Xylose - - + .
3 Adonitol + + - +
4 Rhamnose - - - -
) Cellobiose - - - -
6 Melibiose - - - -
7 Saccharose - - - -
8 Raffinose - - - -
9 Trehalose + + -
10 Glucose + + +
11 Lactose - - - -

+ Positive; - Negative
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3.5 Antibiotic susceptibility

It is a well known fact that genes encoding heavy metal resistance and various
antibiotics coexist on chromosomal/plasmid genome (Silver and Phung, 1996, Lupo et al.,
2012). In fact, genes governing heavy metal efflux are located on the R plasmids thus,
conferring metal resistance (Martinez et al., 2009). It is interesting to note that the plasmid
carrying isolate, SJ2A was resistant to various antibiotics (Table 3.4) viz. bacitracin (10 Units),
ampicillin (10pg), cephalothin (30ug), penicillin-G (10 Units), polymyxin-B (300 Units),
cloxacillin (5uQg), erythromycin (15ug) and colistin sulphate (25ug). On the other hand, isolate
SJ11 also demonstrated resistance to several antibiotics viz. gentamicin (10ug), ampicillin
(10ug), cephalothin (30ug), colistin sulphate (25ug), kanamycin (30ug) and amikacin (10uQ).
Susceptibility of these lead resistant bacterial isolates to certain antibiotics viz. sulphatriad
(200pg), carbenicillin (100ug), co-trimazine (25ug), streptomycin (10ug), ciprofloxacin
(10ug) and neomycin (30ug) was evident from the diameter of clearance zone surrounding the

respective antibiotic disc (Fig. 3.3).
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Table 3.4 Susceptibility of lead resistant isolates SJ2A and SJ11 against various

antibiotics.
Response of isolates
Antibiotic Concentration
(per disc) SJ2A SJ11
Ampicillin (AMP) 10pg R R
Cephalothin (CEP) 5ug R R
Colistin sulphate (CL) 25ug R R
Gentamicin (GEN) 10pg S R
Streptomycin (S) 10ug S S
Ciprofloxacin (CIP) 10ug S S
Kanamycin (K) 30ug S R
Tetracycline (TE) 30ug R R
Neomycin (N) 30ug S S
Polymyxin-B (PB) 300 Units R S
Penicillin-G (P) 10 Units R R
Co-Trimoxazole (COT) 25ug S S
Chloramphenicol (C) 30ug R R
Bacitracin (B) 10 Units R R
Erythromycin (E) 15ug R R
Oxytetracycline (O) 30ug R R
Cloxacillin (COX) Sug R R
Clindamycin (CD) 2Ug R R
Amikacin (AK) 10pg S R
Sulphatriad (S3) 200ug S S
Carbenicillin (CB) 100ug S S
Co-Trimazine (CM) 259 S S

S- Susceptible; R- Resistant
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B Isolate SI2A

B Isolate SJ11

Fig. 3.3 Mueller Hinton agar plates depicting antibiotic susceptibility of the lead
resistant bacterial isolates, SJ2A and SJ11. The clear zones surrounding the antibiotic discs

indicate susceptibility of the bacterial isolates.
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3.6 Extraction of genomic DNA

A distinct band of genomic DNA was observed on the agarose gel (Fig. 3.4). The
quality and purity ratios have been shown in Table 3.5. The agarose gel evidently showed that
the DNA isolated was of very good quality and free from any RNA contamination. However,
the A 2601280 and A 260230 values did not reflect the purity of DNA. This could be due to
interference by certain chemicals such as guanidine hydrochloride or guanidine isocyanate

which were present in the genomic DNA isolation Kit.

3.7 Amplification and sequence analysis of 16S rRNA

Amplicon of 16S rRNA gene (1.5 kb) was observed on 0.8% agarose gel (Fig. 3.5).
The isolate SJ2A was identified as Providencia vermicola based on DNA sequencing of this
gene followed by BLAST analysis. The 16S rRNA gene sequence has been deposited in
Genbank as Providencia vermicola strain SJ2A with an accession number KT799659

(https://www.ncbi.nlm.nih.gov/nuccore/KT799659.1). The phenogram of P. vermicola strain

SJ2A (Fig. 3.6) clearly showed its close relatedness to other strains of Providencia sp.
Similarly, BLAST analysis of 16S rDNA sequence of SJ11 confirmed it to be Achromobacter
xylosoxidans and the sequence is now available in Genbank with an accession number

KT807473 (https://www.ncbi.nlm.nih.gov/nuccore/931255884). The phenogram of A.

xylosoxidans strain SJ11 indicates that the bacterium shows maximum homology with A.

xylosoxidans strain NA20 and A. insolitus strain Y2P1 (Fig. 3.7).
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Fig. 3.4 Genomic DNA isolated from the lead resistant bacterial isolates.

Table 3.5 Quantity and purity of isolated genomic DNA.

Lane 1: Genomic DNA of isolate SJ2A

Lane 2: Genomic DNA of isolate SJ11

Bacterial Isolates DNA concentration (ng/uL) A 2601280 A 2601230
SJ2A 54.3 2.24 0.87
SJ11 52.7 2.26 1.25

39|Page




2kb
<] 1.5kb

1kb

Fig. 3.5 16S rRNA gene amplicon on 0.8% agarose gel.
Lane 1: 1 kb DNA ladder
Lane 2: 16S rRNA gene amplicon from isolate SJ2A

Lane 3: 16S rRNA gene amplicon from isolate SJ11
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Providencia stuartii strain FDHR1-1
Providencia rettgeri strain KPE62303H
Providencia vermicola strain PDMZnCd1502

Kl
Providencia vermicola strain SJ2A
Providencia sneebia ATCC:BAA-1589

Providencia thailandensis strain C1112
94 Providencia alcalifaciens strain NCTC 10286
_I_— Providencia rustigianii strain NCTC 11802
76 Providencia heimbachae strain NCTC 12003
52 I: Providencia burhodogranariea ATCC:BAA-1590

Proteus vulgaris

74

0.005

Fig. 3.6 Phylogenetic tree showing relationship of the lead resistant bacterial isolate
Providencia vermicola strain SJ2A with other strains of Providencia sp. using neighbour-

joining method. The bootstrap values were based on 10000 replicates.

52 Achromobacter animicus strain R-46662
70 _|—— Achromobacter mucicolens strain R-46658
Achromobacter piechaudii strain EY3860

58 49017—Achromobacter spiritinus strain R-46660

Achromobacter insolitus strain Y2P1
TL’Achromobacter xylosoxidans strain NA20

751 Achromobacter xylosoxidans strain SJ11

Achromobacter anxifer strain LMG 26857
Wbacter dolens strain LMG 26840
19 Achromobacter ruhlandii strain EY3918

Bordetella hinzii strain L0135

0.002

Fig. 3.7 Phylogenetic tree showing relationship of the lead resistant bacterial isolate
Achromobacter xylosoxidans strain SJ11 with other strains of Achromobacter sp. using

neighbour-joining method. The bootstrap values were based on 10000 replicates.
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Summary

Lead resistant bacterial strains were isolated from the waste site of a battery
manufacturing industry in Goa. The maximum tolerance concentration for these bacterial
strains ranged from 3 to 4 mM in defined minimal medium. Interestingly, a few strains
demonstrated alterations in colony characteristics viz. pigmentation, zone of clearance and
precipitation ring on exposure to lead nitrate. The bacterial isolates SJ2A, SJ3A and SJ20
clearly showed multiple bands for plasmids. Subsequently, the potential lead resistant bacterial
isolates, SJ2A and SJ11 were identified as Providencia vermicola and Achromobacter
xylosoxidans respectively, based on biochemical tests and 16S rDNA sequencing. Furthermore,

these bacterial strains were characterised to explore the lead resistance mechanisms.
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4.1 Growth behaviour of the selected bacterial isolates in presence

of lead

The bacterial isolates, P. vermicola strain SJ2A and A. xylosoxidans strain SJ11 could
tolerate upto 0.8 mM lead nitrate in a defined minimal medium (Fig. 4.1, 4.2). MTC values
were comparatively less in liquid medium as compared to the solid medium due to the fact that
the bioavailability of lead increases by several fold in the liquid medium. Growth for both
the bacterial isolates was inversely proportional to the concentration of lead in the medium.
Interestingly, the bacterium, A. xylosoxidans strain SJ11 also demonstrated formation of a

visible white precipitate in presence of 0.5 mM lead nitrate (Fig. 4.3).

4.2 PCR amplification of pbrR gene

A pbrR amplicon of approximately 500 bp was obtained by using gene specific primers
(Fig. 4.4). pbrR is well known to encode PbrR protein which regulates the lead induced
transcription of pbr operon and it has also been used for construction of lead biosensor
(Borremans et al., 2001; Wei et al., 2014). Interestingly, in case of P. vermicola strain SJ2A,
pbrR was amplified from genomic as well as plasmid DNA. This suggested that both plasmid
as well as chromosomal genome play an important role in conferring lead resistance in this
organism. Another bacterial strain, A. xylosoxidans strain SJ11 did not harbour any plasmid
therefore, amplification of gene from the chromosomal DNA indicates that lead resistance is

governed solely by the genes located on chromosomal genome.
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Fig. 4.1 Growth behaviour of Providencia vermicola strain SJ2A in presence of varying

concentrations (0 to 0.8 mM) of lead nitrate.
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Fig. 4.2 Growth behaviour of Achromobacter xylosoxidans strain SJ11 in presence of

varying concentrations (0 to 0.8 mM) of lead nitrate.
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Precipitated
Lead

Fig. 4.3 Lead precipitation by A. xylosoxidans strain SJ11 in defined minimal medium.
a) Medium without lead nitrate and bacterial culture
b) Medium without lead nitrate containing bacterial culture
c) Medium supplemented with 0.5 mM lead nitrate containing bacterial culture showing

lead precipitation
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500 bp 500 bp

250bp 250 bp
500 bp

250 bp

Fig. 4.4 pbrR gene amplicon on 1% agarose gel.

Lane 1: pbrR amplicon using P. vermicola strain SJ2A genomic DNA as template;

Lane 2: 1 kb DNA ladder

Lane 1: 1 kb DNA ladder; Lane 2: pbrR amplicon using P. vermicola strain SJ2A

plasmid DNA as template

Lane 1: 1 kb DNA ladder; Lane 2: pbrR amplicon using A. xylosoxidans strain SJ11

genomic DNA as template

46 |Page



4.3 Mechanism of lead resistance in P. vermicola strain SJ2A

4.3.1 SEM-EDX Analysis

The cells of P. vermicola strain SJ2A showed a unique alteration pattern in the cell
morphology due to lead exposure. In presence of 0.8 mM lead nitrate, the cells tend to become
filamentous and appear as long inter-connected chains, approximately 7 to 8 times longer than
the usual size (Fig. 4.5). The septum formation seems to be inhibited and therefore daughter
cells fail to separate resulting in long chains of bacterial cells. It has been reported that bacteria
use filamentation of cells as a strategy to overcome stress condition such as antibiotic therapies
(Justice et al., 2008). Similar pattern of filamentation has been observed in Aeromonas caviae
strain KS-1 when exposed to TBTC (Shamim et al., 2013). Transformation of cells from rods
to inter-connected chains of cells reduces the surface area exposed to the toxic metals thus

alleviating their lethal effects.

Electron dispersive X ray spectroscopy did not show any considerable adsorption of
lead onto the bacterial cell surface (Fig. 4.6). This suggested that intracellular uptake of lead

could be a preferred lead resistance mechanism in P. vermicola strain SJ2A.
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Fig. 4.5 Scanning electron micrographs of cells of P. vermicola strain SJ2A.

a) Bacterial cells without lead nitrate exposure (rod shaped)

b) Bacterial cells exposed to 0.8 mM lead nitrate (filamentous)
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P. vermicola strain SJ2A cells exposed to 0.8 mM

lead nitrate in minimal medium.

Totals ([ 100.00
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4.3.2 TEM Analysis

There was negligible surface adsorption of lead on P. vermicola strain SJ2A cells which
is evident from EDX analysis. Therefore, TEM analysis was carried out to confirm the
intracellular uptake of lead. TEM analysis demonstrated that the cells exposed to lead showed
a distinct darkening pattern wherein the cells were dark only at the periphery thereby,
suggesting that lead accumulated specifically in the periplasmic space of the bacterium (Fig.
4.7). There are only few reports of intracellular lead accumulation, for instance, in the
membrane fraction of Bacillus thuringiensis and within the cytoplasm of Bacillus megaterium,
Staphylococcus aureus (Levinson and Mabhler, 1998; Roane, 1999; Guo et al., 2010) but there
is no report of periplasmic lead accumulation in bacteria so far. However, uranium
sequestration in the bacterial cell periphery has been reported recently (Islam and Sar, 2016).
Several efflux pumps viz. CadA, ZntA, PbrA are known to facilitate active transport of the
metal ions from the cell cytoplasm to the cell exterior or the periplasmic space (Nies, 2003;
Hynninen et al., 2009). Therefore, there is a possible involvement of such efflux pumps in

mobilization of lead ions into the periplasmic space of this bacterial isolate.

4.3.3 AAS

Atomic absorption spectroscopy interestingly demonstrated internalisation of 155.12
mg Pb?*/g biomass of P. vermicola strain SJ2A. There are very few reports indicating
intracellular bioaccumulation of lead in bacteria viz. Staphylococcus aureus, Bacillus
megaterium and B. thuringiensis (Levinson et al., 1996; Roane, 1999; Guo et al., 2010). B.
thuringiensis has been found to accumulate 80.5% lead in the membrane fraction whereas B.

megaterium reduced the bioavailable lead upto 50% (Park et al., 2011a).
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Fig. 4.7 Transmission electron micrographs of cells of P. vermicola strain SJ2A.
a) Bacterial cells without lead nitrate exposure showing clear periplasm
b) Bacterial cells exposed to 0.8 mM lead nitrate showing periplasm with dark

granules
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4.3.4 XRD Analysis

X-ray diffraction data on analysis using X powder software displayed certain peaks
present exclusively in the sample consisting of bacterial cells exposed to lead nitrate (Fig. 4.8).
X’Pert High Score Plus was employed to compare these peaks with the standards from
International Centre for Diffraction Data. The peaks corresponding to a 26 value of 20.8°, 23.3°,
27.7°, 30.2°, and 43.8° with d-spacing 0f 4.2, 3.8, 3.2, 2.9 and 2.06 respectively as per Bragg’s
law clearly indicated presence of lead sulfite (JCPDS reference card: 00-037-0004) in an
orthorhombic crystal system within the bacterial cells exposed to lead nitrate. This clearly
confirmed that lead is being sequestered by the cells of P. vermicola strain SJ2A in the form
of lead sulfite (PbSO3) which has been reported for the first time (Sharma et al., 2017). XRD
has been used earlier to confirm the accumulation of lead as apatite in Enterobacter sp.,
pyromorphite, Pbs(PO4)3(OH) in Burkholderia cepacia, and lead phosphate, Pbg(POa)e in
Vibrio harveyi as well as Providencia vermicola strain 2EA (Templeton et al., 2003; Mire et

al., 2004; Park et al., 2011b; Naik et al., 2012a).
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Fig. 4.8 X-ray diffractogram of P.vermicola strain SJ2A.

a) Cells without lead exposure (control)

b) Cells exposed to lead nitrate
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435 FTIR Analysis

FTIR analysis of control as well as lead-exposed bacterial cells was performed in order
to reveal the functional groups interacting with lead ions (Fig. 4.9). Analysis of the IR spectra
clearly indicated shifting and sharpening of various peaks that can be assigned to characteristic
functional groups present in the biomolecules of bacterial cells following lead accumulation
(Table 4.1). A significant sharpening of bands at 2922 cm™ as well as 2852 cm™ in the lead-
exposed cells as compared to the control reflects a major involvement of fatty acids of various
membrane phospholipids in metal binding (Naumann, 2000). The peak shift from 1658 cm™ to
1656 cm™ could be attributed to a-helical secondary structures of proteins suggesting the role
of proteins in binding of metal (Choudhary and Sar, 2009). A clear shift of the band from 1440
cm™ to 1458 cmindicates the interaction of metal with peptidoglycan, phospholipids and lipo-
polysaccharides since this band is a characteristic of the scissoring motion of -CH2 groups
usually present in these biomolecules. The band shift to a lower energy level, that is, from 1074
cm? to 1068 cm™ is a result of the stretching vibrations in phosphate groups of the nucleic
acids or phospholipids (Jiang et al., 2004). Therefore, IR anaylsis clearly demonstrated that
membrane components viz. phospholipids, LPS, peptidoglycan as well as proteins were the
key biomolecules involved in interaction with lead ions. This is in agreement with the results
of TEM analysis of cells exposed to lead which clearly indicated sequestration of lead mostly

in the periplasmic space.
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Fig. 4.9 IR spectra of P.vermicola strain SJ2A.

Red: Cells without exposure to lead nitrate (control); green: cells exposed to lead nitrate

Table 4.1 Major peak changes observed in FTIR spectra of P. vermicola strain SJ2A

after lead exposure and the functional groups involved in metal binding.

Control cells (cm™)

Lead-exposed cells (cm™)

Functional groups

2922 2922 C-H asymmetric stretching >CH in
fatty acids

2852 2852 C-H asymmetric stretching >CHz in
fatty acids

1658 1656 Amide I of a-helical
structures

1440 1458 C-H deformation of >CHz in lipids

proteins
1074 1068 P=0 symmetric stretching in DNA,

RNA and phospholipids
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4.4 Mechanism of lead resistance in A. xylosoxidans strain SJ11

4.4.1 SEM-EDX Analysis

Scanning electron micrographs of A. xylosoxidans strain SJ11 cells revealed a very
interesting phenomenon where the bacterial cells fused forming an aggregate on exposure to
lead along with the presence of a distinct precipitate (Fig. 4.10). SEM analysis of the precipitate
showed presence of cuboidal particles while energy dispersive X-ray spectroscopic analysis
demonstrated a significant amount of lead i.e., 48.5 as weight % in the precipitate (Fig. 4.11).
Additionally, phosphorus and chlorine were also detected in the precipitate though these
elements were absent in the control. Previously, Citrobacter freundii showed precipitation of
the lead on the cell surface (Aickin and Dean, 1979; Aickin et al., 1979) whereas Pseudomonas
marginalis (Roane, 1999) demonstrated sequestration of lead in an extracellular polymer. In
addition, Naik et al. (2012a) suggested formation of an extracellular brown precipitate of lead

by Providencia alcalifaciens strain 2EA.

4.4.2 TEM Analysis

The transmission electron micrographs evidently revealed that there was no change in
the cells of A. xylosoxidans strain SJ11 even after exposure to lead nitrate negating the
possibility of any intracellular uptake of lead (Fig. 4.12). This confirmed our hypothesis that
the bacterium employed extracellular precipitation of lead as an imperative mechanism to

tolerate high levels of lead.
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Fig. 4.10 Scanning electron micrographs of cells of A. xylosoxidans strain SJ11.

a) Bacterial cells without lead (control)
b) Bacterial cells exposed to 0.5 mM lead nitrate showing precipitation
(precipitate has been marked with an arrow)

c) and d) Extracellular precipitate.
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Fig. 4.11 Electron diffraction X-ray spectroscopic analysis.
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a) Bacterial cells grown in absence of lead nitrate (control)
b) Lead precipitate obtained when the bacterial cells were grown in minimal medium

supplemented with 0.5 mM lead nitrate
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Fig. 4.12 Transmission electron micrographs of cells of A. xylosoxidans strain SJ11.

A) Bacterial cells without lead nitrate exposure

B) Bacterial cells exposed to 0.5 mM lead nitrate
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4.4.3 XRD Analysis

X- ray diffraction analysis was performed using X powder software in order to find out
the exact composition of the white precipitate since EDX had indicated presence of lead,
phosphorus and chlorine. XRD demonstrated various peaks corresponding to a 26 value of
30.14°, 21.49°, 30.9° 43.8°, 27.2° and 26.3° with a d-spacing of 2.96, 4.13, 2.88, 2.06, 3.27,
3.38 respectively as per Bragg’s law (Fig. 4.13). X Pert High Score Plus was employed to
compare these peaks with the standards from International Centre for Diffraction Data which
clearly confirmed formation of pyromorphite, a lead chloride phosphate [Pbs(PO4)3Cl] (JCPDS
reference card: 00-019-0701) in a hexagonal crystal system. This indicates that A. xylosoxidans
strain SJ11 could efficiently convert the soluble lead from surroundings into an insoluble form
thereby reducing the toxicity of lead. There are reports in which the chemical nature of lead
precipitate has been elucidated. For instance, PbHPO4 has been reported in the case of C.
freundii (Aickin et al., 1979), Pbo(PO4)s in V. harveyi (Mire et al., 2004) as well as P.
alcalifaciens 2EA (Naik et al., 2012a); Pbs(PO4)3(OH) in B. cepacia (Templeton et al., 2003);
Pbs(PO4)2 in S. aureus (Levinson et al., 1996); Pb-apatite in Enterobacter sp. (Govarthanan et
al., 2013), Pb-hydroxyapatite in Bacillus cereus 12-2 (Chen et al., 2016), PbS in Rhodobacter
sphaeroides (Bai and Zhang, 2009) and PbSOs in Providencia vermicola strain SJ2A (Sharma

etal., 2017).

4.4.4 AAS Analysis

The amount of lead present in the precipitate (pyromorphite) was quantified by atomic
absorption spectroscopy to be 465.8 mg/g. This demonstrated that the precipitate contained a

significant amount of lead accounting to nearly 47% of the compound.
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Fig. 4.13 X-ray diffractogram of A. xylosoxidans strain SJ11.

a) Bacterial cells without lead exposure; b) Bacterial cells exposed to 0.5 mM lead nitrate
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445 FTIR Analysis

Fourier transformed infrared spectroscopy of A. xylosoxidans strain SJ11 cells was
performed to identify the functional groups associated with lead resistance (Fig. 4.14). Analysis
of the IR spectra indicated shifting and sharpening of various peaks when compared to the
control which could be assigned to characteristic functional groups present in the biomolecules
of bacterial cells involved in lead precipitation. The major peak changes have been listed in
Table 4.2. FTIR peaks lying in the spectral region from 1080 to 970 cm™ showed a significant
increase in the intensity which in turn corresponds to symmetric stretching vibrations in
phosphate groups (Naumann, 2000). A clear shift in the peak from 1080 to 1041 cm™ evidently
showed an interaction of the metal with phosphate groups. This depicted that the phosphate
groups played a substantial role in precipitation of lead. Moreover, there was a shift from 1533
to 1525 cm* that could be attributed to alteration in the secondary structure of proteins due to
interaction with lead indicating a probable role of enzymes in the lead precipitation process.
Similar alterations in the IR spectra were observed in a uranium resistant strain of

Pseudomonas aeruginosa (Chaudhary and Sar, 2011).
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Fig. 4.14 IR spectra of A. xylosoxidans strain SJ11.
Bacterial cells without exposure to lead nitrate (blue); bacterial cells exposed to

0.5 mM lead nitrate (red)

Table 4.2 Major peak changes observed in A. xylosoxidans strain SJ11 following

precipitation of lead and the functional groups involved.

Control cells (cm™) Lead-exposed cells (cm™) Functional groups
1525 1533 Amide Il of proteins
1080 1041 P=0 symmetric stretching of >PO,
968 976 P=0 symmetric stretching of >PO,
548 575, 540 Heavy metal oxides, Pb—O
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4.4.6 Phosphatase assay

A remarkable increase was observed in the phosphatase activity, i.e., 66.6% in presence
of 0.2 mM lead nitrate and 160% when the cells were exposed to 0.5 mM lead nitrate (Table
4.3). The free phosphorus liberated by the action of phosphatase could combine with lead ions
leading to formation of pyromorphite. Phosphatase mediated precipitation of uranium has

previously been reported in case of Citrobacter sp. (Macaskie et al., 2000).

Table 4.3 Phosphatase activity of A. xylosoxidans strain SJ11 grown

with and without lead.

Concentration of Enzyme activity

lead nitrate (mM) | (Mean + SD?, nmoles pg?* min?)

0 (Control) 20.63 £ 1.93
0.2 34.36 £ 2.25
0.5 53.63 +1.28

¥The mean and standard deviation of triplicate determinations (p < 0.0001; F: 315.7).
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Summary

Lead resistance mechanisms were investigated in the selected bacterial strains.
Providencia vermicola strain SJ2A carried the pbrR gene on plasmid as well as chromosomal
genome. Scanning electron micrographs of bacterial cells exposed to lead revealed a unique
alteration in the cell morphology from rods to long inter-connected filaments while electron
dispersive X-ray spectroscopy clearly indicated no significant lead adsorption. However,
transmission electron micrographs of the bacterial cells exposed to lead evidently demonstrated
periplasmic sequestration of lead which was also supported by fourier transformed infrared
spectroscopic analysis. The bacterium internalised 155.12 mg Pb?*/g biomass as determined
by atomic absorption spectroscopy which was subsequently identified as lead sulfite by X-ray

diffraction studies.

Another lead resistant bacterium, Achromobacter xylosoxidans strain SJ11 was found
to form a precipitate in presence of lead nitrate which was also evident from the scanning
electron micrographs. Energy dispersive X-ray spectroscopic analysis revealed the presence of
lead (48.5 by weight %) along with phosphorus and chlorine in the precipitate. Transmission
electron microscopy of bacterial cells negated the possibility of intracellular lead uptake
confirming extracellular precipitation as a predominant mechanism of lead resistance in this
strain. The extracellular precipitate was identified as pyromorphite [Pbs(PO4)3CI] by X-ray
diffraction analysis. This was also corroborated by fourier transformed infrared spectroscopy
indicating a significant involvement of phosphate groups in binding with lead. Atomic
absorption spectroscopic analysis clearly demonstrated that 465.8 mg Pb?*/g was precipitated
by the bacterial cells which is highly significant. Moreover, there was a remarkable increase
(i.e. 160%) in phosphatase enzyme activity substantiating the role of phosphatase in lead

precipitation.
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5.1 Quantification of extracted protein

Whole cell protein extracted from bacterial cells grown with and without lead resulted
in a good yield of protein although the yield from lead exposed cells was comparatively less
than the unexposed cells (Table 5.1). We chose the concentration of lead as 0.2 mM for
exposure since the bacterial cells were required to experience stress caused by lead but at the
same time, the particular concentration should not inhibit the bacterial growth significantly.
SDS-PAGE analysis of the protein extracted from control and lead exposed cells helped in the
assessment of protein quality. It was also interesting to note that the differential expression of
proteins in response to lead was evident from SDS-PAGE (Fig. 5.1). This further ensured that

the samples could be processed further for LC-MS/MS analysis.

Table 5.1 Concentration of the protein extracted from lead resistant bacterial isolates.

(Bradford assay)

Bacterial isolates Sample Protein concentration
(Mg/mL)
Control 2.105
Providencia vermicola strain
SJ2A
Cells exposed to 0.2 mM 1.865
lead
Control 4.7733
Achromobacter xylosoxidans
strain SJ11
Cells exposed to 0.2 mM 3.4097
lead

5.2 LC-MS/MS Analysis

There are very few reports elucidating biochemical mechanisms of lead resistance in
bacteria (Borremans et al., 2001, Hynninen et al., 2009, 2010; Sharma et al., 2006) and this
prompted us to explore lead responsive proteins in the lead resistant bacterial isolates

extensively. This would enable us to decipher the role of proteins in rendering lead resistance.
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Fig. 5.1 SDS-PAGE analysis representing the quality assessment of extracted protein.
Lane 1: Protein extracted from control cells
Lane 2: Protein molecular weight marker

Lane 3: Protein extracted from cells exposed to 0.2 mM lead

Induced proteins

Up-regulated proteins

Fig. 5.2 llustration depicting the distribution of proteins identified in P. vermicola

strain SJ2A exposed to lead.
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5.2.1 Proteomic analysis of Providencia vermicola strain SJ2A

Total 857 and 721 proteins were identified with an FDR of 1% in case of unexposed
and cells exposed to 0.2 mM lead respectively. Out of these 721 proteins identified in the lead
exposed bacterial cells, 120 were induced while 79 were up-regulated (Fig. 5.2). The proteins
were categorized as induced when they were observed only in presence of lead and up-
regulated if they exhibited an increase in expression due to lead (Tables 5.2 and 5.3). These
were further classified based on their biological context in order to gain an insight into the

difference in protein expression due to lead exposure.

Our analysis revealed that the induced and up-regulated proteins govern diverse cellular
functions. The major group of induced proteins (Fig. 5.3) were involved in nitrogen metabolism
(18%), oxidation-reduction processes (16%), regulatory functions (13%), transport (9%) and
stress response (9%). Similarly, up-regulated proteins comprised of the ones governing
nitrogen and carbon metabolism (36%), transcription-translation (15%) and stress responses
(Fig. 5.4). Interestingly, lipopolysaccharide associated proteins constituted 6% of the total up-
regulated proteins which further corroborated the lead resistance mechanism of periplasmic
sequestration exhibited by this organism.

Another protein, BolA was observed in lead exposed cells. This protein has recently
been identified as a transcriptional factor in Escherichia coli which is responsible for inhibition
of flagellar biosynthesis (Dressaire et al., 2015). In addition, induced proteins viz. co-
chaperones, zinc/cadmium/mercury/lead-transporting ATPase, cadmium-exporting ATPase,
copper-sensing regulators, metal ABC transporter periplasmic protein, cupredoxin-like domain
protein, efflux transporter (RND family), glutaredoxin-like protein, glutathione-dependent
thiol reductase and bacterioferritin could facilitate the resistance mechanism in this bacterium

to combat lead stress (Table 5.2).
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Amongst the up-regulated proteins, stress responsive proteins such as chaperonin and
metal binding protein ZinT demonstrated a significant increase in protein expression i.e., 10.3
and 9.5 fold respectively, substantiating their role in governing lead resistance (Table 5.3). We
also observed up-regulation of the elongation factor, Tu which reflects the adaptation strategy
of the bacterium as it is responsible for enhancing the overall protein synthesis. Previously,
increase in the expression of elongation factor, Tu has been observed for Pseudomonas
fluorescens in presence of cobalt (Sharma et al., 2006). Hence, the proteins that were found to
be induced or up-regulated probably assist in rendering lead resistance to P. vermicola strain

SJ2A.

Table 5.2 List of proteins induced in P. vermicola strain SJ2A on exposure to lead.

Carbon metabolism

e 2,3-butanediol dehydrogenase

e Acetoin reductase

e Acyl-[ACP]-phospholipid O-acyltransferase
e EF 0830/AHA 3911 family protein

e NAD-dependent malic enzyme

e PTS system N-acetyl glucosamine specific transporter subunits ICBA

e PTS system sugar transporter subunit 11A

e Succinate dehydrogenase hydrophobic membrane anchor subunit

e Sugar-binding domain protein

e UDP-N-acetylmuramate-L-alanyl-gamma-D-glutamyl-meso-2,6-

diaminoheptandioate ligase

Protein metabolism

e 2-oxoglutaramate amidase

¢ Amidohydrolase family protein

e Aminopeptidase B

e Aspartate aminotransferase

e Cysteine desulfurase activator complex subunit SufB

68| Page



e Cysteine desulfurase, sulfur acceptor subunit CsdE

e Cytosol nonspecific dipeptidase

e Endothelin-converting protein 1

e FtsH protease regulator HfIK

e N-substituted formamide deformylase

e Penicillin-binding protein activator LpoA

e Peptidase family M13

e Peptidase, M16 family

e PTS I1A-like nitrogen-regulatory protein PtsN

e PTS system nitrogen regulatory protein IHA(Ntr)

e Pyridoxal phosphate-dependent enzyme, D-cysteine desulfhydrase

family

e Sensor protein CpxA

e Serine acetyltransferase

e Two-component sensor histidine kinase

e Two-component sensor protein

e Xaa-His dipeptidase

Fatty acid metabolism

e 3-ketoacyl-(Acyl-carrier-protein) reductase

e 3-oxoacyl-[acyl-carrier-protein] reductase

e Bifunctional protein Aas

e Putative oxoacyl-(Acyl carrier protein) reductase

Nucleotide metabolism

e 2'3'-cyclic-nucleotide 2'-phosphodiesterase

e Bifunctional 2',3'-cyclic nucleotide 2'-phosphodiesterase/3'-

nucleotidase periplasmic protein

e Class la ribonucleotide reductase, beta subunit

e dITP/XTP pyrophosphatase

e Endoribonuclease

¢ Nucleoprotein/polynucleotide-associated enzyme

e Orotidine 5'-phosphate decarboxylase
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Ribonucleoside-diphosphate reductase, beta subunit-like protein

DNA repair and replication

DNA gyrase inhibitor YacG

Translation and transcription

Ribosomal silencing factor RsfS

Ribosome-associated protein

S4 domain protein

Translation initiation factor Suil

Response to stress

Cadmium-exporting ATPase

Co-chaperone YbbN

Copper-sensing histidine kinase

Copper-sensing two-component system response regulator

Cupredoxin-like domain protein

Heavy metal transporting ATPase

Metal ABC transporter periplasmic protein/surface antigen

Metallo-beta-lactamase domain protein

Universal stress protein F

Zinc ABC transporter ATPase (Fragment)

Zinc/cadmium/mercury/lead-transporting ATPase

Cell division

Cell division protein BolA

Cell division protein DedD

Cell division protein FtsH

Cell division protein ZipA

Regulatory functions

AepA family exoenzyme regulatory protein

Anti-sigma-E factor RseA

BolA-like protein

HTH-type transcriptional repressor PurR

HU-beta family DNA-binding protein
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e Modulator of FtsH protease HfIK

e MrpJ family protein

e Quorum-sensing regulator protein G

e Response regulator homolog

o SspA

e TraM protein DNA-binding domain protein

e Transcription repressor

e Transcriptional regulator, Spx/MgsR family

e Transcriptional regulatory protein PhoP

e Two-component system response regulator OmpR

e Virulence transcriptional regulatory protein PhoP

Oxidation-Reduction

e ArsC family reductase

e ATP synthase epsilon chain

e Bacterioferritin

e Coproporphyrinogen-I11 oxidase

e Fe-S assembly protein IscX

e Fe-S metabolism protein SufE

e Glutamine-dependent NAD(+) synthetase

e Glutaredoxin-like protein

e Glutathione-dependent thiol reductase

e Iron-sulfur cluster assembly ATPase protein

e Iron-sulfur cluster assembly scaffold protein IscU

e NADH pyrophosphatase

e NADH-quinone oxidoreductase subunit E

e NDH-1 subunit E

e Peptide methionine sulfoxide reductase MsrB

e Sulfite reductase [NADPH] hemoprotein beta-component

e Tat pathway signal sequence domain protein

e Thiosulfate sulfurtransferase

e YciK family oxidoreductase
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Transporter

ATP-binding cassette protein, ChvD family

Efflux transporter, RND family, MFP subunit

Heme/hemoglobin transport protein

Hemin transport protein HmuS

Multidrug efflux pump subunit AcrA

Multidrug transporter

OmpA-like transmembrane domain protein

Outer membrane channel protein

Periplasmic binding protein

Putative ATP-dependent transporter SufC

Type | secretion outer membrane protein, TolC family

Others

LppC

Molybdenum cofactor biosynthesis protein MoaE

Outer membrane lipoprotein, Slp family

Outer membrane protein A

PF04320 family protein

PF09831 family protein

Putative cytoplasmic protein

Putative reductase

UPF0434 protein PROSTU_01760

WxcM-like protein

YthG lipoprotein
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B Carbon metabolism

m Nitrogen metabolism

I Fatty acid metabolism
Nucleotide metabolism

B DNA repair and replication

M Transcription and translation

W Response to stress

H Cell division

M Regulatory functions

B Oxidation-reduction

W Transporter

B Others

Fig. 5.3 Induced proteins from P. vermicola strain SJ2A were classified based on their

involvement in various biological processes.
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Table 5.3 List of proteins up-regulated in P. vermicola strain SJ2A on exposure to lead

and the fold change in expression.

Proteins Fold change
Carbon metabolism
e 1,4-dihydroxy-2-naphthoyl-CoA synthase 2.06
e 2-dehydro-3-deoxyphosphooctonate aldolase 1.8
e Aspartate ammonia-lyase 2.0
e Bifunctional protein HIdE 1.83
e D-hexose-6-phosphate mutarotase 1.69
e Malate dehydrogenase 2.21
e Probable malate:quinone oxidoreductase 2.13
e PTS N-acetyl glucosamine transporter subunit IABC 2.57
e Ribose-5-phosphate isomerase A 1.68
¢ Ribulose-phosphate 3-epimerase 4.57
e Triosephosphate isomerase 1.75
Nitrogen metabolism

e 4-hydroxy-tetrahydrodipicolinate synthase 2.19
e ATP phosphoribosyltransferase 3.26
e ATP-dependent protease ATPase subunit HslU 2.3
e ATP-dependent protease subunit HslV 1.66
e Branched chain amino acid aminotransferase 1.99
e D-3-phosphoglycerate dehydrogenase 1.86
e Glutamate dehydrogenase 1.68
e Glutamine synthetase 37.67
e Histidine biosynthesis bifunctional protein HisB 3.03
e Histidine biosynthesis bifunctional protein HislE 3.05
e Histidinol dehydrogenase 8.44
e Histidinol-phosphate aminotransferase 2.39
e Imidazole glycerol phosphate synthase subunit HisF 24
e O-acetylnomoserine aminocarboxypropyltransferase 1.63
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e Peptide deformylase 5.9
e Tryptophan synthase beta chain 1.51
e Urease alpha subunit 1.82
Fatty acid metabolism
e 3-oxoacyl-[acyl-carrier-protein] synthase 2 1.99
Nucleotide metabolism
e dTDP-3-amino-3,6-dideoxy-alpha-D-galactopyranose 1.81
transaminase
e Guanylate kinase 1.53
e Hypoxanthine phosphoribosyltransferase 2.81
e Phosphoribosylformylglycinamidine synthase 1.77
e Uracil phosphoribosyltransferase 1.6
DNA repair and replication
e Ribonucleoside-diphosphate reductase subunit beta 3.12
Translation and transcription
e 30S ribosomal protein S7 3.32
e 30S ribosomal protein S9 1.63
e 50S ribosomal protein L5 1.59
e 50S ribosomal protein L22 1.55
e 50S ribosomal protein L35 1.94
e 50S ribosomal protein L36 2.02
e DNA-directed RNA polymerase subunit beta’ 8.68
e Elongation factor Tu (Fragment) 2.23
e Peptide chain release factor 1 2.12
e Translation initiation factor IF-1 1.69
e Translation initiation factor IF-3 1.57
e tRNA-specific 2-thiouridylase MnmA 1.88
Response to stress
e 60 kDa chaperonin 10.33
e Chaperone protein DnaJ 1.59
e Metal-binding protein ZinT 9.49
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e Osmotically inducible protein Y 1.76

e Putative fimbrial chaperone 1.74

e Universal stress protein UspA 2.48

e Zinc ABC transporter substrate-binding protein 1.84
LPS associated

e Lipoprotein 1.91

e Murein lipoprotein 1.7

e Outer membrane protein assembly factor BamA 1.82

e Peptidoglycan-binding protein 1.87

e Signal recognition particle protein 1.82
Regulatory functions

e DNA-binding protein 2.2

e DNA-binding response regulator 1.65

e Leucine responsive regulatory protein 1.69

e Putative DNA-binding transcriptional regulator 2.83
Oxidation-Reduction

e NAD(P)-dependent oxidoreductase 2.9

e Superoxide dismutase [Cu-Zn] 1.81
Transporter

e Colicin I receptor 5.43

e Iron ABC transporter substrate-binding protein 2.04

e Phosphate-specific transport system accessory protein 1.5

PhoU

e TonB-dependent siderophore receptor 2.34
Others

¢ Bifunctional polymyxin resistance protein ArnA 3.12

e Membrane protein insertase YidC 15

e Pantothenate synthetase 2.03

e Probable 4-deoxy-4-formamido-L-arabinose- 1.78

phosphoundecaprenol deformylase ArnD
e Sulfurtransferase 1.56
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e Thiamine biosynthesis protein ThiS 2.17

e Thiamine pyrophosphate enzyme, N-terminal TPP 2.1
binding domain protein

e Thiazole synthase 1.73

e Uncharacterized protein 2.55

e UPF0250 protein A3Q29_02040 7.64

B Carbon metabolism

m Nitrogen metabolism

M Fatty acid metabolism
Nucleotide metabolism

B DNA repair and replication

B Transcription and translation

W Response to stress

B LPS associated

B Regulatory functions

| Oxidation-reduction

B Transporter

H Others

Fig. 5.4 Up-regulated proteins from P. vermicola strain SJ2A were classified based on

their involvement in various biological processes.
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5.2.2 Proteomic analysis of Achromobacter xylosoxidans strain SJ11

Total 1179 proteins were identified with confidence (FDR 1%) by mass spectrometry
across the samples, of which 688 proteins belonged to the bacterial cells exposed to 0.2 mM
lead. Of these 688 proteins, 38 were analysed to be induced while 79 were the proteins that
were up-regulated in presence of lead (Fig. 5.5).

The proteins were classified based on their involvement in various biological processes.
The analysis clearly revealed that most of the induced proteins (Fig. 5.6) contribute to
catabolism (24%), transport (21%), biosynthesis (16%), stress response (16%) and oxidation-
reduction processes (10%). While a major group of up-regulated proteins have a role in
transcription as well translation (24%), biosynthesis (23%), catabolism (15%), transport (13%),
stress response (11%) and redox processes (6%) as depicted in Fig. 5.7.

Some of the induced proteins of relevance in lead resistance (Table 5.4) include
Cd(I1N/Pb(I1)-responsive transcriptional regulator, mercuric resistance operon regulatory
protein, MerR family transcriptional regulator, cation efflux system protein, cobalt-zinc-
cadmium resistance protein CzcC, copper-transporting P-type ATPase and chemotaxis protein.
On the other hand, in case of up-regulated proteins (Table 5.5) several proteins showed a
significant increase in their expression viz. elongation factor G (42.2 fold), 2-oxoglutarate
dehydrogenase (35.4 fold), thiol reductant ABC transporter CydC (30.8 fold),

phosphoenolpyruvate synthase (24 fold) and DNA gyrase (20.8 fold).
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Induced proteins

Up-regulated proteins

Fig. 5.5 Illustration depicting the distribution of proteins identified in A. xylosoxidans

strain SJ11 exposed to lead.

M Biosynthesis

M Catabolism
Transcription and translation
DNA repair

M Stress response

B Oxidation-reduction

W Transport

B Others

Fig. 5.6 Induced proteins from A. xylosoxidans strain SJ11 were classified based on their

involvement in various biological processes.
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Interestingly, there were certain proteins which are usually implicated in heavy metal
resistance such as the ferric hydroxamate uptake protein (12.5 fold), glutathione-binding
protein gsiB (7.53 fold), GroES protein (8.69 fold), chaperone protein ClpB (8.28 fold),
glutathione S-transferase (2.86 fold), GST-like protein yfcG (6.66 fold), methyl-accepting
chemotaxis protein (8.62 fold), organic hydroperoxide resistance protein (8.28 fold),
chemotaxis protein CheA (4.43 fold) and a protein phosphatase CheZ (1.73 fold). The proteins
CheA and CheZ are well known for their roles in chemotaxis (Zhao et al., 2002). Binding of
chemical molecules to the transmembrane receptors leads to autophosphorylation of CheA
which further transfers the phosphoryl group to CheY. Phosphatase, CheZ is responsible for
dephosphorylation of CheY—P (Baker et al., 2006; Silversmith et al., 2008; Silversmith,
2010). The phosphorus liberated by the action of phosphatase is free to combine with lead ions
thus, leading to formation of pyromorphite. Therefore, we hypothesize it as a mechanism for

lead precipitation by A. xylosoxidans strain SJ11.

Table 5.4 List of proteins induced in A. xylosoxidans strain SJ11 on exposure to lead.

Biosynthesis

e 1, 3-oxoacyl-[acyl-carrier-protein] reductase 5

e GTP cyclohydrolase 1 type 2 homolog

e Polyprenyl synthetase family protein

e Flavin prenyltransferase UbiX

e Polyketide cyclase

e Phosphoheptose isomerase

Catabolism

o Metalloprotease TIdD

e Protease prtS

e Bifunctional aconitate hydratase 2/2-methylisocitrate dehydratase

e |sochorismatase
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e Isochorismatase family

e Mandelate racemase/muconate lactonizing enzyme, N-terminal

domain protein 3

e Dehydratase family protein 1

e Bifunctional D-altronate/D-mannonate dehydratase

e Histidine ammonia-lyase

Transcription and translation

e Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase ybaK

e GntR family transcriptional regulator

DNA repair

e DNA repair protein

Stress response

e Cd(I)/Pb(lI)-responsive transcriptional regulator

e DnaJ domain protein

e Mercuric resistance operon regulatory protein

e MerR family transcriptional regulator

e General stress protein CsbhD

e YicC family protein

Oxidation-Reduction

e Berberine and berberine like

e Flavin reductase

e Rubredoxin

e Electron transfer flavoprotein subunit alpha 1

Transport

o Bacterial extracellular solute-binding family protein 8

o Bacterial extracellular solute-binding protein, family 7 family

protein 3

e Molybdate ABC transporter substrate-binding protein

e Methyl-accepting chemotaxis protein Il 1

e Cation efflux system protein CzcC

e Cobalt-zinc-cadmium resistance protein CzcC
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e Copper-transporting P-type ATPase

e Ligand-gated channel protein

Others

e Flagellar hook-length control protein

e Alpha-2-macroglobulin

Table 5.5 List of proteins up-regulated in A. xylosoxidans strain SJ11 on exposure to

lead and the fold change in expression.

Proteins Fold change
Biosynthesis

e Phosphoenolpyruvate synthase 23.95
e 3-oxoacyl-[acyl-carrier-protein] synthase 3 7.05
e Phosphomethylpyrimidine synthase 7.05
e Acetyl-CoA carboxylase biotin carboxylase subunit 6.98
e Acetylglutamate kinase 8.3

e Acyl-[acyl-carrier-protein]-UDP-N-acetylglucosamine 10.35

O-acyltransferase

e Adenylosuccinate lyase 7.3

e Aerobactin synthase lucC 6.88
e Argininosuccinate lyase 7.3

e Aspartate carbamoyltransferase catalytic chain 6.88
e Cyclopropane mycolic acid synthase 1 2.93
e Glutamine-fructose-6-phosphate aminotransferase 491

[isomerizing]

e Glycerol kinase 6.27
e O-acetylnomoserine aminocarboxypropyltransferase 5.31
e Putative uroporphyrinogen-111 C-methyltransferase 17.06
e Sulfate adenylyltransferase subunit 1 19.97
e Tryptophan synthase beta chain 7.26
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e Uridylate kinase 3.94
Catabolism

e 2-methylisocitrate lyase 3.39

e 2-oxoglutarate dehydrogenase E1 component 35.39

e Carboxymethylenebutenolidase 3.7

e Citrate synthase 4.66

e Dihydrolipoyllysine-residue succinyltransferase 5.36
component of 2-oxoglutarate dehydrogenase complex

e L-lactate dehydrogenase 9.12

e Probable succinyl-CoA:3-ketoacid-coenzyme A 9.65
transferase subunit A

e Succinate dehydrogenase flavoprotein subunit 4.97

e Succinate--CoA ligase [ADP-forming] subunit alpha 8.58

e Succinate--CoA ligase [ADP-forming] subunit beta 2.59

e Transketolase 1 7.3

e Triosephosphate isomerase 16.43

Transcription and translation

e Elongation factor G 42.15

e Elongation factor P 4.84

e Elongation factor Ts 2.28

e Probable transcriptional regulatory protein pmpR 3.06

e Proline-tRNA ligase 23.01

e Transcription termination/antitermination protein 12.39
NusG

e Translation initiation factor IF-2 4.4

e 30S ribosomal protein S3 10.36

e 30S ribosomal protein S4 6.3

e 30S ribosomal protein S8 2.043

e 30S ribosomal protein S13 3.68

e 50S ribosomal protein L1 5.62

e 50S ribosomal protein L2 4.48
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e 50S ribosomal protein L5 4.39
e Aspartate-tRNA ligase 4.81
e Cys regulon transcriptional activator 13.97
e Glutamine-tRNA ligase 12.86
e Ribonuclease E 6.74
e RNA polymerase sigma factor RpoD 3.2
DNA replication and repair
e DNA gyrase subunit A 20.76
e DNA-binding protein HU-beta 4.16
e Histone-like DNA-binding protein 6.99
Stress response
e 10 kDa chaperonin or GroES protein 8.69
e Chaperone protein ClpB 8.28
e Glutathione S-transferase 2.86
e GST-like protein yfcG 6.66
e Heat-shock protein Hsp20 2.38
e Methyl-accepting chemotaxis protein 4 8.62
e Organic hydroperoxide resistance protein 8.28
e Chemotaxis protein CheA 4.43
e Protein phosphatase CheZ 1.73
Redox
e Alkyl hydroperoxide reductase subunit C 2.0
e ATP synthase subunit beta 7.13
e Electron transfer flavoprotein small subunit 3.22
e Electron transfer flavoprotein subunit beta 2.99
e NADH-quinone oxidoreductase chain 1 5.06
Transport
e Ferric hydroxamate uptake 125
e Glutathione-binding protein gsiB 7.53
e Iron ABC transporter substrate-binding protein 6.42
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e Leucine-, isoleucine-, valine-, threonine and alanine- 2.44
binding protein

¢ Nickel uptake substrate-specific transmembrane region 4.55

e Potassium-transporting ATPase ATP-binding subunit 2.71

e Potassium-transporting ATPase potassium- binding 2.4
subunit

e Protein TolB 3.72

e Thiol reductant ABC exporter subunit CydC 30.76

e Transporter 5.34

Others

e Alpha-2-macroglobulin family N-terminal region 8.69

e Carboxy-terminal processing protease CtpB 3.34

e Lipoprotein 4.43

H Biosynthesis

M Catabolism

H Transcription and translation
DNA repair

M Stress response

B Oxidation-reduction

H Transport

B Others

Fig. 5.7 Up-regulated proteins from A. xylosoxidans strain SJ11 were classified based on

their involvement in various biological processes.
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5.3 Cell motility assay

P. vermicola strain SJ2A demonstrated a drastic reduction in cell motility in presence
of lead. This is clearly evident from the significant decrease in growth ring on PYE soft agar
plate amended with 0.5 mM lead nitrate and a complete absence of the growth ring in presence
of 1 mM lead nitrate (Fig. 5.8). However, the cell motility remained unaffected in case of A.
xylosoxidans strain SJ11. The proteomic analysis of P. vermicola strain SJ2A had shown
induction of BolA and BolA-like protein when the cells were exposed to lead. These proteins
are negative modulators of flagellar biosynthesis which explains the inhibition of bacterial
motility in presence of lead. Yung et al. (2014) had also reported slight reduction in motility of
Caulobacter crescentus in presence of cadmium. Interestingly, this is the first study

demonstrating effect of lead on bacterial cell motility.
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Fig. 5.8 Cell motility assay for P. vermicola strain SJ2A.

a) Cells inoculated in PYE agar without lead nitrate
b) Cells inoculated in PYE agar supplemented with 0.5 mM lead nitrate

c) Cells inoculated in PYE agar supplemented with 1 mM lead nitrate
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Summary

The lead resistant bacterial isolates demonstrated a significant up-regulation and
induction of certain proteins in response to lead. In P. vermicola strain SJ2A, 721 proteins were
identified in the lead exposed cells, of which 120 were induced while 79 were found to be
overexpressed. These proteins include chaperones, chaperonins, metal binding proteins, stress
proteins, lipoproteins, siderophore receptor, peptidoglycan-binding protein, oxidoreductase,
cadmium-exporting ATPase, zinc/cadmium/mercury/lead-transporting ATPase, copper-
sensing histidine kinase, cell division proteins, bacterioferritin, glutathione-dependent thiol

reductase and efflux transporters from RND family.

While in A. xylosoxidans strain SJ11, 688 proteins were identified in cells exposed to
lead, of which 38 were found to be induced and 79 were overexpressed proteins. These lead
responsive proteins include chaperones, GroES protein, elongation factors, glutathione S-
transferase, ferric hydroxamate uptake protein, glutathione-binding protein gsiB, MerR family
transcriptional regulator, general stress protein CsbD, Cd(I1)/Pb(ll)-responsive transcriptional
regulator, cobalt-zinc-cadmium resistance protein CzcC, copper-transporting P-type ATPase

and bacterial extracellular solute-binding proteins.

88 |Page



6.1 PCR mediated detection of smtAB

The smt locus comprises of two divergently transcribed genes, smtA and smtB which
encode a small class Il metallothionein and a repressor molecule respectively, thereby
mediating resistance to zinc and cadmium ions (Turner et al., 1995; Naz et al., 2005; Blindauer,
2011). This was the first prokaryotic metallothionein discovered in cyanobacterial strains,
Synechococcus sp. strain PCC 7942 (Huckle et al., 1993) and Synechococcus sp. strain PCC
6301 (Olafson et al., 1988; Robinson et al., 1990). MT genes have also been detected in strains
of Streptomyces sp., Salmonella choleraesuis and Proteus penneri (Rifaat et al., 2009; Naik et
al., 2012d). The internal fragment of known smtAB which usually results in an amplicon of 507

bps was not observed in any of our lead resistant bacterial isolates.

6.2 Amplification and sequencing of bmtA

The bmtA gene is known to encode a bacterial metallothionein which is a low molecular
weight, cysteine and histidine rich protein involved in metal binding thus mitigating the effect
of toxic metals (Blindauer et al., 2002; Blindauer, 2008, 2011). PCR amplification of bmtA
using plasmid DNA as a template resulted in an amplicon of approximately 240 bp in the three
lead resistant isolates, SJ2A, SJ3A and SJ20 (Fig. 6.1). The bmtA gene sequence has been
deposited in Genbank with accession number KU565493.2

(https://www.ncbi.nlm.nih.gov/nuccore/KU565493.2).  The  presence  of  bacterial

metallothionein like proteins have earlier been reported in bacteria for instance, the
pseudothionein, CdBP1 in P. putida as well as the copper binding metallothionein, MymT in

Mycobacterium tuberculosis (Higham et al., 1986; Gold et al., 2008).
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300 bp

200 bp

100 bp

Fig. 6.1 PCR amplification of bmtA gene using bacterial plasmid DNA.
Lane 1: 100 bp standard DNA marker
Lane 2: bmtA amplicon from isolate SJI2A
Lane 3: bmtA amplicon from isolate SJ20

Lane 4: bmtA amplicon from isolate SJI3A
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The bmtA gene sequence when translated using EXPASYy (https://web.expasy.org/translate/)

gave the following peptide:

MNSETCACPKCTCQPGADAVERDGQHYCCAACASGHPQGEP

CRDADCPCGGTTRPQVAEDRQ

BLASTX analysis indicated that BmtA from P. vermicola strain SJ2A showed 100% homology
to the metallothionein (MT) from Pseudomonas sp. (Accession number WP_003100805.1).
Phylogenetic analysis of BmtA from P. vermicola strain SJ2A along with various other
bacterial genera and SmtA from cyanobacteria was performed to understand the relatedness
between Smts and Bmts (Fig. 6.2). They showed a distinct separate grouping in the phenogram
clearly indicating significant differences between the two.

Multiple sequence alignment (MSA) carried out for Bmts and Smts revealed that 8
cysteine, 1 histidine and 2 alanine residues were conserved throughout the cyanobacterial as
well as bacterial metallothioneins (Fig. 6.3). Metallothioneins are well known for the presence
of cysteine and histidine residues which are usually involved in binding with the metal ions
like Zn and Cu for sequestration (Blindauer, 2011). However, conservation of alanine residues

is another interesting aspect and its role in metal binding can be studied further.
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https://web.expasy.org/translate/

z0

34

100 | ABAZ5237 1 metallothionein family 14 {(plasmid) Anabaena variabilis ATCC 29413

43 WP 0622963331 metallothionein Nostoc piscinale

Sl OKHS53365.1 metallothionein Calothrix sp. HK-06

WP 071593348_1 metallothionein Oscillatoria sp. PCC 10802
WP 0715955121 metallothionein filamentous cyanobacterium ESFC-1
OKH49957.1 metallothionein Phormidium tenue NIES-30
ELS45981.1 metallothionein Microcystis aeruginosa DIANCHI90S

—96|: ELP52657.1 metallothionein Microcystis aeruginosa TAIHUSS

WP 0416996451 metallothionein Pseudanabaena sp. PCC 7367

WP 071590630.1 metallothionein Gloeocapsa sp. PCC 73106

|pdh|1JJD|A Chain A Nmr Structure Of The Cyanobacterial Metallothionein Smta

100 | CAA45873.1 SmtA metallothionein Synechococcus elongatus PCC 7942
KTS544048 1 metallothionein Methylobacterium radiotolerans

KTW01309.1 metallothionein Sphingomonas sanguinis

KTT16503.1 metallothionein Pseudomonas parafulva

OFZT7#3713.1 metallothionein Halomonas boliviensis LC1

31 l—
65 WP 075568994 1 metallothionein Salinicola socius

EAQ74777.1 bacterial metallothionein Synechococcus sp. WH 5701

45

AMO7E155.1 Prokaryotic metallothionein Pseudomonas citronellolis

KPLE65967.1 metallothionein Pseudomonas viridiflava

29

APC73169.1 Prokaryotic metallothi in Pseudo aeruginosa

010

100
76 | WP 003100805 1 MULTISPECIES: metallothionein Pseudomonas

LiIvaidencia vermicola SJ2A bmtA l

Fig. 6.2 Evolutionary relationship of Bmts and Smts from bacteria and cyanobacteria

using neighbour-joining method. The BmtA from P. vermicola strain SJ2A has been marked.

The bootstrap values are based upon 10000 replicates. The scale bar, 0.1 indicates 10 amino

acid residues substitutions per 100 positions.
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6.3 Homology Modelling of BmtA

Since BmtA from P. vermicola strain SJ2A showed complete homology with MT from
Pseudomonas sp. (Accession number WP_003100805.1) containing 79 amino acid residues,
this MT was used to carry out further modelling and docking studies. The constructed protein
model (Fig. 6.4) clearly depicts the alpha helices, beta strands and coils along with disulphide
regions which are usually involved in ligand binding. I-TASSER server also predicted the
secondary structure of proteins with a high confidence score demonstrating 25 a-helices and 4
B-strands (Fig. 6.5). Hydropathy plot (Fig. 6.6) for this protein suggests that it has a single
hydrophobic transmembrane segment lying in between two hydrophilic segments of the protein
(Kyte and Doolittle, 1982).

The protein model was assessed by various local and global assessment tools at SAVES
and the Swiss model server. The Z-score, QMEANG score and Dfire energy for the predicted
model were evaluated to be -0.988, 0.602 and -70.97 kJ mol (Zhou and Zhou, 2002). Qmean
is a complex scoring function for estimation of both global quality of the whole model and the
local, that is, per residue analysis of diverse regions within the model (Benkert et al., 2009)
(Fig. 6.7). On the other hand, Gromos is an all-purpose computer simulation package for
molecular dynamics which is applied in order to analyse the conformations obtained from
experimentation or computer simulation (Dawar et al., 2013). Moreover, when the model was
assessed by PROCHECK, which determines the stereochemical quality of the structure by
analysing residue by residue geometry as well as the overall structural geometry, indicated
46.0% core regions in BmtA. The Ramachandran plot for BmtA illustrates the PROCHECK
results (Fig. 6.8). ERRAT evaluates the statistics of non-bonded interactions between different
types of atoms and the overall quality factor was determined as 69.01 for BmtA. Furthermore,
VERIFY3D showed that 100% of the amino acid residues had an average 3D-1D score of >

0.2. Thus, SAVES approved the three-dimensional model of BmtA for further studies.
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Fig. 6.4 Protein model of BmtA constructed using I-TASSER suite.

The protein model shows the helices, strands as well as the coils while the spheres represent

the disulphide regions.

28 48 68

Sequence  MNSETCACPKCTCQPGADAVERDGOHYCCAACASGHPQGEPCRDADCPCGGTTRPQVAEDRQLDDALKETFPASDPISP

Prediction CCCCCCCCCCCSSSSCHHHHHHCCHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHEHHHHHCCCCCCCCCC

Conf.Score 976418699875541837877514667880086350930003883888554426877731772833286@867 7788807
H:Helix: S:Strand; C:Coil

Fig. 6.5 Predicted secondary structure of BmtA constructed using I-TASSER server.
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Fig. 6.7 Evaluation for Qmean and Gromos force fields of BmtA.
Negative energy values (in green) represent a favourable energy environment whereas

positive values (in red) depict unfavourable energy environment for a given amino acid.
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Fig. 6.8 Ramachandran plot depicting PROCHECK results for BmtA.
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6.4 In silico docking studies of BmtA and metal ions

Docking studies were performed in silico to develop a better understanding of the
interaction of BmtA metallothionein with various metal ions (Fig. 6.9, 6.10, 6.11, 6.12, 6.13,
6.14, 6.15). Docking results clearly show that BmtA could interact very well with lead.
Interestingly, three cysteine residues displayed major involvement in this interaction (Fig. 6.9).
Table 6.1 enlists the amino acid residues od BmtA along with their respective positions that
docked with various metal ions. Blindauer et al. (2001) had confirmed that the a-helices and 4
B-strands of SmtA form a zinc finger which facilitates zinc uptake by cyanobacteria. Various
mammalian MT peptides were docked with zinc, mercury and cadmium that enabled molecular
dynamics simulation studies. Molecular modelling along with techniques viz. NMR, XANES
and XAFS has enabled determination of 3D structures of a range of MTs (Fowle and Stillman,
1997; Chan et al., 2002). Therefore, docking studies help in developing new insights with

respect to protein-protein or protein-ligand interactions.
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Table 6.1 Docking interactions of amino acid residues of BmtA with various metal ions.

S.N. Metal lons Amino acid residues Position
1. Pb CYS 6
CYS 13
GLN 14
PRO 15
CYS 28
ASP 44
ALA 45
2. Zn GLY 35
ASP 60
3. Cu PRO 9
GLN 56
GLU 59
LEU 63
4, Cd PRO 9
GLN 56
GLU 59
LEU 63
5. Co PRO 9
GLN 56
GLU 59
LEU 63
6. Ni MET 1
GLU 4
ALA 17
HIS 26
7. Ca PRO 9
GLN 56
GLU 59
LEU 63

99| Page




Fig. 6.9 Docking of BmtA with lead (Pb) ion.

H-Bonds

Donor

Fig. 6.10 Docking of BmtA with zinc (Zn) ion.
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H-Bonds

Donor

Acceptor I

Fig. 6.11 Docking of BmtA with copper (Cu) ion.

H-Bonds

Donor

Acceptor I

Fig. 6.12 Docking of BmtA with cadmium (Cd) ion.
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H-Bonds

Donor

H-Bonds
Donor

Fig. 6.14 Docking of BmtA with nickel (Ni) ion.
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Fig. 6.15 Docking of BmtA with calcium (Ca) ion.
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Summary

We have tried to explore bacterial sSmtAB and bmtA genes in the lead resistant bacterial
isolates. Although smtAB was not detected but approximately, 240 bp amplicon was generated
using bmtA specific primers and plasmid DNA from P. vermicola strains. The sequence of
bmtA was subsequently submitted to Genbank. Additionally, the Blastx search interestingly
revealed that the bmtA amplicon showed 100% homology to the metallothionein (MT) protein
from Pseudomonas sp. Multiple sequence alignment (MSA) was performed using the MT
amino acid sequences from cyanobacteria as well as other bacterial strains. It was evident from
the MSA that 8 cysteine residues along with 1 histidine and 2 alanine residues were conserved
throughout the cyanobacterial and bacterial metallothioneins. Additionally, docking studies
also revealed strong interactions of BmtA with various metal ions particularly, lead. Pb was
found to interact specifically with the cysteine residues (positions 6, 13 and 28) of the

metallothionein, BmtA.
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The present study was carried out in order to explore novel lead resistance mechanisms

in selected bacterial strains. The important findings of the research are as follows:

O Lead resistant bacterial strains with a MTC ranging from 3 to 4 mM lead were isolated
from the waste site of a battery manufacturing industry in Goa.

U These isolates demonstrated alterations in their colony characteristics viz.
pigmentation, zone of clearance and precipitation ring on exposure to lead nitrate.

O The bacterial isolates SJ2A, SJ3A and SJ20 possessed plasmids.

O The isolates, SJ2A and SJ11 were identified as Providencia vermicola and
Achromobacter xylosoxidans respectively, based on biochemical tests and 16S rDNA
sequencing.

O Providencia vermicola strain SJ2A demonstrated periplasmic sequestration of lead as
the mechanism governing resistance.

= |t carried the pbrR gene on plasmid as well as chromosomal genome.

= Scanning electron micrographs of bacterial cells exposed to lead revealed a
unique alteration in the cell morphology from rods to long inter-connected
filaments.

= Electron dispersive X-ray spectroscopy did not indicate adsorption of lead.

= Transmission electron micrographs of the bacterial cells exposed to lead
evidently demonstrated sequestration of lead in the periplasmic space.

= FTIR analysis revealed involvement of phospholipids, LPS and peptidoglycan
in interaction with lead.

= The bacterium internalised 155.12 mg Pb?*/g biomass as determined by atomic
absorption spectroscopy.

» The sequestered lead was subsequently identified as lead sulfite by X-ray

diffraction analysis.
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O Achromobacter xylosoxidans strain SJ11 exhibited precipitation of lead in the form of

pyromorphite.

PCR mediated detection of pbrR indicated that chromosomal genome was
solely responsible for conferring lead resistance.

Scanning electron micrographs showed aggregation of bacterial cells as well as
presence of a precipitate on lead exposure.

Energy dispersive X- ray spectroscopic analysis revealed presence of lead (48.5
% by weight) along with phosphorus and chlorine in the precipitate.

FTIR indicated phosphate groups being the dominant groups involved in
interaction with lead.

Atomic absorption spectroscopic analysis clearly demonstrated that 465.8 mg
Pb?*/g was precipitated by the bacterial cells.

The extracellular precipitate was identified as pyromorphite, Pbs(PO4)sCl by X-
ray diffraction analysis.

There was a remarkable increase (i.e. 160%) in phosphatase activity in presence

of 0.5 mM lead.

O The lead resistant bacterial isolates demonstrated a significant up-regulation and

induction of certain proteins in response to lead.

In P. vermicola strain SJ2A, 721 proteins were identified in the lead exposed
cells, of which 120 were found to be induced while 79 were overexpressed.
These include proteins viz. chaperones, chaperonins, metal binding proteins,
stress proteins, lipoproteins, siderophore receptor, peptidoglycan- binding
protein, oxidoreductase, cadmium-exporting ATPase,

zinc/cadmium/mercury/lead-transporting ATPase, copper-sensing histidine
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kinase, cell division proteins, bacterioferritin, glutathione-dependent thiol
reductase and efflux transporters from RND family.

= In case of A. xylosoxidans strain SJ11, 688 proteins were identified in cells
exposed to lead, of which 38 were induced and 79 were overexpressed proteins.
These lead responsive proteins included chaperones, GroES protein, elongation
factors, glutathione S-transferase, ferric hydroxamate uptake protein,
glutathione-binding protein gsiB, MerR family transcriptional regulator,
general stress protein CsbD, Cd(11)/Pb(Il)-responsive transcriptional regulator,
cobalt-zinc-cadmium resistance protein CzcC, copper-transporting P-type
ATPase and bacterial extracellular solute-binding proteins.

O The amplicon of bacterial metallothionein gene (bmtA) with a size of 240 bp was
generated using plasmid DNA of P. vermicola strains SJ2A, SJ3A and SJ20 as
template. It showed 100% homology to the metallothionein (MT) protein from
Pseudomonas sp.

Q It was evident from the multiple sequence alignment that 8 cysteine residues along with
1 histidine and 2 alanine residues were conserved throughout the cyanobacterial and
bacterial metallothioneins.

O Docking studies also revealed strong interactions of BmtA with various metal ions
particularly, lead which was found to interact specifically with the cysteine residues

(positions 6, 13 and 28) of the bacterial metallothionein.
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Appendix-A

Media
A.1 Nutrient Broth
(per litre)
Peptone 10.0¢g
Beef extract 10.0¢g
Sodium chloride 509
pH 7.3+0.1

A.2 M9 minimal medium
Per litre: To 750 ml of sterile water (cooled to 50°C or less), add:
M9 salts (5X) 200 ml
(Dissolved 64.0 g NazHPO4.7H20; 15.0 g KH2PO4; 2.5 g NaCl; 5.0 g NH4Cl in

deionized water to make the final volume as 1 L)

MgSOs (1 M) 2.0 ml
CaCl2 (1 M) 0.1ml
20% solution of the 20.0 ml

appropriate carbon source

A.3 Defined minimal medium

(per litre)
Sodium citrate 054¢
Magnesium sulphate 01g
Ammonium sulphate 1049
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Glucose 109
Sodium tripolyphosphate 01g

pH 6.0

A.4 Mueller Hinton Agar
(per litre)
Meat infusion 209

Casein acid hydrolysate 175¢g

Starch 15¢
Agar agar 1709
pH 7.3+0.1
A5 PYE Agar

(per litre)
Peptone 2049
Yeast extract 10¢g
Agar agar 259
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Appendix-B

Other Chemicals

B.1 Lead nitrate

Prepare a stock solution of 100 mM lead nitrate:
Lead nitrate 3.3121 g
Deionized water 100 mL

Filter the solution through a 0.22 micron membrane and store.

B.2 KOH (3%)
KOH 30¢

Distilled water 100 mL

B.3 Phosphate buffered saline (PBS)
137 mM NaCl
2.7 mM KCI
10 mM NazHPO4
2 mM KH2POq4

Adjust the pH to 7.4

110 |Page



Appendix-C

Agarose Gel Electrophoresis

C.10.8%, 1% and 1.5% agarose

Weigh 0.8 g, 1.0 g or 1.5 g and dissolve in 100 mL of 1X TAE buffer to prepare 0.8%, 1%
and 1.5% agarose respectively. Melt the solution in microwave oven until clear,
transparent solution is obtained. Add ethidium bromide to a final concentration of 0.5

pg/mL and cast the gel.

C.2 Ethidium Bromide

Add 1.0 g of ethidium bromide to 100 mL of deionized water. Stir on magnetic stirrer for
several hours to ensure that the dye has dissolved. Transfer the solution to amber coloured

bottle and store at room temperature.

C.3 Gel Loading Buffer
0.05% (w/v) Bromophenol blue
40% (w/v) Sucrose
0.1M Ethylenediaminetetraaceticacid (EDTA) (pH 8.0)

0.5% (w/v) Sodium dodecyl sulphate
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C.4 50X Tris Acetate EDTA

Tris base 24.2 g
Glacial acetic acid 571 mL
0.5M EDTA 10 mL
Deionized water 100 mL

C.5 10X Tris EDTA (TE) Buffer (pH 8.0)

Tris Chloride 100 mM

EDTA 10 mM

Sterilize for 20 min at 15 psi.
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Appendix-D

Sodium Dodecyl Sulphate-Polyacrylamide gel electrophoresis

(SDS-PAGE)

D.1 Stock solutions for SDS-PAGE

D.1.1 Acrylamide-bis-acrylamide solution (monomer solution)

Acrylamide 29.09
N,N’ methylene bis acrylamide 109
Deionized water 100 mL

Dissolve acrylamide and N,N’-methylene bis-acrylamide in 80 mL of warm deionized
water. Adjust pH of the solution to 7.0. Make the final volume to 100mL using deionized

water. Store in amber coloured bottle at room temperature.

D.1.2 Resolving gel buffer (Tris 1.5 M, pH 8.8)
Tris (base) 18.171 ¢
Deionized water 100 ml
Dissolve tris base in 60 mL of deionized water. Adjust the pH of solution to 8.8 with 6

N HC1 and make the final volume to 100mL with deionized water. Store the solution at

4°C.
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D.1.3 Stacking gel buffer (Tris 1.0 M, pH 6.8)
Tris (base) 12114 ¢
Deionized water 100 mL
Dissolve tris base in 60 mL of deionized water. Adjust the pH of solution to 6.8 with 6
N HC1 and make the final volume to 100mL with deionized water. Store the solution at

4°C.

D.1.4 10% ammonium per sulphate (APS)
Ammonium per sulphate 0.1¢g

Deionized water 1mL

D.1.5 10% Sodium dodecyl sulphate
Sodium dodecyl sulphate 10g

Deionized water 100 mL

D.1.6 6N Hydrochloric acid
Concentrated HCI 51 mL

Deionized water 100 mL

D.1.7 1% Bromophenol blue

Bromophenol blue 01g

Deionized water 10 mL
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D.1.8 5X Tris-glycine electrophoresis buffer (pH 8.3)

25 mM Tris base
250 mM Glycine
10% (w/v) SDS

Deionized water

3.02g
188 ¢
10 mL

200 mL

Preparation of 1X tank buffer: Make 100 mL of 5X Tris-glycine electrophoresis

buffer to 500 mL using de-ionized water.

D.1.9 2X Sample Solubilizing buffer

1 M Tris HC1 (pH 6.8) 1mil
Glycerol 2 mL
1% (w/v) Bromophenol blue 2 mL
10% (w/v) SDS 4 ml
200 mM B-mercaptoethanol 284 uL
Deionized water 716 uL

D.1.10 Preparation of resolving and stacking gel

Components 12% Resolving gel (10 mL) | 5% Stacking gel (3 mL)

Monomer 3.98 0.597

1.5 M Tris (pH 8.8) 2.486 -

1.0 M Tris (pH 6.8) - 0.373

10% (w/v) SDS 0.1 0.03

10% (w/v) APS 0.05 0.015

TEMED 0.005 0.0015
Deionized water 3.381 1.984
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D.2 Visualisation of SDS-PAGE Gels

D.2.1 Coomassie Brilliant Blue Staining Solution

Coomassie Brilliant Blue R-250 0.05¢g
Methanol 50 mL
Glacial acetic acid 10 mL

Make the volume to 100 mL using deionized water.

D.2.2 Destaining Solution
Methanol 30 mL
Glacial acetic acid 10 mL

Make the volume to 100 mL using deionized water.
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E.1 Primer sets

Appendix-E

Polymerase Chain Reaction

27F 5> GAGAGTTTGATCCTGGCTCAG 3’

1495R 5> CTACGGCTACCTTGTTACGA 3

pbrR1 5 GCTCTAGACTAGTCGCTTGGATGGGCGGTG 3’
pbrR2 57 CGGAATTCGGCAACCCCTTGTGTGTATTCATCTCG 3’
smtl 5> GATCGACGTTGCAGAGACAG 3

smt2 5> GATCGAGGGCGTTTTGATAA 3’

P3 5’ GGTGGATCCCCATGAACAGCGAAACCT 3’

P4 5’ GGTGAATTCTCAGGGCGAGATCGGGTCGC 3’

E.2 PCR reaction mixture

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

Total volume 50 pL
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Standard curves
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Fig. A. Standard curve for estimation of protein by Bradford assay.
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Fig. B. Standard curve for estimation of phosphatase activity.
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RESEARCH PAPERS PRESENTED IN NATIONAL AND

INTERNATIONAL CONFERENCES

“Providencia vermicola exhibits metallothionein mediated periplasmic sequestration of
lead” - presented at 58th International Annual Conference of Association of
Microbiologists of India (AMI-2017) held at Lucknow, Uttar Pradesh. (Poster)
“Proteomic approach to study the differential expression of bacterial proteins in
response to lead” - presented at 56th International Annual Conference of Association
of Microbiologists of India (AMI-2015) held at Jawaharlal Nehru University, New
Delhi. (Poster)

“What enables bacteria to resist the heavy metal lead” - presented at 55th Annual
National Conference of Association of Microbiologists of India (AMI-2014) held at
TNAU, Coimbatore, Tamil Nadu. (Poster)

“Isolation and characterization of lead resistant bacteria from estuarine and terrestrial
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of Microbiologists of India (AMI-2013) held at MDU, Rohtak, Haryana. (Poster)
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WORKSHOPS AND SYMPOSIA ATTENDED

Attended a Science Academies’ Lecture workshop on “Role of three-dimensional
structures in biological function” held by Department of Biotechnology, Goa University
in December 2017.

Attended a UGC-sponsored short-term course in research methodology for science
students, held by HRDC, Goa University in December 2016.

Attended the 83rd Annual session and Symposium on “Space for Human Welfare”
organized by Goa University in December 2013.

Attended a workshop on “Phylogenetics” organized by the Department of Botany, Goa

University in August 2013.

138 |Page



