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ABSTRACT

The emergence of multiple metal/antibiotic resistance among bacterial populations poses a 
potential threat to human health. The co-existence of metal/antibiotic resistance in bacterial 
strains suggests the role of metals as a factor, which can also contribute to such a 
phenomenon. The objective of this study was to characterize multiple metal/antibiotic 
resistant bacteria from the soil and water samples of a copper mining industry. 24 strains (12 
Gram-positive and 12 Gram-negative bacteria) were identified by the 16s rRNA gene 
sequencing. Out of the 24 bacterial isolates, 9 isolates showed multiple metal and antibiotics 
resistance. These strains were screened to find the presence of an endogenous plasmid DNA. 
One strain, Bacillus sp. (PRS3) was found to have a plasmid (pPRS3a) of 4.2 kb. This strain 
was identified to be Bacillus cereus GC subgroup A, by 16s rRNA sequencing (EU744603), 
phenotypic & biochemical characterization (MTCC10207) and fatty acid methyl esters 
(FAMEs) analysis. This bacterium has an average size of 2.93pm, as determined by SEM. 
To characterize plasmid from Bacillus cereus GC subgroup A, it was cloned into pET- 
28c(+) and sequenced through primer walking. The sequences of pPRS3a were submitted to 
NCBI GenBank under the accession no. GQ404376.1. The sequence analysis confirmed the 
size of plasmid to be 4126bp, presence of Ampr gene, unique restriction site for 30 
restriction endonuclease enzymes, strong promoters and origin of replication. It was also 
found that pPRS3a has origin of replication (ori) which can be recognized by both Gram’s 
positive and Gram’s negative bacteria, therefore, pPRS3a can stably be maintained in both 
bacterial systems. Attempts were made to cure pPRS3a with curing agents; Ethidium 
Bromide and Proflavin, but up to 25th generation, it could not be cured and pPRS3a could 

maintain its normal functional properties especially, ampicillin resistance. Two genes 
arsGFP and cat were cloned in pPRS3a and expressed successfully. The proteome of 
Bacillus cereus GC subgroup A was studied by 2D PAGE (611 spots), MudPIT (135 
proteins) and under the combination of stress (copper(II) 1.5mM & temperature 40°C), a 
differentially expressed protein, Formate acetyltransferase (84.6kDa) was identified by 
MALDI-TOF/MS. Based on the above properties, pPRS3a is a potential candidate for the 
construction of shuttle cloning and expression vector. Formate acetyltransferase upon stress 
of copper(II) and elevated temperature, 40°C in Bacillus cereus GC subgroup A, is the first 
report. Thus, it can be predicted that metal pollution results in selective pressure that leads to 
the development of multiple metal/antibiotic resistance among bacterial populations, 
probably through horizontal gene transfer.
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Chapter-I

General Introduction

The environmental stress leads to the development of various unique genetic mechanisms in 

prokaryotes. Such stress could be metals, antibiotics, temperature, salt, organic & inorganic 

chemicals etc. This study aims to explore a copper mine industry for the presence of 

multiple metal and antibiotic resistant bacterial strains and their characterization for stress 

tolerance. To carry out this study, a metal mining and handling industry, Khetri copper 

complex (KCC) was selected, which is located 50KM from Pilani and works under the 

HCL.

Hindustan Copper Limited (HCL), a public sector undertaking under the administrative 
control of the Ministry of Mines, was incorporated on 9th November 1967. The Company 

markets copper cathodes, copper wire bar, continuous cast copper rod and by-products, such 

as anode slime (containing gold, silver, etc.), copper sulphate and sulphuric acid. Presently, 

KCC comprises two underground mines (capacity 1 million tons of ore per annum) viz. 

Khetri and Kolihan. Together with a concentrator plant, a metallurgical complex and a 

refinery, the company has in this sector a capacity to produce 31,000 TPA of refined copper 

in the form of cathodes.

Heavy metals are metals with a density above 5 g/cm3, thus the transition elements from V 

(but not Sc and Ti) to the half-metal As, from Zr (but not Y) to Sb, from La to Po, the 

lanthanides and the actinides can be referred to as heavy metals. Of the 90 naturally occur

ring elements, 21 are non-metals, 16 are light metals and the remaining 53 (with As 

included) are heavy metals (Weast 1984). Most heavy metals are transition elements with 

incompletely filled ‘d’ orbitals. These d orbitals provide heavy-metal cations with the ability 

to form complex compounds, which may or may not be redox-active. Thus, heavy-metal 

cations play an important role as trace-elements in sophisticated biochemical reaction (Nies, 

1999).
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Many metal ions are essential as trace elements, but at higher concentrations, they form 

unspecific complex compounds in the cell, which leads to toxic effects. Because it is 

difficult to remove heavy metals from the environment and even the low levels observed 

pose a high risk of heavy metal accumulation in the food chain, many heavy metals 

constitute a global environmental hazard. At high concentrations, these essential heavy 

metals, as well as the non-essential metals, not only can become extremely toxic, causing 

abnormal symptoms, but the entry of heavy metals into the food chain is also of concern 

because it can cause chronic health problems. Therefore, the possibility of transfer of these 

contaminants to humans through the food chain has led researchers to pay considerable 

attention to this issue (Yang et al. 2005).

Heavy metals have their industrial applications due to their technological importance and 

metal handling industries represent major sources of metal contamination into the 

environment (Rehman et al. 2008). In the recent past, it has been well documented that 

metal contamination in the environment could have an important role in the maintenance 

and proliferation of antibiotic resistance. Metal contamination, therefore, represents a long

standing, widespread and recalcitrant selection pressure with both environmental and 

clinical importance that potentially contributes to the maintenance and spread of antibiotic 

resistance factors. In addition, the structural and functional characteristics of antibiotic 

resistance share common features with those of metal resistance (Austin et al. 2006).

Among heavy metals, copper is required in trace amount for the growth and development of 

an organism but it is considered as a sword with two edges (Nies, 1999) if present above 

permissible limits (2 mg/L, as per WHO guidelines). The electrochemical potential of 

Cu27Cu+ is -268 mV, well within the physiological range. Copper easily interacts with 

radicals, best with molecular oxygen. Its radical character makes it very toxic and many 

organisms are more sensitive to copper (Gordon et al. 1994) than others. The copper toxicity 

is due to the production of hydroperoxide radicals (Rodriguez et al. 1993) and their 

interaction with cell membrane to interfere membrane processes like, signal transduction 

(Suwalsky et al. 1998). Cells need to maintain certain cytoplasmic concentrations of copper 

if it has to meet their physiological requirements. To this end, microorganisms use a number 
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of mechanisms to maintain the correct equilibrium, including the uptake, chelation and 

extrusion of metals (Silver, 1996a; Robinson et al. 2001). Many systems have already been 

identified in bacteria that involve metallothioneins, P-type ATPases, cation/proton 

antiporters, redox enzymes etc. for homeostasis of copper ions and for acquiring resistance 

against metals and antibiotics.

An increasing number of studies have documented an additional mechanism for maintaining 

antibiotic-resistant bacteria in the environment through co- or cross- resistance to metals or 

co-regulation of resistance pathways (Timoney et al. 1978; Wireman et al. 1997; Rasmussen 

and Sorensen, 1998; McArthur and Tuckfield, 2000; Perron et al. 2004; Berg et al. 2005; 

Stepanauskas et al. 2005). Therefore, it is apparent that metal exposure can directly select 

for metal resistant bacteria while co-selecting for antibiotic-resistant bacteria. The resistance 

to an antibiotic is due to the presence of antibiotic resistance gene and its transfer to the 

other organisms by horizontal gene transfer mechanisms. The genes for antibiotic resistance 

are frequently located on mobile genetic elements such as plasmids and transposons 

(Summers et al. 1993).

In order to gain an insight into the interactions of metal ions with bacterial system and its 

association with antibiotic resistance, a schematic model of the biological system is 

illustrated in figure 1.

Antibiotic resistance in bacterial pathogens is a major public health challenge worldwide, 

with increased morbidity and mortality due to bacterial infections and associated costs in 

billions of dollars in the United States alone (Neu, 1992; Levy, 2001). While commensal 

bacteria are thought to function as reservoirs of antimicrobial resistance genes for pathogens 

in host-associated communities (Schwarz, 2001; Salyers, 2004; Yates, 2006), further 

research is needed to address questions about the origin, presence and persistence of 

antimicrobial resistance genes in the environment and their potential transfer from 

environmental to clinical settings.
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Fig. 1. The schematic diagram shows metal-microbe interactions. Copper is an essential 
trace metal ion for normal growth and developments of bacterial cell. Copper ions from the 
extracellular environment enter the cell via specific and non-specific transporters. They are 
incorporated into metalloproteins and excess metal ions are transported out by the highly 
efficient efflux systems. The cysteine rich low molecular weight protein metallothioneins 
sequester essential metal ions to maintain total metal content of the cell. Metallothioneins 
are over expressed under metal stress conditions to overcome metal toxicity. The antibiotic 
resistance also co-exists with metal resistance on plasmid. Generally, the metal stress in a 
cell leads to formation of reactive oxygen species (ROS) and other intermediates, which 
disrupt normal cellular processes via interaction with the genome and protcome. The “stress 
proteins” are expressed in response to excess metals and ROS, which play a major role in 
protein folding and detoxification mechanisms. The cell wall proteins, polysaccharides and 
fatty acids offer charged functional groups like phosphate, sulfate, amino, hydroxyl groups 
that favor adsorption of metals at the cell wall. Extracellular or intracellular enzymes are
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also involved in the reduction of highly toxic metal ions to less toxic forms 
(biotransformation). M-copper ions; OM-outer membrane; CM-cytoplasmic membrane; 
O/P-operator-promoter.
The spread of antibiotic resistance among pathogens is a major public health concern and a 

striking example of evolution in action (Neu, 1992). While the use of antibiotics in medicine 

and agriculture clearly stimulates the proliferation of antibiotic resistance, heavy metals and 

other toxicants have also been suggested to play an important role. Multiple genes encoding 

for metal and antibiotic resistance are commonly found on the same plasmids and/or 

transposons, conferring co-resistance (Summers, 2002). In some cases, single enzymes 

function as efflux pumps for multiple metals and antibiotics; this is defined as cross

resistance (Hayashi et al. 2000). In both cases, the exposure of microbial assemblages to one 

toxicant could result in an indirect selection for bacteria with resistances to multiple, 

chemically unrelated toxicants (Austin et al., 2006). While concentrations of antibiotics in 

aquatic environments are typically below levels likely to impact microorganisms, except 

near animal and fish farms (Kolpin et al. 2002), metal contamination is ubiquitous and is still 

rapidly increasing (Nriagu, 1996). Most antibiotics are readily degraded in the environment 

(Kolpin et al. 2002), but metals are not, and so may represent a long-term selective pressure, 

depending on the chemical form and bio-availability. Many human pathogens and 

commensals are common in aquatic environments. Furthermore, antibiotic resistance genes 

are often located on plasmids and transposons, which may be transferable among 

phylogenetically diverse microorganisms (Summers, 2002). Horizontal gene transfer from 

environmental organisms to human commensals may be an important pathway for the 

acquisition of antibiotic resistance by human pathogens (Wilson and Salyers, 2003). Thus, if 

indirect selection for microorganisms and mobile genetic elements carrying antibiotic 

resistance genes takes place in metal contaminated environments, this process may facilitate 

the spread of antibiotic resistance in human pathogens. Elevated frequencies of microbial 

resistance to various antibiotics have been observed in metal-contaminated freshwater 

streams (McArthur and Tuckfield, 2000).

The evolution of antibiotic resistance is as much an effect of antibiotics acting on the 

environment and physiology of bacteria, as it is a Darwinian phenomenon of the selection of 

pre-existing resistant strains (Amabile-Cuevas et al. 2004). Antibiotics can promote gene 
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transfer by creating environments that concentrate resistance genes and by conditioning 

bacterial physiology to be more receptive to foreign DNA (Heinemann, 1999). Mutations 

and the acquisition of new genes explain some resistance phenotypes (Heinemann et al. 

2000), but they do not satisfactorily explain the pace, range and physiological diversity of 

resistance mechanisms (Heinemann and Silby, 2003). The resistance genes are found so 

commonly on plasmids and other horizontally mobile vectors, such as conjugative 

transposons. Horizontally mobile vectors transcend the boundaries of the organism in which 

the resistance gene initially appeared and exceed the limitations imposed on replication by 

clonal inheritance. Resistance was probably introduced into most taxa and individuals by 

horizontal gene transfer. There is no doubt that microbial participation in the broad network 

of organisms formed through the horizontal exchange of genes has driven the dispersal of 

resistance (Amabile-Cuevas and Chicurel, 1992; Davies, 1992; Levy, 1998; Cruz et al. 

2002).

Horizontal gene transfer (HGT), by transduction, conjugation, or natural transformation, is 

one of the driving forces of bacterial adaptation and evolution with significant numbers of 

bacterial genomes showing evidence of HGT (Gogarten and Townsend, 2005; Smalla and 

Sobecky, 2002). DNA exchange between gram-positive and gram-negative bacteria has 

been well described and documented (Alonso et al. 2000). Chromosomal recombination in 

bacteria is too infrequent to account for adaptive evolution; bacteria are thought to use the 

vast, phylogenetically diverse gene pool available to them by HGT (Levin and Bergstrom, 

2000). The roles of plasmids in the dissemination of genes for antibiotic resistance (Taylor 

et al. 2004), metal resistance (Nucifora et al. 1989; Lebrun et al. 1994; Borremans et al. 

2001) have been extensively studied (Sayler et al. 1990; Top et al. 2000). However, most of 

the studied plasmids reside within a few restricted bacterial clades; nearly 70% of the 

sequences in the Plasmid Genome Database (http://www.genomics.ceh.ac.uk/plasmiddb/) 

are from Proteobacteria and Firmicutes. It is not clear that plasmid maintenance functions 

from other clades (e.g., Actinobacteria) will be similar to previously identified genes.

Plasmids are extrachromosomal DNA elements with characteristic copy numbers within the 

host. These replicons have been found in species from the three representatives of the living 

6



world, namely, the domains Archaea, Bacteria and Eukarya (Woese et al. 1990). Plasmids 

may constitute a substantial amount of the total genetic content of an organism, representing 

more than 25% of the genetic material of the cell in some members of the Archaea (Zillig et 

al. 1994; Holmes et al. 1995). They can incorporate and deliver genes by recombination or 

transposition, thus favoring genetic exchanges in bacterial populations. Since plasmids can 

be introduced into new hosts by a variety of mechanisms, they can be considered a pool of 

extrachromosomal DNA, which is shared among populations. The wealth of genetic 

information carried by plasmids, their impact in the microbial communities and the potential 

of these elements to act as natural cloning vectors have stimulated research into plasmids not 

only from the fundamental but also from the clinical, biotechnological and environmental 

points of view. Three main factors have contributed to the development of plasmid research: 

(i) the genetic organization of these elements is apparently simple, (ii) they can be easily 

isolated and manipulated in vitro and (iii) since plasmids are dispensable, their manipulation 

does not appear, in principle, to have adverse consequences to the hosts.

The feature that better defines plasmids is that they replicate in an autonomous and self

controlled way. The analysis of plasmid replication and its control has led to milestone 

discoveries, such as the existence of antisense RNAs, and has contributed to the unraveling 

of mechanisms of DNA replication, macromolecular interactions and control of gene 

expression. The ability of some plasmids to pass across the so-called genetic barriers among 

different living organisms has posed questions about general mechanisms governing 

replication and about the communication between plasmid replication components and the 

host machinery involved in DNA replication. This plasmid-host communication has 

attracted the attention of researchers working in environmental and in evolutionary fields. 

Plasmid host range studies also have clear implications in clinical microbiology and in 

biotechnology. Despite their autonomous replication, plasmids extensively use the 

replication machinery of the host, and therefore plasmid replication studies facilitate the 

exploration of the mechanisms involved in chromosome replication. Plasmids are genetic 

mosaics and often carry genes that confer novel phenotypic properties upon cells; most 

attention is paid to these accessory genes (Jerke et al. 2008). However, stable persistence 

within individual cells requires a set of core maintenance genes. Plasmids also need to 
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ensure that they are segregated between dividing cells; whereas high-copy number plasmids 

appear to rely on random segregation, large low-copy number plasmids utilize active 

partitioning systems. Circular plasmids can form multimeric structures (Hallet et al. 2004); 

to ensure proper segregation, multimer resolution systems are required.

Plasmids are ubiquitous in bacteria (Burian et al. 1997; Fredrickson et al. 1988) and occupy 

a different evolutionary space from those genes that primarily evolve in association with 

hosts adapting to environmental change (Souza and Eguiarte, 1997; Cooper and Heinemann, 

2000). The space, or reproductive niche, that plasmids occupy is not as sensitive to the 

effects of antibiotics as is the viability, or reproduction, of the host (Heinemann et al. 2000). 

Understanding how plasmids evolve to carry resistance genes could enable us to develop the 

kinds of drugs that prevent plasmids from serving as the messengers of resistance (Levin 

and Bergstrom, 2000; Heinemann, 2001).

The introduction of new antibiotics into clinical practice has decreased the mortality caused 

by bacterial infectious diseases but the HGT of antibiotic resistance genes (as mediated by 

plasmid) again rising it. Emerging pathogens, poverty and multidrug resistance are 

contributing to this change. Many people die each year due to infections from antibiotic

resistant bacteria, and several billions of dollars are lost because of the need for additional 

therapies, extended hospitalization and other medical services, lost labor hours and other 

complications. The pace at which new antibiotics are being developed is, so far, slower than 

the emergence and spread of resistance traits by horizontal gene transfer (Amabile-Cuevas 

and Heinemann, 2004). It has been proposed that drugs that act to eliminate or inhibit the 

replication of resistance-gene vectors (such as plasmids) might, under some circumstances, 

add years of life to current and pending antibiotics. Antibiotic resistance determinants 

constitute a privileged system for the study of naturally occurring DNA transfer among 

bacteria, because they are easy to trace and because of the massive selective pressure exerted 

by antibiotic use for human therapy and animal feeding. The finding of inconsistencies in 

molecular data led to the notion of horizontal gene flux between these distantly related 

microorganisms (Courvalin, 1994). Plasmids exhibit diverse mechanisms that enable their 

survival and horizontal transfer, to the extent that, with the advent of more sophisticated 
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detection techniques, the distinction between chromosome and plasmid has become 

‘blurred’ (Sedgley et al. 2004 and Thomas, 2004).

To gain an insight into various determinants responsible for multiple metal and antibiotic 

resistances, it is important to look into mechanism of homeostasis of these heavy metals in 

the living cell. It is imperative to understand the copper metabolism in different organisms 

as organism under study has been isolated from a copper rich environment. In the gram

positive bacterium, copper metabolism is better understood than in gram-negative bacteria. 

Enterococcus hirae contains a cop operon with two structural genes, both encoding a P-type 

ATPase. While CopA is probably responsible for copper uptake and copper nutrition, CopB 

(35% identical to CopA) is responsible for copper efflux and detoxification (Odermatt et al. 

1992; Odermatt et al. 1993). Both proteins seem to transport silver as well as copper 

(Odermatt et al. 1994). Copper-transporting P-type ATPases have been found in a variety of 

organisms, in cyanobacteria (Phung et al. 1994; Kanamaru et al. 1995) and in eukaryotes; 

however, in S', cerevisiae, the copper P-type ATPase does not transport copper across the 

cytoplasmic membrane. In addition, Cu is accumulated by the CorA-related transporters 

ALRlp and ALR2p (Dancis et al. 1994a; Dancis et al. 1994b; Hassett and Kosman 1995). E. 

coli also harbors a P-type ATPase, probably required for copper homoeostasis, besides the 

plasmid mediated copper-resistance determinant, which is homologous to the Pseudomonas 

system. In Enterococcsus faecium, tcrB gene (confer resistance to copper) and vanA gene 

(responsible for macrolide resistance) are located on a single transferable plasmid. So the 

characterization of an endogenous plasmid may provide worth of information about metal 

and antibiotic resistance genes.

The proteome analyses of microbes represent a powerful tool for the identification of 

differentially expressed proteins under environmental stress conditions (Frausto da Silva and 

Williams, 2001; Barton et al. 2007). In particular, the proteomic data is vital, as the observed 

phenotype is a direct result of the action of the proteins rather than the genome sequence 

(Bhurja et al. 2003). For identification of metal induced proteins and analysis of the 

proteome of the bacterium, techniques like, SDS PAGE, 2D PAGE, MALDI-TOF/MS and 

MudPIT have been used.
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MudPIT has been used in a wide range of proteomics experiments, including large-scale 

catalogues of proteins in cells and organisms, profiling of organelle and membrane proteins, 

identification of protein complexes, determination of posttranslational modifications and 

quantitative analysis of protein expression (Florens et al. 2002; Fujii et al. 2004; Cagney et 

al. 2005; Yates et al. 2005; Cantin et al. 2006; Speers and Wu, 2007). The success of 

MudPIT for proteomics is a result of the two-dimensional resolution of peptides and the 

ability of database searching programs to identify proteins based on a search with one or 

more peptides. By using peptides for identification, unbiased identification of proteins can 

be made; even proteins of relatively low abundance, extreme hydrophobicity or pl and large 

molecular weight can be identified. MudPIT has been proven robust for the resolution of 

complex mixtures of peptides (Claire and John, 2007).

The present work focuses on the characterization of multiple metal and antibiotic resistance 

bacterial strains and understanding the genetic basis for their stress tolerance by plasmid and 

metal induced proteins characterization. The thesis has been organized into five chapters. 

Apart from general introduction, second chapter describes identification and characterization 

of multiple metal and antibiotic resistant bacterial strains. Third chapter illustrates the 

characterization of plasmid, pPRS3a and its applications in cloning and expression. 

Complete proteomic analysis & copper(II) induced protein of Bacillus cereus GC subgroup 

A are described in chapter four whereas chapter five summarizes the overall results of the 

present investigation.
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Chapter II

Identification and characterization of multiple metal and Antibiotic 

resistant bacterial strains

2.1 Introduction
Heavy metals are transition metal elements with incompletely filled d orbital, which provide 

them the ability to form complex compounds. Heavy metal cations play an important role in 

vital biochemical reactions. However, at high concentrations heavy metal ions form non

specific complex compounds in the cell, which lead to toxic effects. Though bacterial 

exposure to metals predates human history, anthropogenic-derived sources of metals 

represent a major source of contamination in the environment. In recent past, due to 

industrial revolution their concentration have dramatically increased as they have many 

industrial applications due to their technological importance and the heavy metal and 

radionuclide pollution from mining industries, electroplating industries, nuclear power 

plants and agricultural runoffs is a major cause of concern to public health, animals and 

ecosystem (Rehman et al. 2007). Heavy metal ions and metalloids are chemical species that 

can be very toxic to cells in a variety of ways, e.g. through binding to essential respiratory 

chain proteins, oxidative damage via the production of reactive oxygen species, DNA 

damage, etc. It can be anticipated that soil organisms are likely to bear systems to cope with 

toxic metals in their environment. Therefore, to survive, soil microorganisms have 

developed a variety of mechanisms to cope up with the toxicity of these heavy metals.

As metal cannot be degraded just like any other chemical species therefore, metal persist in 

the environment once they have accumulated. In addition, more severe problem is that, 

metal contamination represents a long-standing, widespread and recalcitrant selection 

pressure with both environmental and clinical importance that potentially contributes to the 

maintenance and spread of antibiotic resistance factors (Austin et al. 2006). A substantial 

number of reports suggest that metal contamination in natural environments could have an 

important role in the maintenance and proliferation of antibiotic resistance (Summers et al. 

1993; Alonso et al. 2001; Summers, 2002).
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This is of particular concern considering that anthropogenic levels of heavy metals are 

currently several orders of magnitude greater than levels of antibiotics. Unlike antibiotics, 

metals are not subject to degradation and can subsequently represent a long-term selection 

pressure (Stepanauskas et al. 2005). Thus, there are concerns regarding the potential of 

metal contamination to maintain a pool of antibiotic-resistance genes in both natural and 

clinical settings. In addition to metals, other toxicants are implicated in the co-selection of 

antibiotic resistance, including quaternary ammonium compounds and antifouling agents 

and detergents (Sidhu et al. 2001; Chapman, 2003).

The persistence and proliferation of antibiotic resistance in bacterial pathogens represents a 

considerable public health concern. Subsequent measures to control the emergence and 

propagation of antibiotic resistance have encountered limited success, and it persists in spite 

of the restricted use of several key antibiotics, which indicates that there are components 

governing the evolution, dissemination and perpetuation of these resistance systems that 

have yet to be understood. Resistance to antibiotics can be conferred by chromosomal or 

mobile genetic elements (e.g. plasmids) and achieved using four main strategies: (i) 

reduction of membrane permeability to antibiotics; (ii) drug inactivation; (iii) rapid efflux of 

the antibiotic; and (iv) mutation of cellular target(s) (Krulwich et al. 2005). In addition, 

antibiotic sequestration has also been suggested as a potential resistance strategy. It has been 

known for several decades that metal- and antibiotic resistance genes are linked, particularly 

on plasmids, because the evidence for co-resistance as a mechanism of antibiotic-metal co

selection came from studies that used transformation, plasmid curing and plasmid 

sequencing approaches (Novick et al. 1968; Foster, 1983) that may be the reason for co

selection of metal and antibiotic resistance. Overall, the structural and functional 

characteristics of antibiotic resistance share common themes with those of metal resistance 

(Table 1).
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Table 1. Well characterized examples of shared structural and functional characteristics of 

prokaryotic antibiotic and metal resistance systems.

Resistance 
mechanisms

Metal ions Antibiotics References

Reduction in 
permeability

As, Cu, Zn, Mn, 
Co, Ag

Ciprofloxacin, Tetracycline, 
Chloramphenicol, p-lactams

Silver, 1996b;
Ruiz, 2003

Drug and metal 
alteration

As, Hg P-lactams, Chloramphenicol Mukhopadhyay 
et al. 2002;
Wright, 2005

Drug and metal 
efflux

Cu, Co, Zn, Cd, Ni, 
As

Tetracycline, Chloramphenicol, 
p-lactams

Levy, 2002;
Nies, 2003

Alteration of 
cellular target(s)

Hg, Zn, Cu Ciprofloxacin, p-lactams, 
Trimethoprim, Rifampicin

Barkay et al. 
2003; Roberts, 
2005

Drug and metal 
sequestration

Zn, Cd, Cu Coumermycin A Castillo et al. 
1991;
Bontidean et 
al. 2000

In the present study, we have explored a metal mining & handling industry, Khetri copper 

mine complex, for the isolation and characterization of bacterial strains.

2.2 Materials and Methods

2.2.1 Sample site and Sample collection

To achieve the objective of characterization of multiple metal and antibiotic resistance 

bacterial strains at molecular level, the sample site, Khetri copper complex, Rajasthan, India, 

a metal mining and handling industry was selected. As the site is used for extraction of 

copper from the ore to finished product so the possibility of finding a bacterial strain with 

desired characteristics were enormous. Khetri is located at 27.98° N & 75.8° E with an 

average elevation of 484 meters (1587 feet) and undergoes seasonal temperature variations 

of+1.0 to 45°C.

Soil and water samples were collected from five sites. Soil samples from the surface layer 

(0-25 cm) of cultivated soils and water samples from copper mine effluent tailing pond were 

taken in a sterile sample collection vial (HIMEDIA, Mumbai). Samples were transported to 
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laboratory for analysis. The soil samples were air dried, ground for further use and water 

samples were left undisturbed so that major suspended particles settle down.

Physio chemical characterization of both sample were done under the parameters like, color, 

smell, pH, temperature and total dissolved solute (TDS). Now these samples were subjected 

to metal ion analysis followed by isolation of bacterial strains.

2.2.2 Metal ion analysis of soil and water

For the metal ion analysis of soil samples, a quantity of 2gm of soil from each sample was 

taken in 250ml glass beaker and digested with 8ml aqua regia (1:3 mixtures of HNO3 and 

HC1) on sand bath for 2hrs (Devevre and Horwath, 2001). After evaporation of aqua regia, 

the samples were dissolved in 10 ml of 2% HNO3 followed by dilution with distilled water 

to 50ml (Lark et al. 2002). This resultant extract and copper mine effluent (water samples) 

were filtered and analyzed by Atomic Absorption Spectrophotometer (AAS) using AAnalyst 

300, Perkin Elmer, USA.

Metal salts and stock solutions
Metal stock solutions were prepared using analytical grade metal salts in the form of 

chlorides or sulphates of Cd, Co, Cr, Cu, Mn, Ni and Zn dissolved in MilliQ water. If 

required, metal solutions were acidified with 1-2% nitric acid and stored in dark conditions. 

Metal solutions and working standards were prepared freshly from the stock. Atomic 

spectral grade standards were procured from National Physical Laboratory (NPL), New 

Delhi.

Atomic Absorption Spectrometry (AAS)

Metal ion concentrations were determined in a Perkin Elmer (AAnalyst 300) atomic 

absorption spectrophotometer using air-acetylene flame. All instrumental conditions were 

optimized for maximum sensitivity as described by the manufacturer. AAS was first 

calibrated with standard metal solutions in the range covering concentrations of metals 

likely to be found in samples. Samples were analyzed in triplicates to maintain 
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reproducibility. The peak wavelength (nm) for determination of metals by AAS: Cd 288.8; 

Co 240.7; Cr 357.9; Cu 324.8; Mn 279.5; Ni 232.0; and Zn 213.9 nm.

2.2.3 Isolation and purification of microorganisms

For the isolation of bacterial strains from soil and water samples, a quantity of 1.0 gm of soil 

and 1 ml of water from each of the collected samples was dissolved in 9 ml sterile distilled 
water and serial dilutions from 10'1 to 10'7 were made. Each dilution was plated on Nutrient 

agar plate without antibiotics and incubated at 37°C. After growth of different 

microorganisms on plate, each bacterial colony based on their morphological characteristics 

was picked up and further purified by repeated streaking on Nutrient agar plate (Aneja, 

2001). Each bacterial culture was inoculated in Nutrient broth, incubated at 37°C, 200rpm 
for 15h and glycerol stocks were made, frozen at -70°C.

2.2.4 Identification of bacterial strains

The isolated bacterial strains from soil and water samples were further characterized by 

Gram’s staining, 16s rRNA sequencing and fatty acid methyl esters (FAMEs) analysis for 

their phenotypic and genotypic identification.

2.2.4.1 Gram’s staining

The technique developed by Hans Christian Gram, a Danish physician in 1884, it helps to 

determine: gross morphology of bacteria &. differentiation of bacteria into two groups, 

Gram’s positive and Gram’s negative. This staining procedure is achieved by heat fixing a 

smear of bacterial culture (mid-log phase) onto glass slide, staining with crystal violet 

(primary stain) for 60 sec, treatment with iodine (mordant) for 60 sec followed by alcohol 

wash for 30 sec and finally staining with safranin (counter stain) for 60 sec (Godkar, 1994). 

Air dried slides were visualized under oil immersion microscope (Olympus BX41) at 

magnification of lOOOx. Image was captured using Olympus C-4000 camera.

2.2.4.2 Morphological, Physiological and Biochemical analysis

Morphological, physiological and biochemical analysis was carried out for the identification 

of isolated bacterial strains at genus and species level. All these analyses were performed as 
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per the standard microbiological methods. Following parameters were used for each 

analysis, for morphological tests: colony morphology, Gram’s reaction, spores, position, 

shape, sporangia bulging and motility; for physiological tests: growth at different 

temperatures, growth at different pH, growth on NaCl and growth under anaerobic 

conditions; and biochemical tests: growth on MacConkey, indole test, methyl red test, Voges 

Proskauer test, citrate utilization, H2S production, gas production from glucose, casein 

hydrolysis, esculin hydrolysis, gelatin hydrolysis, starch hydrolysis, urea hydrolysis, nitrate 

reduction, ornithine decarboxylase, lysine decarboxylase, catalase test, oxidase test, tween 

20 hydrolysis, tween 40 hydrolysis, tween 60 hydrolysis, tween 80 hydrolysis, xanthane 

hydrolysis, acid production from dextrose, lactose, sucrose, maltose, manitol and xylose. 

Based on these analyses bacterial strain was identified and strain was deposited at IMTECH, 

Chandigarh, India and MTCC accession no. was obtained.

2.2.4.3 16s rRNA sequence analysis

16s rRNA sequencing, analysis and submission to GenBank of all bacterial isolates was 

done using the following steps.

Genomic DNA isolation

For genomic DNA isolation from bacterial cell, QIAmp DNA isolation kit (QIAGEN, 

51304) was used. Bacterial cultures (~25mg) were harvested from rapidly growing cells (14- 

15h old) on NB plate without antibiotics, in a 1.5 ml microcentrifuge tube. Cells were 

suspended in 180 pl of the enzyme solution (20 mg/ml lysozyme; 20 mM Tris-HCl, pH 8.0; 

2 mM EDTA; 1.2% Triton) and incubated for 30 min at 37°C. Then 20pl proteinase K 

(20mg/ml) was added and mixed by vortexing followed by incubation at 56°C for 2h. A 200 

pl Buffer AL was added to the sample, mixed by pulse-vortexing for 15 sec and incubated at 

70°C for 10 min. Finally, 200 pl of ethanol (96-100%) was added to the sample and mixed 

by pulse-vortexing for 15 sec. After mixing, tubes were briefly centrifuged to remove drops 

from inside the lid. This mixture was applied to the QIAamp Mini spin column (in a 2 ml 

collection tube) without wetting the rim and centrifuged at 8000 rpm for 1 min. The 

QIAamp Mini spin column was placed in a clean 2 ml collection tube and filtrate was 

discarded. Then 500 pl of Buffer AW1 was added to the QIAamp Mini spin column and 
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centrifuged at 8000 rpm for 1 min. Finally, 500 pl of Buffer AW2 was added and 

centrifuged at 14,000 rpm for 3 min, the filtrate was discarded and centrifuged again for 1 

min. Elution of the genomic DNA was carried out by adding 200 pl of Buffer AE followed 

by incubation at room temperature for 5 min and centrifugation at 8000 rpm for 1 min. This 

step was repeated once to obtain final volume of 400 pl containing genomic DNA.

Polymerase chain reaction (PCR)

Polymerase chain reaction (PCR) was carried out using eubacterial primers targeted for 16s 

rRNA, to amplify a specific region (Therese at al. 1998). Assay conditions of PCR for a 50 

pl reaction were 8 pl of 200 pM dNTPs, 5 pl of lOx PCR buffer (5 mM MgCh, 500 mM 

KC1, 100 mM Tris Cl, 0.01% gelatin), 0.36 pM of primers for eubacterial genome: UI 5’ 

TTGGAGAGTTTGATCCTGGCTC 3', rU4 5' GGACTACCAGGGTATCTAA 3’ 

(Bagyalakshmi et al. 2006). The primers and PCR reagents were obtained from Bangalore 

Genei, India. Amplification of the genome was carried out using 10 pl of template DNA 

(~500ng) in Perkin Elmer thermal cycler (Model 2700) with the following thermal profile: 

Initial denaturation at 94°C for 5 min followed by 30 cycles of denaturation at 94°C for 30 

sec, annealing at 60°C for 1 min, extension at 72°C for 2 min and final extension at 72°C for 

10 min.

DNA Sequencing: ABI Prism 3100 AVANT genetic analyzer

The sequence of the PCR amplified DNA is deduced with the help of the ABI Prism 3100 

AVANT genetic analyzer that works based on the principle of Sanger dideoxy sequencing. 

The fluroscent based detection by automated sequencer adopts the Sangers method and 

incorporates the fluorescent dyes into DNA extension products using 5’-dye labeled primers 

or 3’-dye labeled ddNTPs (dye terminators called commercially as RRMIX). Each dye 

emits light at a different wavelength when excited by an argon ion laser. All four colours 

and therefore all four bases can be detected and distinguished in a single capillary injection 

(Therese at al. 1998). The four nucleotode bases with the respective aceptor dyes and colour 

emission have been shown in Table 2.
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Table 2. The four nucleotode bases with the aceptor dyes and colour emission.

Terminator Acceptor dye Colour of raw data on ABI PRISM3100 electrophoretogram
A dR6G Green
C dROX Red
G dR110 Blue
T dTAMRA Black

The PCR reaction was carried out for cycle sequencing for generating different length 

fragments with 5’-dye labeled primers or 3’-dye labeled ddNTPs. Assay conditions for PCR 

for lOpl reaction were Ipl of amplified product, 3pl of sequencing buffer, 4 pM (picomoles) 

of primers, 1 pl of RRMIX and 3pl of water. Amplification was carried out with the 

following thermal profile: Initial denaturation at 96°C for 1 min followed by 25 cycles of 

denaturation at 94°C for 10 sec, annealing at 50°C for 5 sec, extension at 60°C for 4 min.

Before subjecting this mixture into capillary electrophoresis for DNA sequencing it needs to 

be purified.

Purification of Extension Products

The products were purified to remove the unincorporated dye terminators before subjecting 

the samples to capillary electrophoresis. 2pl of 125mM EDTA and lOpl of 3M sodium 

acetate (pH 4.8) were mixed to the cycle sequenced products followed by the addition of 

50)11 of absolute ethanol and incubation at room temperture for 15 minutes. Centrifugation at 

8000rpm for 20 min was done to precipitate the amplified product and remove the unutilized 

ddNTPs, primer (short length molecules) etc. The pellet was washed twice with 75% ethanol 

followed by air drying.

The purified samples with the dye at the terminated 3’end were suspended in fomamide and 

subjected to capillary electrophoresis by an automated sample injection in ABI PRISM 3100 

genetic analyser. The emitted flurorescence from the dye labels was collected as counts per 

second by cooled, charge-coupled device (CCD) camera at particular wavelength bands 

(virtual filters) and stored as digital signals on the computer for processing that are analysed 

by software known as the seq scape manager. 16s rRNA sequencing was done at Sankara 

Nethralaya, Chennai.
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DNA sequence analysis and GenBank submission

The obtained DNA sequences in form of charomatogram were analysed with the 

bioinformatic tools. Chromas Lite 2.01 was used to view the chromatograms and to deduce 

DNA sequences. Chromatograms having considerable peaks were taken for deducing the 

DNA sequence. These obtained sequences were converted in to FASTA file format using 

BioEdit version 7.0.0. To know the identity of organism, obtained sequences were compared 

with nucleotide databases like GenBank (Benson et al. 2000) EMBL (Kanz et al. 2005) and 

the Ribosomal Database Project (RDP) (Cole et al. 2003) etc, through BLAST (Basic Local 

Alignment Search Tool) program under parameters like, percentage query coverage and 

percentage identity. Finally, all these sequences were submitted to NCBI GenBank and 

accession nos. were obtained.

2.2.4.4 Fatty acid methyl esters (FAMEs) analysis

FAME analysis is used for the characterization of genera and species of microorganisms. 

This identification is based on the Gas Chromatographic (GC) analysis of extracted fatty 

acid methyl esters of microorganisms. For the species level identification the strain was 

grown on TSBA plates for 24h. Bacterial cells (~40mg) were harvested from a rapidly 

growing quadrant of a quadrant streak plate. To liberate the fatty acids from the cellular 

lipids saponification of the harvested cells was performed by addition of 1.0 ml of reagent A 

(45g sodium hydroxide, 150ml methanol and 150ml distilled water) and incubation at 100°C 

for 30 min. This step was followed by methylation with 2.0 ml of reagent B (325ml HC1 

(6.ON) and 275ml methyl alcohol) and incubation at 80°C for 10 min to give the respective 

fatty acid methyl esters (FAMEs). Now these FAMEs were extracted from aqueous phase by 

addition of 1.25 ml of reagent C (200ml hexane and 200ml methyl tert-butyl ether) and 

incubated at 25°C for 10 min. Finally, an aqueous wash with 3.0 ml of reagent D (10.8g 

sodium hydroxide dissolved in 900ml distilled water) was given to organic extract prior to 

Gas Chromatographic (Agilent 6890 GC, Agilent Technologies) analysis (Sasser, 2006).

The analysis of obtained peaks was done using the Sherlock pattern recognition software 

(Kunitsky et al. 2006). FAME profile of the sample was generated. Identification was then 

produced based on profile similarity when compared to a database of known species. Finally
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results were expressed in terms of similarity index (SI). The SI is the expression of the 

relative distance of the unknown sample from the population mean.

2.2.5 Metal and Antibiotic resistance

All the bacterial strains were isolated from a copper mining industry, so its point of interest 

to know their resistance level for heavy metals. This resistance pattern was observed in 

terms of Minimum Inhibitory Concentrations (MICs). It has long been established that there 

is a clear association between heavy metal resistance & antibiotic resistance and the genes 

responsible for these properties are linked together and particularly resides on 

extrachromosomal molecules like plasmid, transposon or integron. Therefore, antibiotic 

resistance profile was generated for all the isolated and identified bacterial strains. Metal and 

antibiotic resistance profiles were determined in following manners.

Metal resistance profile

For metal resistance profile, overnight grown cultures of bacterial strains, Bacillus cereus 
and E. coli KI2 were inoculated and incubated at 37°C under shaking conditions (150 rpm). 

The cultures were incubated for 14-16 hrs and growth in each concentration was recorded 

and Minimum Inhibitory Concentration (MIC) was determined at millimolar level (Vajiheh 

et al. 2003). Metals used in this study were copper(II), cadmium(II), zinc(II), chromium(VI), 

arsenic(II), manganese(II) and uranium(II). All metal solutions were prepared in milli-Q 

water using respective metal salts.

Antibiotic resistance profile
Overnight grown cultures of bacterial strains were used for antibiotic 

resistance/susceptibility. Bacillus cereus and E. coli KI2 were used as a reference for gram 

positive and negative bacterial strain respectively. Disc diffusion method was used to check 

the resistance/sensitivity of bacterial strain towards given antibiotics (Bauer et al. 1966). The 

bacterial cultures were incubated for 14-16 hrs and zone of inhibition was measured in 

millimeter. The resistance/sensitivity of the bacterial strains toward any antibiotic was 

calculated as per the guidelines of the manufacturer (Himedia Laboratories Pvt Limited, 

Mumbai, India). Antibiotics used in this study were Amikacin, Ampicillin/Sulbactam,
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Metronidazole, Cloxaicillin, Oxacillin, Meropenem, Bacitracin, Vancomycin, Erythromycin, 

Clindamycin, Gentamycin, Oxy tetracycline, Ampicillin, Tetracycline, Chloramphenicol, 

Kanamycin and Streptomycin.

2.2.6 Plasmid DNA isolation

Plasmid DNA, an extrachromosomal genetic element, imparts very special properties like 

metal resistance (Mergeay et al. 2003), antibiotic resistance (Chen et al. 2007; O’Connor et 

al. 2007; Murray et al. 2007), etc. to the host bacterium. As all the isolated and identified 

bacterial strains having a good degree of resistance for the given metal and antibiotics, 

therefore, plasmid DNA of all the bacterial strains was isolated. The collection of these 24 

bacterial strains posses both Gram’s negative and Gram’s positive, so the alkaline lysis 

method of plasmid DNA isolation was used with minor modification to suit all the bacterial 

strains.

Plasmid DNA was isolated with a Qiagen plasmid isolation kit (QIAGEN Plasmid Mini Kit, 

12123) with minor modifications. A single bacterial colony from an overnight grown 

Nutrient agar plates was inoculated in 10 ml of NB without antibiotic. The flasks were 

incubated overnight at 37°C, 200 rpm in an orbital shaker incubator. 2 ml of this overnight 

culture was transferred to micro centrifuge tubes and spun at 10000 rpm for one minute. The 

supernatant was discarded and the pellet was resuspended in 300 pl of resuspension buffer 

Pl and lysozyme was added to the final concentration of 2mg/ml and incubated at 37°C for 

30 min. 300 pl of Lysis buffer P2 was then added and the contents were mixed gently by 

inversion and incubated at RT for 5 min. 300 pl of pre-chilled buffer P3 was added, 

followed by incubation on ice for 8 min. The contents were then spun at 10000 rpm for 10 

min at 4 °C and the supernatant was transferred to the Qiagen column equilibrated with 

buffer QBT. After washing the column with buffer QC, the DNA was eluted using 800 pl of 

buffer QF in a fresh 2 ml micro centrifuge tube. DNA was precipitated by the addition of 

0.75 volume of isopropanol and centrifuged. The DNA pellet was washed with 1 ml of 70% 

ethanol and spun again as before. The supernatant was discarded and tubes were air dried for 

30 min. The DNA was resuspended in 30 pl of 10 mM Tris-Cl, pH 8.0 and stored at -20 °C 

until use.
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2.2.7 Agarose gel electrophoresis of DNA

Electrophoresis of DNA was carried out on 1% agarose gels prepared in lx Tris Acetate 

EDTA Buffer (TAE buffer) and electrophoresed with lx TAE buffer in the gel tank at 90 

Volts (V) for Ih (Sambrook et al. 2001). The resolved gels were visualized and documented 

with a Syngene Genesnap Gel Documentation system.

2.2.8 Growth properties

Bacteria display a characteristic four-phase pattern of growth in liquid culture. The initial 

Lag phase is a period of slow growth during which the bacteria adapt to the conditions in the 

fresh medium. This is followed by a Log phase during which growth is exponential, 

doubling every replication cycle. Stationary phase occurs when the nutrients become 

limiting and the rate of multiplication equals the rate of death. Logarithmic Decline phase is 

the period when cells die faster than they are replaced. Growth properties of the bacterial 

cells were monitored by growth curve, protein determination and total biomass contents.

2.2.8.1 Growth curve
Growth curve is used for the determination of generation time of cells and to know the phase 

of culture at a particular time point. To obtain growth curve overnight grown culture of 

bacterial strain was inoculated in both Nutrient broth (NB) & Luria Bertani (LB) broth at 0.1 

ODgoo and incubated at 37°C in an orbital shaker set at 200 rpm. The growth was monitored 

by measuring the cell density at every Ih interval at ODeoo (Vries et al. 2004). A graph for 

OD600 versus time was plotted and generation time and growth pattern were determined.

2.2.8.2 Determination of proteins

To determine total protein content of the bacterial cell, overnight grown culture of bacterial 

strain was inoculated in Nutrient broth (NB) & Luria Bertani (LB) broth at 0.1 OD600 and 

incubated at 37°C in an orbital shaker set at 200rpm. The protein content was monitored by 

measuring the total protein of cells by Lowry et al. (1951) and modified by Herbert et al. 

(1971) method at every Ih interval. 1 ml culture was withdrawn for every hour and used for 

protein determination. The culture was centrifuged at 6000 rpm for 8 min and washed once 

with Millipore water to remove all interfering components of medium. Finally, the culture 

22



was resuspended in 1 ml Millipore water and transferred to a clean test tube 1 ml of IN 

NaOH was added and placed in a boiling water bath for 5 min. The tubes were cooled in a 

running tap water and 5 ml of alkaline copper tartrate solution was added and incubated for 

10 min at RT. 1 ml of Folin’s reagent was added and the intensity of blue color formed was 

measured after 20 min at 650 nm (JASCO V630 Spectrophotometer). The concentration of 

the protein was estimated from a calibration curve prepared using lysozyme as standard. A 

graph for protein in pg/ml versus time in hours was plotted.

2.2.8.3 Determination of Biomass
To determine total biomass of the bacterial cell, overnight grown culture of bacterial strain 

was inoculated in Nutrient broth (NB) & Luria Bertani (LB) broth at 0.1 OD6oo and 

incubated at 37°C in an orbital shaker set at 200 rpm. To determine total biomass contents 

2ml cells were taken and processed at every 6h. For processing, cells were centrifuged at 

6000rpm for 8 min, washed once with Millipore water and kept for drying at 80°C for 8-1 Oh. 

After that dried tubes were allowed to cool at room temperature and biomass was weighed. 

Biomass was expressed in g/L and plotted against time.

2.2.9 Scanning and Transmission electron microscopy

To understand the morphology, average size & intracellular structure, Scanning electron 

microscopy (SEM) and Transmission electron microscopy (TEM) were carried out.

Bacterial strain was grown in LB broth for 12h (log phase) at 37°C and harvested by 

centrifugation at 6000 rpm for lOmin at 4°C. Cells were washed several times with 100 mM 

phosphate buffer (pH 7.4) and fixed by submerging in 2.5% glutaraldehyde in phosphate 

buffer for 6h at 4°C. Samples were washed repeatedly with the same buffer, dehydrated in a 

graded ethanol (50-100% v/v) and acetone to critical point drying. These were then placed 

on a carbon coated aluminium stub and gold coated at 0.06-0.08 mbar for 45 sec and viewed 

under a scanning electron microscope (PHILIPS, LEO 435 VP).

Bacterial strain was grown in LB broth for 12h (log phase) at 37°C and harvested by 

centrifugation at 6000 rpm for lOmin at 4°C. For TEM studies, the cells of Bacillus cereus
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GC subgroup A were washed with 100 mM phosphate buffer (pH 7.4). Primary fixation of 

the sample was done by submerging in 2.5% glutaraldehyde in phosphate buffer for 6h at 

4°C followed by post fixation with 1.0% OSO4 in 0.1 M phosphate buffer for 2h at 4°C. The 

samples were washed repeatedly with the same buffer, dehydrated in a graded ethanol (50- 

100% v/v) and acetone to critical point drying. It was embedded on araldite and thin sections 

of 60-70 nm were cut with an ultramicrotome (Reichart Ultracut E, Germany) with diamond 

knives, which were then mounted on copper grids, contrasted with uranyl acetate and lead 

citrate and viewed under transmission electron microscope at 80kV (PHILIPS Morgagni 

268).

2.3 Results and discussion
2.3.1 Soil and water samples characterization
To achieve the objective of identification and characterization of multiple metal and 

antibiotic resistant microorganisms, Khetri copper mine complex was selected as sample 

collection site. Soil and water samples were collected from different places of copper mining 

industry, as shown in fig 2 & 3, to obtain mixed populations of bacterial strains. Soil 

samples were been collected from different sites. The collected soil samples have been 

shown in figure 4. The physio-chemical properties of the soil and water samples were 

determined and have been shown in Table 3.
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Fig. 2. Soil sample sites. Site A-F, showing different stages of copper mine discharge 

materials later on mixed with soil. These sample sites depicts the spread of antibiotic 
resistance bacterial population from contaminated waste through soil erosion.
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Fig. 3. Water sample sites. Site A-F, showing different stages of copper mine discharge 

effluent. These sample sites signifies the spread of antibiotic resistant bacterial 
population through contaminated waste erosion by rain water.
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Fig. 4. Soil samples. Soil samples (A-F) were collected from different samples sites of 
copper mine. (A), Collected from 10 cm deep trench, near by running effluent stream 
(close to source); (B), Collected from 5 cm deep trench, far away from settling pond of 
effluent; (C), collected from surface of heap of discharged material, very close to dump
yard; (D), collected from 25cm deep trench, near by settling pond of effluent; (E), A 
portion of ore (Chalcopyrite; CuFeS2), near to discharge line; (F), Collected from dried 
surface of dump near to effluent pond.
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Table 3. Physio chemical characteristics of soil and water samples, collected from Khetri 
copper mine complex.

Parameters Soil Water (effluent)
Temperature 40°C 40°C
Color Brown Bluish green
Smell Earthy/muddy Fishy/rancid
pH 8.20 ±0.1 4.81 ±0.1
Total dissolved solute 3.56 g/L -

These properties show that both the soil and water samples are showing the deviation from 

the normal properties of soil and water, so there is a probability of obtaining different types 

of microorganism, which may not be present under normal conditions.

Metal ion analysis
The samples have been collected from a copper mining industry, which is expected to have 

high concentration of metal. Thus, the heavy metal ion analysis becomes significant. Both 

the samples were prepared for metal ion analysis and analyzed using Atomic Absorption 

Spectrophotometer (AAS) using AAnalyst 300, Perkin Elmer, USA, as described in section 

2.2.2.

The metal ions analysis was done for the metals like, copper, manganese, zinc, cobalt, 

nickel, chromium and cadmium. The obtained results were expressed in ppm (mg/L) and 

have been shown in Table 4.

Table 4. Metal ion analysis of soil and water samples collected from Khetri copper mine 
complex.

Metal ion Soil (ppm) Water (ppm) Permissible limits (ppm)
Copper 961.87 141.5 0.5
Manganese 90.28 6.86 0.3
Zinc 87.94 5.15 2.0
Cobalt 61.37 _ 1.83 0.05
Nickel 31.84 1.55 0.1
Chromium 3.49 1.20 0.5
Cadmium 1.86 1.18 0.01
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Metal ion analysis of both soil and water samples was done in triplicates to maintain 

reproducibility. The high concentration of copper in both soil and water samples indicates 

that the site is rich in copper. The site was found to have high concentration of Copper (Cu) 

followed by Manganese (Mn), Zinc (Zn), Cobalt (Co), Nickel (Ni), Chromium (Cr) and 

Cadmium (Cd).

2.3.2 Isolation of bacterial strain

Upon the completion of physio-chemical characterization and metal ion analysis, samples 

were taken for isolation of microorganisms, especially bacteria. For the isolation Nutrient 

broth was used as a bacterial culture medium to allow the growth of all possible bacterial 

strain present in a particular sample. The isolation was carried out from soil and water 

samples as described in section 2.2.3.

24 bacterial strains were isolated from soil and water samples. Among these bacterial 

strains, 17 (strain no. 1-17) were taken from soil samples and 7 (strain no. 18-24) from water 

(effluent) samples. These were then distinguished based on their colony morphology on 

nutrient agar plates. Bacterial strains were preserved in glycerol (c/15%) at -70°C.

2.3.3 Identification of bacterial strains

24 bacterial strains were selected for this study. The first step towards the characterization 

was their identification, which was done with Gram’s staining followed by 16s rRNA 

sequencing and fatty acid methyl esters (FAMEs) analysis.

2.3.3.1 Gram’s staining
Selected strains were subjected to Gram’s staining and results obtained have been shown in 

figure 5. Under oil immersion microscopic examination, Gram’s positive organisms appear 

purple and Gram’s negative organisms appear pink-red in color. Based on the Gram’s 

staining, the classification of bacterial strain for Gram’s positive/negative was done. The 

observed morphology have been summarized in table 5.
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PRS-22 P RS-24

Fig. 5. Gram’s staining of bacterial strains PRS1 to PRS24: Gram’s positive bacterial strains 

appeared purple in color and Gram’s negative in pink color.
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Table 5. Morphology of bacterial isolates (PRS-1 to PRS-24).

Bacterial 
strain no.

Gram’s 
reaction

Colony morphology

PRS-1 Positive Rod shape, moderate length and arranged in bee hive like 
manner

PRS-2 Negative Rod shape, small in size and arranged in bee hive like 
manner

PRS-3 Positive Rod shape, thick cells with moderate length seemingly 
having bipolar ends

PRS-4 Negative Rod shape, moderate length and arranged in bee hive like 
fashion

PRS-5 Positive Rod shaped, solid, moderate length and cells look like 
transparent forming chain like structure

PRS-6 Positive Needle like, long rods and scattered
PRS-7 Positive Thick Needle like rods and having bipolar staining
PRS-8 Negative Rod shape, tiny size and clusterd in some unusual shapes
PRS-9 Positive Rod shape, moderate length, bipolar and small chains
PRS-10 Positive Cocci, small and clustered at some locations
PRS-11 Positive Rod shape, moderate length and arranged in chain like 

fashion
PRS-12 Positive Rod shape, very small and arranged in bee hive like 

fashion
PRS-13 Negative Rod shape, very small length and no clustering
PRS-14 Negative Rod shape, small in length and scattering
PRS-15 Negative Rod shape, thin, long and small chain formation
PRS-16 Negative Rod shape, very small length and no clustering
PRS-17 Negative Rod shape, small in length and scattering
PRS-18 Negative Rod shape, moderate in length and scattered
PRS-19 Negative Rod shape, small niddle and clustered
PRS-20 Negative Rod shape, small and scattered
PRS-21 Positive Rod shape, moderate in size with middle spots like 

structure_________________________________________
PRS-22 Positive Rod shape, solid and chains of 2-3 cells
PRS-23 Negative Rod shape, very small and clustered
PRS-24 Positive Rod shape, moderate length in chain and cluster like 

arrangement

Gram’s staining has extensively been used for the preliminary identification of bacterial 

strains It classifies bacterial strains into two major groups of bacteria; Gram’s positive and 

Gram’s negative. Here we have reported that out of 24 bacterial strains, 12 appeared to be 

Gram’s positive in nature and rest 12 were Gram’s negative. These results confirmed the 
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presence of diverse population in soil and water samples of Khetri copper mine complex, 

Rajasthan.

2.3.3.2 16s rRNA sequence analysis

16s rRNA was done for characterization of bacterial strains at genotypic level. 16s rRNA is 

the highly conserved region and often used for the identification of bacterial strains at 

genotypic level. This identification procedure involves, genomic DNA isolation, 

amplification of a specific region of 16s rRNA using eubacterial primers, DNA sequencing 

of amplified PCR product in ABI Prism 3100 AVANT genetic analyzer followed by 

analysis of obtained DNA sequence through Chromas Lite 2.01, BioEdit version 7.0.0 and 

BLAST as described in section 2.2.4.3. Finally the sequences were submitted to NCBI 

GenBank and accession numbers were obtained. The identification parameters for 24 

bacterial strains including strain name, GenBank accession no., % Query coverage and % 

Identity have been shown in Table 6.
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Table 6. A preliminaiy identification of bacterial strains by 16s rRNA sequencing. 
Identification was done based on comparison of 16s rRNA sequences in different data bases 
using bioinformatics tool BLAST.

Bacterial 
strain no.

Name % Query 
coverage

%
Identity

NCBI 
Accession 

No.
PRS-1 Bacillus thuringiensis 94 99 EU723845
PRS-2 Bacterium 94 99 EU723846
PRS-3 Bacillus sp. 87 100 EU744603
PRS-4 Bacterium 87 100 EU744601
PRS-5 Bacillus megaterium 96 98 EU744602
PRS-6 Bacillus sp. 93 98 EU744604
PRS-7 Lysinibacillus sphaericus 95 99 EU744605
PRS-8 Pseudomonas aeruginosa 95 98 EU744606
PRS-9 Bacillus cereus 86 100 EU744607
PRS-10 Acinetobacter  junii 91 92 EU744608
PRS-11 Bacillus megaterium 93 95 EU744609
PRS-12 Comamonas sp. 96 97 EU744610
PRS-13 Alcaligenes sp. 100 99 EU744611
PRS-14 Stenotrophomonas sp. 99 99 EU744612
PRS-15 Alcaligenes sp. 99 100 EU744613
PRS-16 Stenotrophomonas maltophilia 99 96 EU744614
PRS-17 Achromobacter sp. 99 100 EU744615
PRS-18 Stenotrophomonas sp. 99 100 EU744616
PRS-19 Bacillus pumilus 99 99 EU744617
PRS-20 Pseudomonas stutzeri 99 99 EU744618
PRS-21 Bacillus flexus 99 100 EU744619
PRS-22 Bacillus thuringiensis 99 100 EU744620
PRS-23 Acinetobacter junii 99 100 EU744621
PRS-24 Bacillus benzoevorans 100________ 100 EU744622

Though the sequences (16s rRNA) were compared in different databases but results obtained 

were quite ambiguous. Although some strains were found to be gram positive during Gram’ 

s staining but 16s rRNA analysis using databases [GenBank (Benson et al. 2000), EMBL 

(Kanz et al. 2005) and the Ribosomal Database Project (RDP) (Cole et al. 2003)] indicated it 

to be a gram negative. The similar findings were also obtained for gram negative bacterium. 

In addition, some of them were exhibited different morphological characters including 

different shape and size. These findings have also been supported by Ashelford et al. (2005), 
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which states that “At least 1 in 20 16s rRNA sequence records currently held in public 

repositories is estimated to contain substantial anomalies”.

2.3.4 Metal and antibiotic resistance profile

For metal resistance profile, minimum inhibitory concentrations (MIC) for all isolates were 

determined at millimolar level. The growth of the bacterial strains in the varying 

concentration of metals was determined. Bacillus cereus and E. coli KI2 were used as a 

reference bacterial strain for gram positive and gram negative respectively. Except few, 

most of the strains were found to have higher MIC as compared to Bacillus cereus and E. 

coli KI2 at millimolar level for the metals like copper(II) and uranium(II). Some of the 

bacterial strains like PRS-2, PRS-3, PRS-8, PRS-13 and PRS-18 have significantly higher 

MICs for most of the metals as compared to Bacillus cereus and E. coli KI 2 (Table 7).

For antibiotic resistance/susceptibility profiling, the disc diffusion method, as discussed in 

material and methods, was used. Bacillus cereus and E. coli KI2 were used as a reference 

bacterial strain for gram positive and gram negative respectively. Zone of inhibition was 

measured in millimeter and the resistance and sensitivity of the bacterial strains toward any 

antibiotic was calculated as per the guidelines of the manufacturer (Himedia Laboratories 

Pvt. Limited, Mumbai, India). Except few, most of the strains were resistance to 

Metranidazol, Meropenem, Bacitracin, Vancomycin and Ampicillin. Some of the strains like 

PRS-8, PRS-10, PRS-12, PRS-13, PRS-17 and PRS-18 were resistant to most of the 

antibiotics (Table 8).

Currently, metal and antibiotic resistances among bacterial population have been posed as a 

major global concern. There is a clear association between heavy antimicrobial consumption 

within a population and the frequent recovery of antibiotic resistant bacteria (Enne et al. 

2001). In addition, a correlation between the resistance to high level of Cu(II), Pb(II), Zn(II) 

and antibiotic in bacterial species found in drinking water has long been established 

(Calomiris et al. 1984). Multiple metal resistance bacterial isolates have exhibited high 

resistance towards a group of antibiotics (Vajiheh et al. 2003). However, the increase in the 

metal concentrations in the ambient environment has also shown a decrease in antibiotic 

resistance in natural isolates (Tuckfield et al. 2007). In our results, we have reported that if a
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bacterial isolate has high MIC value for a set of metals, it also exhibits high resistance 

pattern towards a group of antibiotics as reported by Vajiheh et al. (2003).

Table 7. Metal resistance profile of bacterial isolates. The minimum inhibitory 

concentration (MICs) was measured after 18h and expressed as millimolar (mM).

Bacterial Strain 
no.

As 
(mM)

Cu 
(mM)

Cd 
(mM)

Zn 
(mM)

U 
(mM)

Cr 
(mM)

Mn 
(mM)

PRS-1 3.5 1.5 1.0 6.0 22.5 37.5 6.5
PRS-2 12.5 22.5 1.0 37.5 24.0 40.0 40.0
PRS-3 11.5 7.0 4.5 22.5 7.0 37.5 27.5
PRS-4 3.5 1.0 1.5 6.5 13.5 15.0 6.5
PRS-5 7.5 1.0 0.25 1.0 9.0 11.0 12.5
PRS-6 17.5 1.0 1.0 1.5 12.5 12.5 5.0
PRS-7 7.5 1.5 1.5 3.5 7.5 32.5 5.0
PRS-8 9.0 18.5 4.5 27.5 7.5 32.5 10.0
PRS-9 3.5 2.5 1.0 4.5 2.5 32.5 5.0
PRS-10 12.5 15.0 1.0 4.5 2.5 5.0 7.0
PRS-11 7.5 1.5 1.0 5.0 7.5 27.5 32.5
PRS-12 12.5 22.5 0.5 5.0 7.5 12.5 7.5
PRS-13 12.5 22.5 1.5 12.5 20.5 10.0 37.5
PRS-14 7.5 9.0 1.0 8.0 9.0 11.0 5.5
PRS-15 7.5 7.0 2.0 3.0 9.0 3.0 4.5
PRS-16 15.0 17.5 1.0 13.0 12.5 32.5 29.5
PRS-17 20.0 15.5 1.5 12.5 12.5 12.5 30.0
PRS-18 1.5 7.5 1.5 42.5 15.0 37.5 42.5
PRS-19 3.5 1.5 1.0 3.5 13.0 13.5 9.5
PRS-20 10.0 3.5 0.75 2.0 9.0 2.0 9.0
PRS-21 8.5 2.5 1.0 3.5 9.0 32.5 5.0
PRS-22 10.0 2.5 1.5 4.5 7.5 32.5 7.5
PRS-23 22.5 15.0 1.0 5.0 7.5 5.0 5.0
PRS-24 7.5 15 1.0 5.0 9.0 15.0 5.0
Bacillus cereus 2.0 10.0 2.0 10.0 6.0 37.5 27.5
E. coli KI2 11.5 9.5 3.0 9.5 6.0 37.5 20.0
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Table 8. Antibiotic resistance profile of bacterial isolates. The zone of inhibition was 

measured after 18h and expressed as millimeter (mm). The resistant and sensitive are 

denoted in the table as R & S respectively.

Bacterial Strain 

No.

Am As Mt Cx Ox Mr B Va E Cd Gm O Amp Tet Cm Km Sm

PRS-1 R R R S S R R R R R s s R R s R R

PRS-2 S S R s s R R R R R s s R R s R R

PRS-3 S R R s R R R R S S s s R S s S S

PRS-4 S S R s S R S R S S s s S S s S S

PRS-5 S R R s R R R R R R s R R S s S S

PRS-6 s S S s S R S R S S s R S S s S S

PRS-7 s S R s s R R R S S s R S S s R R

PRS-8 R R S R R S R R R R R R R R R R R

PRS-9 R R R R R R S R R S S R R S S s S

PRS-10 R R R R R R R R R R R R R S s s R

PRS-11 R S R R S R S S S R S R S S s s S

PRS-12 R R R R R R R R R R R R R R R R R

PRS-13 S R R R R R R R R R R R R R S R R

PRS-14 S R R R R R R R R R S R R R S S S

PRS-15 S R R R R S R R R R s R R S s S S

PRS-16 S S R R R R R R R R s R R R s R R

PRS-17 R R R R R R R R R R s R R S s R R

PRS-18 R R R R R R R R R R s R R s s R R

PRS-19 S S R S S R S S S S s S S s s S S

PRS-20 S R R R R R R R s R s S R s s S R

PRS-21 R S S S S R S S s S s S S s s S S

PRS-22 R R R R R R R R s s s R R s s S s

PRS-23 R R R R S R R R s R s R R s s S s

PRS-24 S S S S S S S S s R s S S s s S s

Bacillus cereus R S R R R R S R s s s s s s s S s

E. eolian S S R R R R R R s R R R s s s S s

** Amikacin (Ak), Ampicillin/Sulbactam (As), Metronidazole (Mt), Cloxaicillin (Cx), 
Oxacillin (Ox), Meropenem (Mr), Bacitracin (B), Vancomycin (Va), Erythromycin (E), 
Clindamycin (Cd), Gentamycin (Gm), Oxytetracycline (O), Ampicillin (Amp), Tetracycline 
(Tet), Chloramphenicol (Cm), Kanamycin (Km) and Streptomycin (Sm).
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2.3.5 Plasmid DNA analysis

Most of the strains were analyzed under present study, demonstrated a good degree of 

resistance for metals and antibiotics. As reported earlier, metal and antibiotic resistance 

properties generally reside on extra chromosomal DNA molecules like plasmid. Plasmid 

DNA was isolated and analyzed. It has found that most of the strains contain plasmid DNA 

of size ranging from 50-200 kb or mega plasmids, except PRS-3, as shown in gel picture 

(fig. 6). Multiple bands in PRS-3 confirm the presence of plasmid DNA (labeled as pPRS3a) 

which possesses various forms like covalently closed circular, open circular, linear, etc.

7 8
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Fig. 6. Plasmid DNA profile of bacterial strains.

• lane 1, Lambda DNA marker (double digest ofEcoRl & Hindlll);

• lane 2-7, plasmid DNA of PRS-2, PRS-8, PRS-3, PRS-10, PRS-13 & PRS-18 

respectively; lane 8, DNA marker (MBI Fermentas, SM0331, Ikb ladder).

• Arrows show multiple bands of PRS-3.

• The DNA samples were separated on a 1% agarose gel.

It has been reported that large plasmids are responsible for encoding resistance to antibiotics 

and heavy metals (Mergeay et al. 1985; Vajiheh et al. 2003; Mergeay et al. 2003). In 

addition, transferable plasmid encoding resistance to various heavy metals and antibiotics 

from Salmonella abortus equi (Vajiheh et al. 2003) was reported. However, the metal and 
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antibiotic resistance in Bacillus spp. [5. thuringiensis (350 kb & 105 kb), B. anthracis (208 

kb) and B. cereus (208 kb)] is reported to reside on larger plasmids (Andrup et al. 2008).

Among these 24 bacterial strains, PRS3 strain showed resistance to metals (copper, 

cadmium, zinc, chromium, arsenic, manganese and uranium), antibiotics 

(Ampicillin/Sulbactam, Metronidazole, Oxacillin, Meropenem, Bacitracin, Vancomycin, 

Ampicillin) and presence of a plasmid DNA with multiple bands. Based on the observations 

of metal resistance, antibiotic resistance and smaller size plasmid DNA, the PRS3 was 

selected for further characterization.

2.3.6 Characterization of PRS3
Identification of PRS3 was done at species level by morphological, physiological, 

biochemical analysis and fatty acid methyl ester (FAMEs) analysis. Growth properties in 

different culture were studied to optimize the media for further analyzed. To delineate 

surface morphology and internal structure, ultra structural studies like scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) were carried out. Plasmid 

DNA sequencing and analysis (as described in chapter-Ill) followed by proteomic studies 

(as described in chapter-IV) were performed to know the molecular basis for multiple metal 

and antibiotic resistance.

2.3.6.1 Identification of PRS3 by morphological, physiological, biochemical analysis

For the identification of PRS3 at species level morphological, physiological and biochemical 

analysis was carried out as described in section 2.2.4.2. The results obtained for each of the 

analysis have been shown in Table 9, 10 & 11.
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Table 9. Morphological tests on PRS3

Test Results
Colony morphology

Configuration Circular
Margin Irregular
Elevation Convex
Surface Rough
Pigment Off white
Opacity Opaque

Gram’s reaction +
Cell shape rods
Size(pm) 2-4pm
Arrangement Scattered

Spores +
Position Sub terminal
Shape Ellipsoidal
Sporangia bulging Non bulged
Motility -
** (+) positive and (-) negative
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Table 10. Physiological tests on PRS3

Test Results
Growth at temperatures (°C)

4°C -

10°C -

25°C +

30°C +

37°C +

42°C 4-

55°C -

Growth at pH
pH4.0 -

pH5.0 -

pH6.0 4-

pH7.0 4-

pH8.0 4-

pH9.0 4-

pHlO.O 4-

pH11.5 4-

Growth on NaCl (%)
2.0 4-

4.0 4-

6.0 4-

8.0 4"

10.0 -

Growth under anaerobic conditions __________________________ 4-__________________________

** (+) positive and (-) negative
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Table 11. Biochemical tests on PRS3

Test Results
Growth on MacConkey -
Indole test -
Methyl red test +
Voges Proskauer test, +
Citrate utilization -
H2S production -
Gas production from glucose -
Casein hydrolysis +
Esculin hydrolysis +
Gelatin hydrolysis +
Starch hydrolysis +
Urea hydrolysis, -
Nitrat reduction +
Ornithine decarboxylase +
Lysine decarboxylase +
Catalase test +
Oxidase test +
Tween 20 hydrolysis +
Tween 40 hydrolysis +
Tween 60 hydrolysis +
Tween 80 hydrolysis +
Xanthane hydrolysis -
Acid production from

Dextrose +
Lactose +
Sucrose +
Maltose -
Manitol -
Xylose ______________ +______________

** (+) positive and (-) negative

Based on these analyses bacterial strain was identified as Bacillus cereus and strain was 
deposited at IMTECH, Chandigarh, India under the accession no. MTCC 10207 on 20th 

October, 2009 in the name of Prof. S. K. Verma, BITS-Pilani (appendix III).
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2.3.6.2 Identification of PRS3 by fatty acid methyl esters (FAMEs) analysis

PRS3 was initially identified as Bacillus sp. by 16s rRNA sequencing. The sequence was 

submitted to GenBank under the accession no. EU744603 (Jain et al. 2009). For further 

identification, PRS3 was subjected to Fatty Acid Methyl Esters (FAMEs) analysis, which 

has been reported to be more confirmatory tool for identification (Lawrence et al. 1984; 

Beverly et al. 1996; Kim et al. 2000). The FAMEs analysis was performed as described in 

section 2.2.4.4. A chromatographic run and sample composition have been shown in figure 

7. The similarity index (SI) for different species of Bacillus have been shown in Table 12. 

Based on the high value of SI (0.407), this bacterium was identified as Bacillus cereus GC 

subgroup A. The FAMEs analysis for PRS3 was performed at MIDI Sherlock microbial 

identification system, Secundrabad, India
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RT Response Ar/Ht RFact ECL Peak Name Percent Commentl Comment!
0.7446 1.479E+6 0.005 -— 6.5590 .... < min rt
0.7536 1.113E+9 0.020 6.6167 SOLVENT PEAK < min rt
0.9854 1084 0.011 8.1130 -— < min rt
1.0041 2437 0.018 —— 8.2339 —— < min rt
1.0952 33493 0.013 -— 8.8262 —— < min rt
1.1156 422 0.009 —• 8.9578 -— < min rt
1.1720 1699 0.020 9.3214 ....
1.2904 336 0.009 —— 10.0654 ——
1.3983 681 0.011 1.077 10.6148 11:0 iso 0.06 ECL deviates - Reference 0.002
1.4491 2514 0.013 10.8730 .—
1.6205 5029 0.010 1.047 11.6181 12:0 iso 0.46 ECL deviates - Reference 0.002
1.6451 1255 0.010 1.045 11.7219 12:0 anteiso 0.11 ECL deviates 0.012 Reference 0.017
1.7102 1846 0.009 1.037 11.9967 12:0 0.17 ECL deviates - Reference 0.002
1.8796 59945 0.009 1.022 12.6229 13:0 iso 5.36 ECL deviates 0.000 Reference 0.005
1.9041 7039 0.010 1.020 12.7135 13:0 anteiso 0.63 ECL deviates - Reference 0.004
1.9642 1133 0.009 -— 12.9358 ....

1.9813 1303 0.010 1.013 12.9987 13:0 0.12 ECL deviates - Reference 0.003
1.9955 349 0.008 -— 13.0467
2.0688 655 0.015 13.2935 .—

2.1427 395 0.009 13.5425 .—

2.1681 41939 0.009 1.000 13.6280 14:0 iso 3.67 ECL deviates 0.000 Reference 0.004
2.2322 716 0.013 13.8440 .—

2 2782 30527 0.009 0.993 13.9989 14:0 2.65 ECL deviates - Reference 0.003
2 3214 628 0.011 0.991 14.1369 13:0 iso 3OH 0.05 ECL deviates 0.005
2.3384 499 0.010 —— 14.1913

2 3848 1213 0.018 —- 14.3398

2 4130 906 0.013 14.4300
2 4412 1400 0.015 0.984 14.5203 unknown 14.502 ECL deviates 0.004
2 4766 341181 0.009 0.982 14.6334 15:0 iso 29.31 ECL deviates 0.001 Reference 0.005

2 5051 35807 0.009 0.980 14.7245 15:0 anteiso 3.07 ECL deviates - Reference 0.003

2 5661 2926 0.011 0.977 14.9196 15:1 w5c 0.25 ECL deviates -

2.5909 10630 0.010 0.976 14.9990 15:0 ECL deviates -

2 6230 414 0.006 —— 15.0989 ——

2 6399 755 0.011 0.974 15.1515 14:0 iso3OH 0.06 ECL deviates 0.005

2.6497 927 0.017 15.1823 —-

2.6834 2543 0.017 15.2871
7 7744 4875 0.010 0.970 15.4148 16:1 w7c alcohol 0.41 ECL deviates 0.001

2.7544 31825 0.010 0.969 15.5085 Sum In Feature 2 2.70 ECL deviates - 14:0 3OH/16:l iso

2 7944 87371 0.009 0.967 15.6331 16:0 iso 7.39 ECL deviates 0.000 Reference 0.002

2.8239 772 0.011 0.966 15.7248 16:0 anteiso 0.07 ECL deviates -
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2.8425 1241 0.010 0.965 15.7828 16:1 wile 0.10 ECL deviates 0.001

2.8732 74712 0.009 0.964 15.8786 Sum In Feature 3 6.30 ECL deviates 0.004 16:1 w6c/16:l
2.9119 72305 0.009 0.962 15.9991 16:0 6.09 ECL deviates - Reference 0.001
2.9657 600 0.012 0.960 16.1664 15:0 iso3OH 0.05 ECL deviates 0.004
2.9962 5864 0.010 0.959 16.2613 15:0 2OH 0.49 ECL deviates 0.006
3.0137 1052 0.008 ———— 16.3156
3.0266 1607 0.009 —— 16.3556
3.0460 24918 0.009 0.957 16.4161 17:1 isowlOc 2.09 ECL deviates 0.002
3.0690 80553 0.010 0.956 16.4874 17:1 isow5c 6.74 ECL deviates 0.004
3.0967 8628 0.009 0.955 16.5738 17:1 anteiso A 0.72 ECL deviates 0.003
3.1171 182092 0.009 0.955 16.6371 17:0 iso 15.21 ECL deviates 0.000 Reference 0.001
3.1478 26399 0.009 0.954 16.7326 17:0 anteiso 2.20 ECL deviates 0.000 Reference 0.000
3.1642 689 0.007 0.953 16.7835 17:1 w9c 0.06 ECL deviates 0.000
3.1833 1726 0.011 0.953 16.8429 17:1 w7c 0.14 ECL deviates 0.007
3.2069 954 0.009 0.952 16.9163 17:0 cyclo 0.08 ECL deviates 0.001
3.2339 3666 0.011 0.951 17.0002 17:0 0.30 ECL deviates 0.000 Reference 0.000
3.2614 864 0.011 .... 17.0861 “•
3.2907 372 0.007 0.949 17.1777 16:0 iso 3OH 0.03 ECL deviates 0.004
3.3029 635 0.009 .... 17.2161
3.3667 1483 0.013 0.947 17.4155 17:0 10-methyl 0.12 ECL deviates 0.001
3.4375 4664 0.010 0.945 17.6367 18:0 iso 0.39 ECL deviates 0.001 Reference 0.000
3.4609 856 0.011 17.7100 .—

3.4862 2262 0.012 0.944 17.7890 18:1 w9c 0.19 ECL deviates -
3.5038 2653 0.010 0.943 17.8439 Sum In Feature 8 0.22 ECL deviates - 18:1 w7c
3.5167 994 0.009 — 17.8843
3.5534 10239 0.010 0.942 17.9992 18:0 0.84 ECL deviates - Reference -0.003
3.6158 3734 0.020 0.940 18.1993 17:0 iso3OH 0.31 ECL deviates 0.006
3.6319 1069 0.009 18.2510 •—
3.6551 3952 0.016 .... 18.3252
3.6787 2429 0.014 0.939 18.4010 18:0 10-methyl, 0.20 ECL deviates 0.006
3.6971 2292 0.019 18.4600 ——
3.7285 568 0.008 0.938 18.5608 17:0 3OH 0.05 ECL deviates -
3.7526 3756 0.013 0.937 18.6380 19:0 iso 0.31 ECL deviates 0.000 Reference -0.003
3.7750 2314 0.019 .... 18.7101
3.8238 839 0.017 0.936 18.8666 Sum In Feature 7 0.07 ECL deviates 0.010 19:1
3.8451 1093 0.012 0.935 18.9351 19:0 cyclo w8c 0.09 ECL deviates 0.003
3.8655 689 0.012 0.935 19.0005 19:0 0.06 ECL deviates 0.000 Reference -0.004
3.9171 4317 0.012 -— 19.1691 -—

4.0802 1427 0.012 19.7027
4.1189 435 0.010 .... 19.8294 ——

31825 — .... —- Summed Feature 2 2.70 12:0 aldehyde ? unknown 10.9525
__ ..... — .— —• —— 16:1 iso 1/14:0 3OH 14:0 3OH/16:l iso
__ 74712 — .... —- Summed Feature 3 6.30 16:1 w7c/!6:l w6c 16:1 w6c/16:l

839 .... —— Summed Feature 7 0.07 19:lw7c/19:l w6c 19:1
.... —— —— 19:0 cyclo

2653 — — Summed Feature 8 0.22 18:1 w7c 18:1 w6c

ECL Deviation: 0.004 Reference ECL Shift: 0.005 Number Reference Peaks: 20
Total Response: 1210943 Total Named: 1174830
Percent Named: 97.02% Total Amount: 1154634

Fig. 7. The FAMEs analysis: Chromatographic run and composition report of Bacillus 

cereus GC subgroup A. Chromatogram shows peaks of fatty acids and table shows 

composition of each.
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Table 12. Bacterial identification using FAME analysis: Fatty acid methyl ester composition 

of the PRS3 was compared to a standard database using a covariance matrix, principle 

component analysis and pattern recognition software. Library used and the Similarity Index 

of the best matches have been shown.

Library Similarity Index (SI) Entry Name
RTSBA6 6.00 0.407 Bacillus cereus GC subgroup A
RTSBA6 6.00 0.222 Bacillus thuringiensis-israelensis
RTSBA6 6.00 0.184 Bacillus cereus GC subgroup B
RTSBA6 6.00 0.128 Bacillus thuringiensis-kurstakii

Strain tracking via cluster analysis
The FAMEs analysis is a confirmatory analysis for the identification of microorganisms and 

has proven authentic so far (Osterhout et al. 1991; Kim et al. 2000), as it utilizes the unique 

property of total fatty acids of an organism and fatty acid profile (Sasser, 2006). Strain 

tracking, a technique in which the data obtained from fatty acid analyses of organisms are 

used to establish relationships between the organisms via cluster analysis. The identified 

bacterial strains by FAME versus Euclidian distance are plotted in a Dendrogram, which 

uses cluster analysis techniques to produce pair matching based on fatty acid compositions. 

The results are displayed graphically to depict the relatedness between organisms. A 

comparison of fatty acid analysis data of Bacillus cereus GC subgroup A with other 

organisms like Bacillus thuringiensis-israelensis, Bacillus cereus GC subgroup B and 

Bacillus thuringiensis-kurstakii through strain tracking (fig. 8) shows that Euclidian distance 

of 3.4 for Bacillus cereus GC subgroup A and Bacillus thuringiensis-israelensis, which 

establishes a clear relatedness between the two. The Euclidian distance of 4.8 and 16.6 for 

Bacillus thuringiensis-kurstakii and Bacillus cereus GC subgroup B respectively, shows the 

less relatedness of the species to Bacillus cereus GC subgroup A.

Fig. 8. Dendrogram: FAMEs analysis of Bacillus cereus GC subgroup A and its relatedness 

with other Bacillus spp.
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2.3.63 Growth properties of Bacillus cereus GC subgroup A: Growth curve, protein 

and biomass
The growth, protein contents and biomass of Bacillus cereus GC subgroup A were observed 

in Nutrient broth (NB) and Luria bertani (LB) broth. The obtained results were plotted in 

graphs and have been shown in figure 9. All the experiments were performed as described in 

section 2.2.8 and results were taken in triplicate to maintain the reproducibility.

0 2 4 6 8 10 12 14 16 18 20 
Time (h)

0 4 8 12 16 20 24 28
Time (h)

C

Fig. 9. The growth of Bacillus cereus GC subgroup A in NB (□) and LB (A). (A) 

Growth curve, (B) total protein contents and (C) biomass.
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The growth curve of Bacillus cereus GC subgroup A shows all three phases of the growth 

(log, lag, stationary and decline phase). In different bacterial culture medium like, LB and 

NB it shows same patterns of growth with different yield (fig. 9A). The calculated 

generation times for the LB and NB were 22 min and 24 min respectively. The maximum 

culture density was observed at 14h and 16h for LB and NB respectively followed by 

stationary phase after 18h. The similar pattern was obtained for total protein content and 

biomass production (fig. 9B & C) in LB & NB respectively. The growth of Bacillus sp. is 

known to dependent on culture conditions and the composition of growth medium. Spira et 

al. (1979) have reported a better growth under aerobic condition (generation time 24-31 

min) than anaerobic conditions (generation time 51 min). In the present study, the log phase 

in Bacillus cereus GC subgroup A showed to exist up to 14-16 h followed by stationary 

phase. A similar growth pattern was also reported for Bacillus cereus ATCC14579 by Vries 

et al. (2004).

A comparison of growth using all the three parameters clearly establishes superiority of LB 

medium than NB for Bacillus cereus GC subgroup A. Thus, for further experiments like, 

Plasmids and proteomic analysis, Bacillus cereus GC subgroup A was grown in LB 

medium.

23.6.4 Electron microscopy of Bacillus cereus GC subgroup A

Electron microscopy of Bacillus cereus GC subgroup A was done to understand the surface 

morphology by scanning electron microscopy (SEM) and intracellular organization by 

transmission electron microscopy (TEM). Electron microscopy was performed as described 

in section 2.2.9.

SEM revealed the smooth surface of Bacillus cereus GC subgroup A as shown in fig 10. 

Average size of the Bacillus cereus GC subgroup A was found to be 2.93pm.

The Bacillus cereus is a well known spore forming bacterium (Granum, 1997). Single cell, 

dividing cells, cell adhesion, spores, different stages of spore formation, cell’s and spore’s 

internal structure, cell wall, genetic material and intracellular organization have been
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visualized at various magnification in TEM (figure 11). This figure clearly shows the 

characteristics of a typical Bacillus cereus. Presence of spores indicates the dormant stage 

of Bacillus cereus and thick cell wall indicates the presence of high amount of 

peptidoglycan without any void space. Adjacent and dividing cells show the cellular growth. 

Intracellular organization support for its Gram’s positive nature.

A cluster of cells (5000x) Single cells (lOOOOx) A single cell (lOOOOx)

Cells arrangement 
(lOOOOx)

Cells arrangement 
(lOOOOx)

Cells arrangement 
(lOOOOx)

Fig. 10. Scanning Electron Microscopy of Bacillus cereus GC subgroup A. organization 

of cells and a single cell at high magnifications.

A total of 24 bacterial strains were isolated from a metal polluted site, Khetri copper mine 

complex, Rajasthan and identified by Gram’s staining and 16s rRNA sequence analysis. 

These all bacterial strains were characterized for their metal and antibiotic resistance 

properties. Among these a Bacillus sp. (PRS3) was further identified by phenotypic, 

biochemical and fatty acid methyl esters (FAME) analysis and found to be Bacillus cereus 
GC subgroup A. The Bacillus cereus GC subgroup A was characterized by growth, biomass 

and total proteins in different medium (NB & LB), ultra-structural studies and for the 

presence of plasmid DNA. The plasmid DNA was further characterized by sequence 

analysis, as discussed in chapter-111.
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Dividing cells (1 lOOOx)A single cell (22000x) Adjacent cells (28000x)

Cell wall (44000x)

A single spore (18000x) A spore internal structure

Cell wall (36000x) Cell wall (36000x)

Intracellular organization Intracellular organization
(18000x) (22000x)

Fig. 11. Transmission Electron Microscopy of Bacillus cercus GC subgroup A 
different structural and internal organization at high magnifications

Intracellular organization 
(28000x)

50



Chapter III

Characterization of plasmid DNA 
pPRS3a from Bacillus cereus GC 

subgroup A



Chapter III

Characterization of plasmid DNA, pPRS3a from Bacillus cereus GC 

subgroup A

3.1 Introduction
During the past few decades, it has become increasingly apparent that extra-chromosomal 

plasmids contribute largely to the phenotypic diversity of bacterial communities in 

environmental settings (Smit et al. 1998; Droge et al. 2000; Bergstrom et al. 2004; Hansen et 

al. 2004). Extensive anthropogenic use of antibiotics in clinical settings, aquaculture and 

farming has drastically increased the selective pressure of these compounds and 

consequently led to an increase in the occurrence and diversity of the corresponding 

bacterial resistance determinants, which are often associated with self-transmissible 
plasmids or transposons (Levy, 2001).

Although plasmid may not be essential for bacterial survival, in many cases they play 

important roles in bacterial virulence, drug resistance and conjugation. Plasmids and 

extrachromosomal elements are essential tools for elucidating fundamental mechanisms 

such as DNA replication, recombination and gene regulation. Isolation and molecular 

characterization of plasmids are thus necessary to gain new insights into the field of 

biochemistry and molecular biology. Furthermore, knowledge of the fine structure of 

extrachromosomal DNA elements paves the way for cloning/expression systems for 

biotechnological applications. (Santina et al. 2006)

In recombinant DNA technology, plasmids form the foundation for gene cloning and 

expression. While plasmid systems are available for a variety of prokaryotic and eukaryotic 

hosts, most vectors are used in combination with Escherichia coli K-12 strains (Peterson and 

Phillips, 2008). E. coli plasmid vectors have been modified in numerous ways to enable 

selection and screening for DNA inserts, for regulation of gene expression by inclusion of a 

variety of promoters, to facilitate protein purification by addition of epitope tags to gene 

products and allow the choice of multiple antibiotic resistance markers (Lu, 2004). Despite 

the large variety of plasmid derivatives, most vectors have been constructed from only a few 
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different replicons. Most plasmids used for recombinant DNA utilize the replication origin 

from the ColEl-like plasmids pMBl (including pBR322 and pUC18/19-derivatives) 

(Hershfield et al. 1974) and pl5A (Chang and Cohen, 1978) or pSClOl (Cohen et al. 1973). 

Bacillus subtilis and related species (Bacillus licheniformis. Bacillus pumilus, Bacillus 

amyloliquefaciens and Bacillus mojavensis} during the last decades have been largely 

employed by industry for their ability to produce carbohydrases, proteases and other 

enzymes (Guglielmetti et al. 2007). The natural plasmids in this group of bacteria have 

attracted the interest of researchers since they represent the elective starting point for the 

development of genetic engineering molecular tools. Both large (>50 kb) and small plasmids 

(<10 kb) have been found, often co-resident with one another, in B. subtilis and its related 

species (Tanaka and Koshikawa, 1977; Uozumi et al. 1980; Parini et al. 1991; Manachini et 

al. 1998). The large plasmid is replicated through a theta mechanism (Meijer et al. 1995; 

Titok et al. 2003), while the small plasmid belongs to the class of rolling circle (RC) 

replicons, for which their small size has represented a convenient model for genetic research 

devoted to understanding their physiology and to developing molecular tools for the genetic 

modification of their hosts.

In B. anthracis, B. thuringiensis and the emetic B. cereus major virulence factors are located 

extrachromosomally on large plasmids (Gonza'lez et al. 1981; Hoton et al. 2005; Rasko et 

al. 2005). These species are thought to have emerged from a common ancestor following a 

series of genetic rearrangements mediated by mobile DNA elements, in synergy with 

various mechanisms of horizontal gene transfer. Horizontal DNA transfer, mediated by large 

conjugative plasmids, between members of the B. cereus group has been documented in 

both insects (Jarrett and Stephenson 1990), mammals, foodstuff (Auwera et al. 2007), soil 

(Thomas et al., 2000) and rhizosphere (Saile and Koehler, 2006). Recently, new pathogenic 

isolates have been described which apparently have acquired crucial virulence factors via 

plasmid transfer. (Lars et al. 2008)

Use of curing agents could be sufficient to remove those genes necessary for virulence and 

resistance because both types are frequently carried by plasmids. The virulence of Bacillus 

anthracis is related to the number of virulence-plasmid copies a strain carries (Coker et al.
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2003). Exploiting the biochemical differences between plasmids and chromosomes might 

lead to a new sophistication in curing technology. Plasmids are cured by: intercalating 

compounds, such as Ethidium bromide or acridine orange (Hahn and Ciak, 1976); agents 

that indirectly damage DNA, such as quinolones (Michel-Briand et al. 1986); and 

compounds that affect the architecture of cell membranes, thereby disrupting plasmid 

partition, such as SDS or phenothiazines (Molnar et al. 1982). Curing agents can be applied 

at concentrations that do not kill bacteria but do destabilize plasmids, enabling continued 

chromosomal replication and gene expression. The chromosome seems to be less susceptible 

to these agents, and/or more readily repaired, than plasmids. For example, quinolone 

antibiotics (Michel-Briand et al. 1986), rifampicin (Bazzicalupo and Tocchini-Valentini, 

1972) and the anticancer drugs bleomycin (Attfield and Pinney, 1985) and cis- 

dichlorodiamine platinum(II) (Lakshmi and Polasa, 1991) all eliminate several kinds of 

plasmids at sub-inhibitory concentrations.

Bacillus cereus has been explored for the presence of endogenous plasmid DNA of size 3- 

200 kb (Lars et al. 2008). The advantages of using an endogenous plasmid DNA for the 

expression of foreign genes into Bacillus cereus includes, recognition of the promoter by the 

host RNA polymerase, protection from the host methylation and restriction system, easy 

replication and ease of transformation. Bacillus cereus plasmids have successfully been used 

for the construction of shuttle expression vectors, which can function in both Gram-positive 

as well in as Gram-negative bacteria (Noriyuki et al. 1992; Mesrati et al. 2005).

Among the 24 bacterial strains isolated, identified as described in chapter-II, a Bacillus 

cereus GC subgroup A was selected for further studies. This bacterium was characterized 

morphologically & biochemically and it possesses a plasmid DNA. Characterization and 

sequencing of a plasmid is the first step toward the finding of genes responsible for 

antibiotic resistance and the development of a cloning & expression vector in bacteria. 

Plasmid DNA sequencing provides comprehensive information about the basic mechanisms 

of its replication and inheritance, presence of insertion elements to the phenotypic markers 

carried on it.
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In this chapter the characterization of Bacillus cereus GC subgroup A for the presence of an 

endogenous plasmid DNA, pPRS3a; plasmid DNA sequencing for the presence of antibiotic 

resistance marker and other components; and the cloning and expression characteristics of 

this plasmid for biotechnological applications will be discussed.

3.2 Materials and methods
3.2.1 Bacterial strains and growth conditions

Bacillus cereus GC subgroup A was used as a source bacterial strain for plasmid DNA 

characterization. E. coli DH5a was used a general host for most recombinant DNA 

protocols. E. coli HB101 and E. coli DH10B were also used as host for the transformation of 

plasmid DNA and their axenic cultures were procured from Bangalore GENEI, Bangalore. 

Bacillus cereus GC subgroup A and all the strains of E. coli were grown in Luria Bertani 

(LB) broth or LB supplemented with 1.5% agar under standard culture conditions. All the 

bacterial strains and plasmid used in this study have been listed in Table 13.

Table 13. Bacterial strains and plasmid used.

S. No. Bacterial strains/Plasmid Properties
1. B. cereus GC subgroup A Source of pPRS3a

2. E. coli DH5a Host for recombinant plasmids

3. E. coli DH10B Host for recombinant plasmids; F' conjugal strain

4. E. coli HB101 Host; F’ conjugal strain; mcrB’

5. pET-28c(+) A cloning and expression vector, T7 promoter, kanr

6. pJSKV51 Source for arsGFP (PvuII & EcoRI)

7. pKT-210 Source for cat (Hindlll & PstI)

3.2.2 Enzymes and chemicals
Luria Bertani bacterial culture medium was procured from Himedia Pvt. Ltd., Mumbai. All 

the enzymes used for DNA manipulations and cloning were purchased from New England 

Biolabs or MBI Fermentas (USA). The metal salts used were of analytical grade and these 

were purchased from Sigma, USA. Metal stock solutions were prepared in Milli-Q water.
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Atomic spectral standards for all the metals were purchased from National Physical 

Laboratory, New Delhi, and were used for preparing working standard for atomic absorption 

spectroscopy and metal estimations. All other required chemical for SDS PAGE were also 

obtained from Sigma, USA. Glassware and plastic wares were cleaned with cedepol before 

use, followed by overnight soaking in 50% nitric acid.

3.2.3 Plasmid DNA isolation
For plasmid DNA isolation from Bacillus cereus GC subgroup A, it was grown in LB 

supplemented with/without ampicillin (50pg/ml) at 37°C under shaking condition of 

200rpm. Plasmid DNA (pPRS3a) was isolated as described in section 2.2.6.

Plasmid DNA from recombinant stains of E. coli was isolated using Qiagen plasmid 

isolation kit (QIAGEN Plasmid Mini Kit, 12123) as per the manufacturer instructions. A 

single bacterial colony from an overnight grown LB agar plates was inoculated in 10 ml of 

LB with respective antibiotics. The flasks were incubated overnight at 37 °C, 200 rpm in an 

orbital shaker incubator. 2 ml of this overnight culture was transferred to micro centrifuge 

tubes and spun at 10000 rpm for one minute. The supernatant was discarded and the pellet 

was resuspended in 300pl of buffer Pl and mixed by vortexing. 300pl of lysis buffer P2 was 

then added and the contents were mixed gently by inversion and incubated at RT for 5 min. 

300pl of pre-chilled buffer P3 was added, followed by incubation on ice for 8 min. The 

contents were then spun at 10000 rpm for 10 min at 4 °C and the supernatant was applied to 

the Qiagen column equilibrated with buffer QBT. After washing the column with buffer QC, 

the DNA was eluted using 800pl of buffer QF in a fresh 2 ml micro centrifuge tube. DNA 

was precipitated by the addition of 0.75 volume of isopropanol and centrifuged. The DNA 

pellet was washed with 1 ml of 70% ethanol and spun again as before. The supernatant was 

discarded and tubes were air dried for 30 min. The DNA was resuspended in 30pl of 10 mM 

Tris-Cl, pH 8.0 and stored at -20 °C until use.

3.2.4 Agarose gel electrophoresis of DNA
Electrophoresis of DNA was carried out on 1 % agarose gels prepared in lx Tris Acetate 

EDTA Buffer (TAE buffer) and electrophoresed with lx TAE buffer in the gel tank at 90

55



Volts (V) for Ih. The resolved gels were visualized and documented with a Syngene 
Genesnap Gel Documentation system.

3.2.5 Transformation

Preparation of competent cells

For the preparation of competent cells of E. coli DH5a, HB101 and DH10B, each strain was 

streaked separately on LB agar plates without any antibiotics and incubated at 37°C for 12h. 

A single colony was transferred to 5 ml LB broth in a 20 ml conical flask and was incubated 

at 37°C with 200 rpm in an orbital incubator shaker for 14h. 1 ml of this starter culture was 

used to inoculate 50 ml of LB broth in a 500 ml conical flask and was incubated at 37°C, 

200 rpm, till OD6oo reached 0.5. The flask was then chilled on ice for 10 min and culture was 

transferred to a 50 ml oakridge tube. This was centrifuged at 8000 rpm for 10 min at 4°C. 

The supernatant was discarded and the pellet was resuspended in 12 ml of pre-chilled 0.1 M 

CaCl2 solution. The cell suspension was incubated on ice for 30 min and centrifuged at 8000 

rpm for 8 min at 4°C. The supernatant was discarded and pellet was resuspended in 1 ml of 

0.1 M CaCl2 and pre-chilled glycerol was added to a final concentration of 15%. The 

competent cells were than frozen in a mini cooler and stored at -70 °C until use (Sambrook 

et al. 2001).

Transformation

lOpl (~1 pg) of DNA (plasmid DNA or ligation mixture) was added to a 0.5 ml micro 

centrifuge tube and was allowed to chill on ice for 10 min. 90pl of competent cells were 

added to this tube and incubated on ice for 30 min. The mixture was subjected to heat shock 

at 42°C for 60 - 90 sec in a water bath followed by incubation on ice for 5 min. 300pl of LB 

broth was added to the cell suspension and the tube was incubated at 37°C for 1 h. The tube 

was then centrifuged at 8000 rpm for 6 min and 300pl of supernatant was removed. Cell 

pellet was resuspended in remaining lOOpl of supernatant and the cell suspension was then 

plated on LB agar plates containing respective antibiotics. The plates were incubated at 

37°C for 14h and screened for transformants.
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Screening of the transformants for recombinants

After incubation, the resulting colonies were replica plated in duplicates on LB agar plates 

containing respective antibiotics. The bacterial colonies were picked at random, sub-cultured 

in 10 ml LB broth and incubated at 37°C, 200rpm for 12h in an orbital shaker. 2 ml of the 

grown culture was used to isolate plasmids as described in section 3.2.3. The plasmid DNA 

was electrophoresed as described in section 3.2.4. The recombinants were selected based on 

the gel mobility shift and plasmid DNA without the insert DNA was taken as control. 

Recombinant plasmid showing gel mobility shift were selected and the presence of insert 

was confirmed by digestion with respective restriction enzymes.

3.2.6 Restriction endonuclease digestion
From E. coli DH5a-pPRS3a, plasmid DNA (pPRS3a) was isolated by alkaline lysis method 

and subjected to restriction enzyme digestion (Sambrook et al. 2001). Restriction enzymes 

used in this study were: BamHI, Bglll, Sall, Xhol, PstI, PvuH, Smal, Ncol, EcoRI, EcoRV, 

Notl (MBI Fermentas). The compositions for the digestion reaction have been shown in 

Table 14. This reaction was carried for lh at 37°C.

Table 14. Restriction endonuclease digestion reaction components.

S. No. Components Stock Volume
1 Autoclaved Milli-Q water - 24 pl
2 Plasmid DNA 500ng/pl 2 pl
3 Restriction enzyme lOU/pl 1 pl
4 Reaction buffer lOx 3 pl

Total 30 pl

Digested Plasmid DNA was electrophoresed and separated on a 1 % agarose gel as described 

in section 3.2.4.

3.2.7 Plasmid DNA (pPRS3a) sequencing
The sequencing of pPRS3a was done by Primer walking method (Bjorland et al. 2007). To 

achieve this, pPRS3a was cloned into pET-28c(+). The sequencing of plasmid DNA 

(pPRS3a) was carried out using the following steps.
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3.2.7.1 Cloning of pPRS3a into pET-28c(+)

To sequence pPRS3a, this plasmid DNA was cloned into at EcoRI restriction enzyme site 

under a defined strategy, as shown in figure 12. To construct the recombinant plasmid DNA 
molecule (pPRS3a- pET-28c(+) series of steps were used, as described below.

Fig. 12. Cloning strategy for construction of the plasmid pET-28c(+)-pPRS3a. pPRS3a was 

digested with EcoRI and cloned into pET-28c(+) at EcoRI site. The resulting pET-28c(+)- 

pPRS3a was transferred into E. coli DH5a for sequencing of pPRS3a through primer 

walking method.
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Plasmid DNA isolation
Plasmid DNA from recombinant E. coli DH5a pPRS3a and E. coli DH5a pET-28c(+) were 

isolated as described in section 3.2.3. Isolated plasmid DNA was electrophoresed on 1% 

agarose gel as described in section 3.2.4.

Restriction endonuclease digestion
Plasmids DNA pPRS3a and pET-28c(+) were digested with the enzyme EcoRI. The 

components of this restriction endonuclease digestion reaction have been shown in Table 11. 

This reaction mixture was incubated at 37°C in water bath for Ih. The digested plasmid 

DNA was electrophoresed on 1% agarose gel as described in section 3.2.4.

Purification of DNA from enzymatic reactions
This purification reaction was carried out using QIAquick Gel Extraction Kit (QIAGEN, 

28704). Digested DNA of pPRS3a and pET-28c(+) was loaded into a 1% agarose gel in 

TAE and was electrophoresed at 90 Volts (V) for Ih; and DNA fragment was excised from 

the agarose gel with a clean, sharp scalpel. The slice was weighed in a micro centrifuge tube 

and 3 volumes of buffer QG was added to 1 volumes of gel slice (100mg=100pl). Gel slice 

with the buffer was incubated at 50°C until the gel is completely dissolved. After the 

dissolution of the gel fragment 1 volume of absolute isopropanol was added and mixed. The 

QIAquick column was placed in the 2 ml collection tube. To bind DNA, the sample was 

applied to the column and was centrifuged at 13000 rpm for 1 min in an Eppendorf micro 

centrifuge. The flow-through was discarded and the column was placed back in the same 

collection tube. Column was further washed twice by adding 0.75 ml of buffer PE and 

centrifuged as before. The flow-through was discarded and column was centrifuged for 

additional 1 minute at 13000 rpm. To elute DNA the column was transferred on top of a 2 

ml micro centrifuge tube and 20pl of autoclaved Millipore water was added to the center at 

the QIAquick membrane inside the column and the assembly was centrifuged at 13000 rpm 

for 1 minute. The purified DNA collected inside the 2 ml micro centrifuge tube was stored at 

-20°C until use.
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Dephosphorylation of vector

To reduce the probability of self-ligation of the linearised vector pET-28c(+), after digestion 

with EcoRI restriction enzyme, 1 unit of Calf Intestinal Alkaline Phosphate (CIAP) was 

added to the restriction endonuclease digestion mixture and was incubated for another 30 

minutes at 37°C in a pre-adjusted circulating water bath. The dephosphorylated DNA was 

then purified using a QIAquick column as described above.

Ligation
Ligation of the restriction enzyme digested insert DNA (pPRS3a) and dephosphorylated 

pET-28c(+) vector DNA was carried out with T4 DNA ligase. A lOpl reaction mixture was 

set up as per the composition given in Table 15.

Table 15. Composition of reaction mixture used for ligation of pPRS3a & pET-28c(+)

S. No. Components Stock Volume
1 Autoclaved Milli-Q water - 4.9 pl
2 pET28c(+) Vector DNA lOng/pl 1 Hl
3 pPRS3a Insert DNA 20ng/pl 1.6 pl
4 T4 DNA ligase lU/pl 1.5 pl
5 T4 DNA ligase buffer lOx 1 pl

Total 30 pl

For obtaining the maximum number of recombinants, a vector: insert molar ratio of 1:2 was 

maintained in the reaction mixture. The above mixture was pre-chilled in a 0.5 ml micro 

centrifuge tube and the tube was incubated at 16°C for 14h in a preset circulating water bath 

and the reaction mixture was used to transform competent cells of E. coli DH5a.

Transformation and screening of recombinants
The ligated mixture of pPRS3a-pET-28c(+) was transformed into E. coli DH5a as described 

in section 3.2.5. The transformants were selected on LB agar plate supplemented with 

ampicillin and kanamycin. One positive and one negative control were also performed to 

minimize the transformation errors. After 16h of incubation at 37°C, transformants were 

picked up and streaked in duplicate on another LB agar plate containing ampicillin and 

kanamycin antibiotics. The bacterial colonies were picked at random, sub-cultured in 10 ml
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LB broth and incubated at 37°C for 12h in an orbital shaker with 200 rpm. 2 ml of the grown 

culture was used to isolate plasmids as described in section 3.2.3. The plasmid DNA was 

electrophoresed as described in section 3.2.4. The recombinants were selected based on the 

gel mobility shift and plasmid DNA without the insert DNA served as control. Recombinant 

plasmids showing gel mobility shift were selected and the presence of insert was confirmed 

by digestion with EcoRI restriction enzyme. After the confirmation of true recombinants by 

gel mobility shift assay and restriction enzyme digestion, plasmid DNA from recombinant 

E. coli DH5a (containing a fusion plasmid of pPRS3a-pET-28c(+)) was isolated as 

described in section 3.2.3.

This purified plasmid DNA was used for sequencing of insert through Primer Walking 

method using universal primers for pET vectors; PET Fwd (5'- 
TAATACGACTCACTATAGGG-3’) and PET Rev (5-GCTAGTTATTGCTCAGCGG-3’). 

These primers are very specific to the T7 promoter region of pET vectors.

3.2.7.2 pPRS3a sequencing
Sequencing of pPRS3a, this is cloned into pET-28c(+) was performed by primer walking 

method (Bjorland et al. 2007). In primer walking, initial primers are used based on vector 

DNA sequence. Later in subsequent reaction, internal primers are designed and used. This 

amplification and sequencing is carried out until the vector DNA sequences are obtained. 

The sequence of pPRS3a was done in both the directions to eliminate the errors and to get a 

good quality sequence of DNA. Here, the plasmid DNA sequencing through primer walking 

was performed at “The DNA facility of The Iowa State University, Office of 

Biotechnology”, Iowa, USA. Sequencing samples were run on the DNA Facility’s Applied 

Biosystems 3730x1 DNA Analyzer. The AB 3730x1 uses a four-color dye system and 

provides up to 900 bases of usable sequence data per reaction.

3.2.8 pPRS3a sequence analysis
The obtained chromatogram of each fragment was viewed and analyzed using 

bioinformatics software Chromas Lite version 2.01. The sequences were deduced from this 

chromatogram using BioEdit version 7.0.5.2 (Hall, 1999). The obtained sequences of each 
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fragment were aligned to obtain the over-lapping regions. Each fragment of the sequence 

was called as contig. All the obtained contigs were aligned in such a way that a complete 

sequence in both the directions could be obtained.

To find out structural and functional components in the obtained sequence of pPRS3a, 

bioinformatics tool were used. The presence of following components were been observed.

3.2.8.1 Open reading frames (ORFs)

To find out open reading frames, ORF finder from NCBI was used 

(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). In finding of ORF bacterial genetic code was 

used as a standard. The ORF Finder is a graphical analysis tool, which finds all open reading 

frames of a selectable minimum size in a given sequence or in a sequence already in the 

database. This tool identifies all open reading frames using the standard or alternative 

genetic codes. The deduced amino acid sequence can be saved in various formats and 

searched against the sequence database using the WWW BLAST server.

3.2.8.2 Promoters

To find out the promoters, bacterial promoter finder (BPROM) 

(http://linuxl.softberry.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb) 

and NNPP version 2.2 (http://www.fruitfly.org/seq_tools/promoter.html) were used BPROM 

is bacterial sigma70 promoter recognition program with about 80% accuracy and specificity. 

It is best used in regions immediately upstream from ORF start for improved gene and 

operon prediction in bacteria.

3.2.8.3 Origin of replication (Ori)

For origin of replication prediction, Ori-Finder was used (http://tubic.tju.edu.cn/Ori-Finder) 

(Gao and Ting, 2008). Ori-Finder is an online system for finding oriCs in bacterial genomes 

based on an integrated method comprising the analysis of base composition asymmetry 

using the Z-curve method, distribution of DnaA boxes and the occurrence of genes 

frequently close to oriCs. Output of the predicted results is exported to an HTML report, 
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which offers convenient views on the results in both graphical and tabular formats. In origin 

of replication region, direct repeats and inverted repeats were found out

3.2.8.4 Restriction endonuclease enzymes sites

To find out all the restriction endonuclease enzyme sites BioEdit version 7.0.5.2 (Hall, 

1999) software was used. BioEdit is a biological sequence editor that runs in Windows 

95/98/NT/2000/XP and is intended to provide basic functions for protein and nucleic 

sequence editing, alignment, manipulation and analysis. BioEdit is a powerful sequence 

analysis program, which offers many quick and easy functions for sequence editing, 

annotation and manipulation, as well as a few links to external sequence analysis programs. 

The search for restriction enzyme sites was confined to parameters like, sites that cut less 

than five times for 4-6 base cutters, large recognition sites (<6 bases) and enzymes with 

degenerate recognition.

3.2.S.5 GC/AT rich regions

To find out GC/AT rich region in plasmid DNA sequence, a MATLAB based program was 

used (Baker and Rogers, 2005). Searching cutoff was given 70% & 75% for GC and AT rich 

region respectively. Apart from this analysis the base composition was also included in the 

pPRS3a sequence analysis.

3.2.8.6 Plasmid map
After complete sequence analysis, BioEdit version 7.0.5.2 was used to draw the map of the 

plasmid DNA pPRS3a. The plasmid DNA map shows each of its components in different 

color along with their positions and directions.

3.2.9 Nucleotide sequence accession no.

The annotated nucleotide sequence of pPRS3a is available in the NCBI GenBank under the 

accession no. GQ404376.1.
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3.2.10 Cloning of arsGFP and cat gene into pPRS3a

To construct a recombinant expression vector system, arsGFP and cat genes were cloned 

into pPRS3a at PvuII restriction enzyme site under a defined strategy, as shown in figure 13 

& 14. For the construction of this recombinant plasmid DNA molecule (pPRS3a-arsGFP- 

cat), scries of steps was used, as described below.

Fig. 13. Cloning strategy for construction of the plasmid pPRS3a-arsGFP. arsGFP gene 

from pJSKV-51 was digested with PvuII/EcoRI, treated with SI nuclease and cloned into 

the PvuII site on plasmid pPRS3a. The resulting pPRS3a-arsGFP, which contains the 

arsGFP gene, was transferred into E. coli DH5a for the next step of cloning.
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Fig. 14. Cloning strategy for construction of the plasmid pPRS3a-arsGFP-cat. cat gene from 

pKT-210 was digested with Pstl/Hindlll, treated with Exonucleaselll and cloned into the 

Pvull site on plasmid pPRS3a-arsGFP. The resulting pPRS3a-arsGFP-cat, which contains 

the arsGFP & cat gene, was transferred into E. coli DH5a for the expression of cloned 

genes.
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Plasmid DNA isolation

Plasmid DNA from E. coli DH5a-pJSKV51 (source for arsGFP) and E. coli DH5a-pKT-210 

(source for cat gene) were isolated as described in section 3.2.3. The isolated plasmid DNA 

was run on 1% agarose gel as described in section 3.2.4.

Restriction enzyme digestion

Plasmid DNA (template) was digested with PvuII, EcoRI, Hindlll and PstI at different 

stages of cloning. This digestion reaction was performed at 37°C for Ih and components 

have been described in Table 11. The restriction exonuclease digestion for enzymes SI 

Nuclease and Exonuclease III was carried out at 37°C for 20 min on template DNA at 

different stages of cloning. The reaction components for exonuclease digestion have been 

shown in Table 16.

Table 16. The exonuclease digestion reaction components.

S. No. Components Stock Volume
1 Autoclaved Milli-Q water - 24 pl
2 Template DNA 500ng/pl 2 pl
3 Restriction exonuclease enzyme lOU/pl 1 gl
4 Reaction buffer lOx 3 pl

Total 30 pl

Purification of DNA from enzymatic reactions
This purification reaction was carried out using QIAquick Gel Extraction Kit (QIAGEN, 

28704) as described previously.

Dephosphorylation of vector

To reduce the probability of self-ligation of the linearised vector pPRS3a, 1 unit of Calf 

Intestinal Alkaline Phosphatase (CIAP) was added to the restriction endonuclease digestion 

mixture after digestion with EcoRI restriction enzyme, and was incubated for another 30 

minutes at 37°C in a pre-adjusted circulating water bath. The dephosphorylated DNA was 

then purified using a QIAquick column as described previously.
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Ligation

Ligation of the restriction enzyme digested insert DNA and the restriction enzyme digested, 

dephosphorylated vector DNA was carried out with T4 DNA ligase as described in 

previously.

Transformation and screening of recombinants

The ligated mixture was transformed into E. coli DH5a as described in section 3.2.5. The 

transformants were selected on LB agar plate supplemented with ampicillin or ampicillin 

and chloramphenicol. One positive and one negative control were also performed to 

minimize the transformation errors. After 16h of incubation at 37°C, transformants were 

picked up and streaked in duplicate on another LB agar plate containing ampicillin or 

ampicillin and chloramphenicol antibiotics. The bacterial colonies were picked at random, 

sub-cultured in 10 ml LB broth and incubated at 37°C, 200 rpm for 12h in an orbital shaker.

2 ml of the grown culture was used to isolate plasmids as described in section 3.2.3. The 

plasmid DNA was electrophoresed as described in section 3.2.4. The recombinants were 

selected based on the gel mobility shift and DNA without the insert DNA served as control. 

Recombinant plasmids showing gel mobility shift were selected and the presence of insert 

was confirmed by digestion with restriction enzymes. After the confirmation of true 

recombinants by gel mobility shift assay and restriction enzyme digestion, plasmid DNA 

from recombinant E. coli DH5a (containing a fusion plasmid of pPRS3a-arsGFP) was 

isolated as described in section 3.2.3 and subjected for next step of cloning experiment as 

shown in figure 10.

3.2.11 Expression studies
The constructed recombinant strain of E. coli DH5a containing plasmid DNA molecule 

(pPRS3a-arsGFP-cat) was used for the expression studies of inserted genes. The expression 

profile of arsGFP and chloramphenicol resistance gene was checked. The final products of 

both the genes are the protein molecules. Therefore, the protein molecules were assayed 

using qualitative and quantitative methods. For the qualitative measurements of the gene 

product sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
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Fluorescence microscopy were used and for the quantitative measurements of the gene 

product, Multi label counter was used.

3.2.11.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

In order to gain an insight into the changes in protein expression of recombinant E. coli 

DH5a (containing a fusion plasmid of pPRS3a-arsGFP-cat) upon exposure to arsenic (an 

inducer of arsGFP) and chloramphenicol (an inducer of cat), the total cell lysate was 

analyzed by separating total protein on SDS-PAGE. To achieve it, cells were grown in stress 

conditions of ampicillin & arsenic and ampicillin, arsenic & chloramphenicol along with the 

control, for 18h under shaking condition (150rpm). After incubation, cells were harvested by 

centrifugation at 8000 rpm for 10 min at 4°C and washed once with phosphate buffered 

saline (pH 7.4), resuspended in PBS containing 2mM EDTA (pH 8.0) and then a protease 

inhibitor, 0.2 mM phenyl methyl sulphonyl fluoride (PMSF) was added. Finally, the cells 

were disrupted by sonication on ice bath and cell debris was removed by centrifugation at 

15000 rpm for 15 min at 4°C (Wang et al. 2005). A fraction of the obtained protein 

supernatant was used for protein determination by BCA method (Brown et al. 1989). To 

quantified protein mixture, 2x sample buffer (SIGMA) was added in equal volume. For 

denaturing polyacrylamide gel electrophoresis, the samples were prepared as per the 

standard protocol and SDS PAGE was carried out (Sambrook et al. 2001). 80pg of total 

protein in each lane was electrophoresed on 10%, 12% and 15% of 0.75 mm thick gel using 

BioRad Mini Protean gel electrophoresis apparatus at 80/100 V. A protein molecular weight 

marker (SM0431, MBI Fermentas) was also loaded along with protein samples. The proteins 

separated on polyacrylamide gel were visualized by staining the gel with 0.25% Coomassie 

brilliant blue G-250 in 45% methanol and 10% acetic acid and destained in 35% methanol 

with 10% acetic acid.

3.2.11.2 Fluorescence microscopy
For fluorescence microscopy, cells were grown in stress conditions of ampicillin (50pg/ml), 

arsenite (O-lOOOppb) & chloramphenicol (30jng/ml) along with the control, for 12h under 

shaking condition (150 rpm). EGFP expression in recombinant E. coli DH5a was analyzed 

and documented with an Olympus BX41 epifluorescence microscope fitted with an
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Olympus Camedia C-4000 digital camera. Bacterial cells were spread on a gelatin coated 

glass slide and were viewed by exciting with a 100W mercury arc lamp and filter block 

fitted with a 465-495 nm excitation filter and a 500-540nm emission filter. 

Photomicrographs were captured with 1IX digital zoom, ISO200 light sensitivity and 

automatic capture mode.

3.2.11.3 Fluorescence Assay

For fluorescence assay, cells were grown in stress conditions of ampicillin (50pg/ml), 

arsenite (O-lOOOppb) & chloramphenicol (30pg/ml) along with the control, for 12h under 

shaking condition (150rpm). EGFP expression levels in recombinant E. coli DH5a were 
estimated with a Wallac Victor3 Multilabel counter. All instrumental conditions were 

optimized for maximum sensitivity as described by the manufacturer. To minimize the 

background fluorescence, low background 96 well plates (Tarsons, Mumbai) were used. For 

measurements, 200p.l of bacterial suspension was pipetted into each well and fluorescence 

was estimated by exciting the cells at 580nm and emission was detected using a 510nm filter 

set. All measurements were performed in triplicates.

3.2.12 Plasmid curing

This is a technique in which plasmid DNA is subjected to some DNA intercalating agents to 

lose its structural and functional properties or to eliminate it. This technique was used to 

differentiate characteristics features (imparted by plasmid) of Bacillus cereus GC subgroup 

A, which contain pPRS3a, by using two different DNA intercalating agents named as 

Ethidium bromide and Proflavin. The curing of plasmid using Ethidium bromide & 

Proflavin was carried out as described by Caro et al. (1984) and Singh and Yadava (1988). 

To determine MIC of Ethidium bromide and Proflavin this bacterium was grown in LB 

medium supplemented with the increasing concentration of curing agent from 5pg/ml to 

Img/ml keeping the interval of 5pg/ml each. The minimum concentration of Ethidium 

bromide and Proflavin in which no growth observed was considered as minimum inhibitory 

concentration (MIC). After determination of MIC, Bacillus cereus GC subgroup A was 

grown in LB supplemented with sub-lethal concentration of Ethidium bromide and 

Proflavin. This culture was grown at 37°C for 18h under shaking condition (150 rpm). After 
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every 18h, the eulturc was sub cultured aseptically, using 1% of inoculums into a fresh 

medium containing respective curing agents. This sub culturing was continued until 25th 

generations. After every generation, cells were checked for their sensitivity for ampicillin on 

LB agar plate. In addition, plasmid was isolated as described in section 2.2.6 and compared 

with control, a culture of Bacillus cereus GC subgroup A without any curing treatment.

3.3 Results and Discussion

3.3.1 Plasmid DNA

Plasmid DNA from Bacillus cereus GC subgroup A was isolated as described in methods 

section 3.2.3 and has been shown in figure 15.
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Fig. 15. Plasmid DNA of Bacillus cereus GC subgroup A.

• lane 1, DNA marker*;
• lane 2, pPRS3a grown in LB;
• lane 3, pPRS3a grown in ampicillin 50pg/ml;
• lane 4, lambda DNA (500ng).
• DNA marker (*MBI Fermentas, SM0331, Ikb ladder).
• The DNA samples were separated on 1% agarose gel.
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This bacterium was isolated from a copper mining industry and exhibit property of 

resistance to multiple metal and antibiotics. So, its point of interest to study the plasmid 

DNA profile in detail. As per the literature, properties like metal & antibiotic resistance are 

generally imparted by extrachromosomal genetic elements, so plasmid DNA isolation was 

carried out.

The presence of multiple bands on the agarose gel confirmed the presence of plasmid DNA. 

The plasmid DNA was named as pPRS3a, because it was isolated from strain PRS3, as 

initially identified by 16s rRNA sequencing (Jain et al. 2009). Later on, the identification of 

this bacterium was carried up to species level by biochemical and fatty acid methyl esters 

analysis (FAMEs). Figure 15 shows that the nature of the plasmid DNA in the presence & 

absence of ampicillin. This observation confirms that for the maintenance and proliferation 

of pPRS3a in host bacterium does not require any external molecule as a maintenance factor 

and signify the fact that this is a naturally occurring plasmid DNA molecule.

3.3.2 Transformation and Restriction endonuclease digestion

The isolated plasmid DNA from Bacillus cereus GC subgroup A was subjected to 

transformation as described in methods section 3.2.5. The resultant transformants were 

selected on to all possible antibiotics to which Bacillus cereus GC subgroup A was showing 

resistance. True transformants were obtained only from the LB agar plate containing 

ampicillin and they were further confirmed by gel-mobility shift assay. The above step of 

selection was done to confirm the presence of resistance marker on the plasmid DNA. The 

growth of true transformants onto ampicillin confirmed that the plasmid (pPRS3a) is having 

ampicillin resistance gene as marker.

The transformation was done into a Gram’s negative bacterium E. coli, a widely used host in 

the molecular biology. Different strains of E. coli like DH5a, HB101 and DH10B were used 

to ensure the maintenance of pPRS3a into a Gram’s negative bacterium as this plasmid is of 

Gram’s positive origin. In all the strains of E. coli, transformants were obtained on LB agar 

plate supplemented with ampicillin (50pg/ml) but in E. coli DH5a especially good numbers 

of transformants were obtained. Due to the ease of isolation and better yield of plasmid
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DNA from recombinant E. coli DH5a (Ausubcl et al. 1991), this strain was used for further 

studies. In the subsequent experiment the transformants were selected on to all antibiotics to 

which Bacillus cereus GC subgroup A was resistant. True transformants were obtained only 

from the LB agar plate containing ampicillin (50gg/ml) and they were further confirmed by 

plasmid DNA isolation. The above step of selection was done to confirm the presence of 

resistance marker on the plasmid DNA. The growth of true transformants onto ampicillin 

confirmed that the plasmid (pPRS3a) is having only ampicillin resistance gene as marker.

The transformation of this plasmid DNA into different strains of E. coli also suggests that 

pPRS3a may have an origin of replication that can be recognized by Gram’s positive as well 

as Gram’s negative bacterial systems. This assumption can only be confirmed after the 

sequencing & analysis of pPRS3a. The transformed recombinant strain of E. coli like DH5a 

was subjected to plasmid DNA isolation and restriction endonuclease digestion as described 

in methods section 3.2.6. The digestion patterns of pPRS3a have been shown in figure 16.
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Fig. 16. Restriction endonuclease digestion profile of pPRS3a.
• lane 1, DNA marker; lane 2, pPRS3a from E. coli DH5a-pPRS3a;
• lane 3-13, pPRS3a digested with BamHI, Bglll, Sall, Xhol, PstI, PvuII, Smal, Ncol, 

EcoRI, EcoRV, Notl respectively (4.2 kb);
• lane 14, DNA marker
o Arrows show a 4.2 kb band
• The DNA samples were separated on a 1% agarose gel.
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This enzymatic digestion was carried out with routinely used enzymes in molecular biology 

laboratory. Upon digestion a single band was observed without any smear or trailing of 

bands that confirmed the size of the plasmid DNA to be 4.2kb. Among restriction enzymes 

used, a clear band of 4.2kb was observed for BamHI, Sall, PvuII, Smal, Ncol, EcoRI and 

Notl but not for Bglll, Xhol, PstI and EcoRV. The digestion with number of enzymes 

suggests that it can be easily manipulated. There may be many more enzymes for which 

restriction sites may be present. This possibility can only be ruled out after pPRS3a DNA 

sequencing & analysis.

3.3.3 Plasmid DNA (pPRS3a) sequencing

To unveil many facts about this plasmid DNA, pPRS3a was subjected to DNA sequencing 

through primer walking. Primer walking is used for the sequencing of large DNA molecules 

(>1.5kb), for which a single run is not recommended. The sequencing of pPRS3a was 

carried using a series of steps as earlier described in methods section 3.2.7.

To start the project of sequencing, pPRS3a was cloned into pET-28c(+) vector at EcoRI site. 

The pET-28c(+) was selected for cloning because it is having kanamycin resistance marker 

(pPRS3a already having ampicillin resistance marker) and T7 promoter region (for which 

universal primers are available). After the cloning obtained transformants were selected on 

LB agar plate containing a mixture of ampicillin & kanamycin. The true transformants were 

confirmed by gel-mobility shift assay and restriction endonuclease digestion with EcoRI. 

Upon digestion with EcoRI, the release of insert (pPRS3a) from the recombinant DNA 

molecule (pET-28c(+)-pPRS3a) was observed. The size of the pPRS3a & pET-28c(+) is 

4.2kb and 5.3kb respectively. The fusion of both at EcoRI site was observed to be of the size 

9.5kb, as shown in figure 17.
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Fig. 17. Cloning of pPRS3a into vector pET-28c(+).

• lane 1, DNA marker;
• lane 2, pPRS3a plasmid DNA with EcoRI (4.2kb);
• lane 3, plasmid DNA vector pET-28c(+) digested with EcoRI (5.3kb);
o lane 4, pET-28c(+)-pPRS3a (9.5kb);
• lane 5, pET-28c(+)-pPRS3a digested with EcoRI (4.2kb, 5.3kb);
• lane 6, DNA marker.
• The DNA samples were separated on a 1.0% agarose gel.
• Arrow shows the vector & insert.

The ultra pure plasmid DNA was isolated by QIAGEN column and subjected to sequencing 

through primer walking. To start the sequencing, first set of primers (PET Fwd & PET Rev) 

on the basis of T7 promoter region of vector DNA, pET-28c(+) were used. Then in the 

subsequent steps, internal primers were designed based on the obtained sequence using 

previous primers. All the used primers for sequencing of pPRS3a have been listed in Table 

17 & 18. The sequencing was carried out in both directions to get a good signal and to 

eliminate chance of errors.
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Table 17. Reverse primers: Primers used for the sequencing of pPRS3a in the reverse 
direction along with their sequence and positions.

Name Sequence Coordinates
PET Rev 5' GCT AGT TAT TGC TCA GCG G 3’ -
Rev 1 5' TTA AGG GCC TCG TGA TAC 3' 335-352
Rev 2 5' AAC GTT TTC CAA TGA TGA GCA CTT 3' 716-739
Rev 3 5' GCA AAC TAT TAA CTG GCG AAC TAC 3' 1097-1120
Rev 4 5' GAG CGT CAG ACC CCG TAG AAA AGA 3' 1526-1549
Rev 5 5' CAC CGC CTA CAT ACC TCG CTC TG 3’ 1758-1780
Rev 6 5' CTT GAG CGT CGA TTT TTG TGA TGC 3' 2102-2125
Rev 7 5' CGC AAC GCA ATT AAT GTG AG 3' 2429-2448
Rev 8 5' GAT CAA TCG TCA CCC TTT CTC G 3' 2629-2650
Rev 9 5' CGT CGG CCG TTT CCA TCT GC 3' 2939-2958
Rev 10 5' GGC TGC TGA ACC CCC AAC C 3' 3167-3185
Rev 11 5' ATG GTG AGC AAG GGC GAG GAG 3' 3460-3480
Rev 12 5' CAG CCG CTA CCC CGA CCA C 3’ 3676-3694

Table 18. Forward primers: Primers used for the sequencing of pPRS3a in the forward 
direction along with their sequence and positions.

Name Sequence Coordinates
PET Fwd 5' TAA TAC GAC TCA CTA TAG GG 3'
Fwd 1 5’ CTC CTC GCC CTT GCT CAC 3' 647-664
Fwd 2 5’ CCA TGC TGG CGG AGA ATC 3' 1017-1034
Fwd 3 5' GGC GGC ACC GTT GAA CAG 3' 1320-1337
Fwd 4 5' ACA AAA ATC GAC GCT CAA G 3' 2007-2025
Fwd 5 5' GCA GAG CGA GGT ATG TAG 3' 2346-2363
Fwd 6 5' TAA GGG ATT TTG GTC ATG AG 3' 2622-2641
Fwd 7 5' GGG AAG CTA GAG TAA GTA GTT CGC CA 3' 2992-3017
Fwd 8 5' TGT CAT GCC ATC CGT AAG 3' 3248-3265
Fwd 9 5' AAG TCA TTC TGA GAA TAG TG 3' 3297-3316
Fwd 10 5' AGA AAC CAT TAT TAT CAT GAC 3' 3734-3754

Each sequenced fragment was called as contig. After the completion of sequence all the 

obtained chromatograms were viewed and analyzed in Chromas Lite version 2.01 and true 

DNA sequences (A, T, G & C) were deduced using BioEdit version 7.0.5.2 (Hall, 1999). All 

the contigs (11 in Fwd direction and 13 in Rev direction) were aligned in such a way that a 

continuous sequence can be obtained with overlapping regions. This task was performed 

using bioinformatics tool as described in methods section 3.2.8. The assembly of contigs has 

been shown in figure 18.
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Fig. 18. Assembly of overlapping contigs to get a complete pPRS3a DNA sequence. For 

Fwd (3'-5') and Rev (5'-3‘) direction, red and black color arrows are depicted respectively. 

Each arrow showing approx length mentioned for respective contig.

3.3.4 pPRS3a sequence analysis
A complete sequence length of 4126bp was obtained and subjected to sequence analysis. 

The major analysis of this sequence includes, open reading frames (ORFs), promoters, 

origin of replication (ori) & restriction enzymes sites and minor analysis includes, direct & 

inverted repeats in ori region, % AT/GC rich region & sequence composition. The 

bioinformatic software and tools were used for analysis of pPRS3a as described in methods 

section 3.2.8. Analyses of each component have been discussed below.

3.3.4.1 Open reading frames (ORFs)
Upon analysis using NCBI ORF finder, four ORFs (cutoff 450NTs) were found. All ORFs 

with their putative proteins and accession no. have been shown in Table 19.
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Table 19. Predicted open reading frames (ORFs): Open reading frames are shown with their 

reading frame, position, length of ORF, putative protein with its GenBank accession no.

Frame Position 
(5'-3') Length

G+C 
(%) 

contents
Protein Accession No. Reference

+ 1 532-
1392

861 49.13 Beta-lactamase (S. 
aureus)

NP052129.1 Needham 
et al.A^S

-1 3485-
4125

642 61.78 TRAP dicarboxylate 
transporter, DctM 
subunit 
(Enterobacter sp. 
638)

YP001178580.1 unpublished

+2 3515-
4125

612 61.37 pBI-SS (Tom) (TP) 
101-EGFP (synthetic 
construct)

ABG78037.1 Estevez 
et al., 2006

-2 2842-
3309

468 61.54 Tetracycline 
resistance repressor 
protein tetR (m
MN_gF3SD01 16)

ACT97616.1 Sommer 
et al., 2009

The 100% identity of Beta-lactamase gene (bla) from Staphylococcus aureus confirmed that 

property of ampicillin resistance conferred by the Bacillus cereus GC subgroup A is due to 

the plasmid pPRS3a. In addition to bl a gene, three ORFs of putative DNA homologs to 

TRAP dicarboxylate transporter, DctM subunit (Enterobacter sp. 638), pBI-SS (Tom) (TP) 

101-EGFP (synthetic construct), tetracycline resistance repressor protein tetR (m 

MN_gF3SD01_16) were found on pPRS3a and none of them code for any functional 

protein. The presence of these truncated fragments could be due to the horizontal gene 

transfer from the diverse bacterial community at the site (Jain et al., 2009). Such horizontal 

gene transfer mechanisms are common at polluted sites in the environment (Frost et al., 

2005, Berde et al., 2010). The transfer of these resistance determinants might have occurred 

in environmental conditions among the organisms that share the same environmental habitat. 

Antibiotic resistance determinants constitute a privileged system for the study of naturally 

occurring DNA transfer among bacteria, because they are easy to trace and because of the 

massive selective pressure exerted by antibiotic used in clinical practices. The finding of 

inconsistencies in molecular data led to the notion of horizontal gene flux between these 

distantly related microorganisms (Courvalin, 1994). Plasmids exhibit diverse mechanisms 

that enable their survival and horizontal transfer, to the extent that, with the advent of more 
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sophisticated detection techniques, the distinction between chromosome and plasmid has 

become ‘blurred’ (Sedgley et al. 2004 and Thomas, 2004).

3.3.4.2 Promoters

For the prediction of promoters in the obtained sequence of pPRS3a, BPROM and NNPP 

version 2.2 were used as described in methods section 3.2.8.2. Promoter prediction was done 

on both the strands with the help of BPROM and NNPP version 2.2. A total of 19 & 15 

promoters were predicted in forward and reverse directions respectively as shown in Table 

20&21.

Table 20. Promoters: promoter predictions for pPRS3a in forward direction (5’-3’) with 
score cutoff 0.80.

Start End Score Promoter sequence (5’-3’)
257 302 0.88 ATTGTACTGAGAGTGCACCATATGCGGTGTGAAATACCGCACAGATGCGT
283 328 0.88 GTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGGC
327 372 0.91 GGCGGCCTGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCA
340 385 0.90 GGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGT
352 397 0.83 CGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTC
456 501 0.82 AATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGC
477 522 0.85 GCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGA
735 780 0.99 CACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCG
1387 1432 0.94 TGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAA
1404 1449 0.81 AGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTA
1423 1468 0.94 TAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGAT
1438 1483 0.95 CTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCT
1475 1520 0.85 TTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCAC
1557 1602 0.92 ATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAA
1630 1675 0.92 GTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGG
1830 1875 0.89 CCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGC
2471 2516 0.97 CAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAG
2526 2571 0.92 AACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTGCT
3280 3325 0.95 CATGCTTGACACTTTATCACTGATAAACATAATATGTCCACCAACTTATC
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Table 21. Promoters: promoter predictions for pPRS3a in reverse direction (5'-3') with score 
cutoff 0.80.

Start End Score Promoter sequence (5’-3’)
3951 3906 0.90 AGTTCACCTTGATGCCGTTCTTCTGCTTGTCGGCCATGATATAGACGTTG
3356 3311 0.87 GGTCCGATTGAACGCGCGGATTCTTTATCACTGATAAGTTGGTGGACATA
3342 3297 0.80 CGCGGATTCTTTATCACTGATAAGTTGGTGGACATATTATGTTTATCAGT
3324 3279 0.95 GATAAGTTGGTGGACATATTATGTTTATCAGTGATAAAGTGTCAAGCATG
1751 1706 0.96 TACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGTAACA
1502 1457 0.95 GTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATC
1453 1408 0.95 CCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGT
1438 1393 0.98 ATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACA
951 906 0.89 CCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGT
922 877 0.83 CGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTG
515 470 0.97 TTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATAC
495 450 0.90 TATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAA
410 365 0.91 GAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACC
380 335 0.83 TTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTT
291 246 0.90 GCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGAT

Among these predicted promoters, one promoter was found to be functional in pPRS3a as it 

is located just upstream of ORF. For with score of 0.85. The presence of cis-acting 

regulatory DNA elements for bla gene promoter (GAGA, ACGG, GATA, AAAG, ACGT 

and GACGTC) confirmed functional significance of this promoters.

The functional promoter of 0-lactamase (bla) gene, is located at 477-522 region. As this 

plasmid is of natural origin, then it is significant to have the similarity with other natural 

strains especially at the functional promoter region. The similarities with other natural 

strains have been shown in Table 22.
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Table 22. Similarity of 0-lactamase (bla) gene promoter with other natural strains.

Position Organism & plasmid name Size
(bp)

% 
similarity

Reference

515-470 Klebsiella oxytoca plasmid pFP 10-1 6964 100 HQ651092.1
515-470 & 
477-522

Baculovirus shuttle vector pBacHTS 6205 100 JN029539.1

515-470 &
477-522

Proteus mirabilis strain 7001324 
plasmid beta-lactamase TEM variant 
gene, complete cds.

1069 100 HM246246.1

515-470 &
477-522

Enterobacter sp. W001 plasmid pR23 10497 100 JF703130.1

477-522 Plasmid pGEX-5G/LIC expression 
vector(E. colUS. japonicium) 
encoding glutathione S-transferase gene, 
complete cds.

4968 100 M97937.1

477-522 Bacillus intermedius plasmid pET3xa- 
bam36, gene encoding bamase

4753 100 AJ006407.1

33.4.3 Origin of replication (Ori)

Origin of replication is the most important element of any plasmid DNA molecule, as it 

governs the segregation ability of a plasmid DNA. In pPRS3a, ori was predicted by ORI 

finder as described in methods section 3.2.8.3. This region was 669bp long and located at 

1540-2208 as shown in figure 19. Ideally the base numbers of a plasmid DNA should start 

from ori. In our studies for pPRS3a, the numbers have started from the cloning site (at 

EcoRI) because it’s the first base that was sequenced by primer walking. This predicted ori 

is found to have 100% similarity with Shuttle vector pMK4 (EU549778.1, 5585bp, Bacillus 

subtilis-E. coli shuttle vector) and Shuttle vector pLES003 (AB370338.1, 6134bp, 

Lactobacillus brevis-E. coli shuttle vector).

Upon detailed analysis of ori, direct & inverted repeats were also been found as shown in 

Table 23. The presence of the repeats is the characteristic feature of an origin of replication 

(Romero et al. 2007).
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1 GTAGAAAAGA TCAAAGGATC TTCTTGAGAT CCTTTTTTTC TGCGCGTAAT CTGCTGCTTG
CATCTTTTCT AGTTTCCTAG AAGAACTCTA GGAAAAAAAG ACGCGCATTA GACGACGAAC

61 CAAACAAAAA AACCACCGCT ACCAGCGGTG GTTTGTTTGC CGGATCAAGA GCTACCAACT
GTTTGTTTTT TTGGTGGCGA TGGTCGCCAC CAAACAAACG GCCTAGTTCT CGATGGTTGA

121 CTTTTTCCGA AGGTAACTGG CTTCAGCAGA GCGCAGATAC CAAATACTGT TACTTCTAGT 
GAAAAAGGCT TCCATTGACC GAAGTCGTCT CGCGTCTATG GTTTATGACA ATGAAGATCA

181 GTAGCCGTAG TTAGGCCACC ACTTCAAGAA CTCTGTAGCA CCGCCTACAT ACCTCGCTCT 
CATCGGCATC AATCCGGTGG TGAAGTTCTT GAGACATCGT GGCGGATGTA TGGAGCGAGA

241 GCTAATCCTG TTACCAGTGG CTGCTGCCAG TGGCGATAAG TCGTGTCTTA CCGGGTTGGA 
CGATTAGGAC AATGGTCACC GACGACGGTC ACCGCTATTC AGCACAGAAT GGCCCAACCT

301 CTCAAGACGA TAGTTACCGG ATAAGGCGCA GCGGTCGGGC TGAACGGGGG GTTCGTGCAC 
GAGTTCTGCT ATCAATGGCC TATTCCGCGT CGCCAGCCCG ACTTGCCCCC CAAGCACGTG

361 ACAGCCCAGC TTGGAGCGAA CGACCTACAC CGAACTGAGA TACCTACAGC GTGAGCTATG 
TGTCGGGTCG AACCTCGCTT GCTGGATGTG GCTTGACTCT ATGGATGTCG CACTCGATAC

421 AGAAAGCGCC ACGCTTCCCG AAGGGAGAAA GGCGGACAGG TATCCGGTAA GCGGCAGGGT 
TCTTTCGCGG TGCGAAGGGC TTCCCTCTTT CCGCCTGTCC ATAGGCCATT CGCCGTCCCA

481 CGGAACAGGA GAGCGCACGA GGGAGCTTCC AGGGGGAAAC GCCTGGTATC TTTATAGTCC 
GCCTTGTCCT CTCGCGTGCT CCCTCGAAGG TCCCCCTTTG CGGACCATAG AAATATCAGG

541 TGTCGGGTTT CGCCACCTCT GACTTGAGCG TCGATTTTTG TGATGCTCGT CAGGGGGGCG 
ACAGCCCAAA GCGGTGGAGA CTGAACTCGC AGCTAAAAAC ACTACGAGCA GTCCCCCCGC

601 GAGCCTATGG AAAAACGCCA GCAACGCGGC CTTTTTACGG TTCCTGGCCT TTTGCTGGCC
CTCGGATACC TTTTTGCGGT CGTTGCGCCG GAAAAATGCC AAGGACCGGA AAACGACCGG

661 TTTTGCTCA
AAAACGAGT

Fig. 19. Origin or replication of pPRS3a: Complete ori of 669bp along with its 
complementary sequence.

Table 23. Inverted repeats & Direct repeats in ori: Inverted and Direct repeats in the origin 

of replication with their position and respective sequence.

Invertted repeats Direct repeats
Size 
(bp)

Posl Pos2 Repeat Sequence Size 
(bP)

Posl Pos2 Repeat Sequence

9 13 27 aaaggatct 8 148 490 AGAGCGCA
9 60 92 GCAAACAAA 8 254 267 CCAGTGGC
11 70 84 aaaccaccgct 8 628 657 GGCCTTTT
9 145 235 agcagagcg 8 628 646 GGCCTTTT
8 155 524 AGATACCA 13 644 655 CTGGCCTTTTGCT
8 287 464 CTTACCGG __
10 314 461 TTACCGGATA
8 617 652 GCCAGCAA

Replication origins of several well studied bacterial plasmids have array of direct and 

inverted repeats called iterons, which are sites for binding a plasmid-specific replication 

initiator protein. The iteron-initiator protein interactions are essential for plasmid replication 

as well as for inhibition of plasmid over-replication (Chattoraj, 2000). Due to the presence 
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of ori which is recognized by both Gram’s negative/positive bacterial system, this study 

suggests that pPRS3a can be used as a stable cloning shuttle vector between Bacillus cereus 

and E. coli.

3.3.4.4 Restriction endonuclease enzymes sites

The sites on the DNA for the enzyme that are very specific in their recognition, methylation 

and cleavage are called as restriction enzyme sites. The search for restriction sites was done 

by BioEdit version 7.0.5.2 as described in methods section 3.2.8.4. In the pPRS3a, >200 

sites for restriction enzymes were found. Later on the search was confined to the restrictions 

sites for >5bp cutters and 30 unique restriction sites and a cluster located in pPRS3a were 

obtained, as shown in Table 24.

Table 24. Restriction Enzyme sites on pPRS3a: A total of 30 enzymes listed which are 
having unique restriction enzymes.

s. 
No.

Enzyme Recognition 
(5'-3')

Position S. 
No.

Enzyme Recognition 
(5'-3')

Position

1 EcoRI G'AATTC 2 16 PvuII CAG'CTG 2389
2 Stul AGG'CCT 62 17 Hindlll A'AGCT T 2568
3 Spel A'CTAGT 66 18 EcoICRI GAG'CTC 2624
4 BsiWI C’GTACG 76 19 SacI G AGCT'C 2626
5 PspOMI G’GGCCC 81 20 Bell T'GATC A 2629
6 Apal G GGCC’C 85 21 BmgBI CAC’GTC 3388
7 Ndel CA'TA_TG 277 22 Sall G'TCGA C 3424
8 Zral GAC'GTC 399 23 Xbal T’CTAG A 3430
9 Aatll G ACGT'C 401 24 BamHI G'GATC C 3436
10 SspI AAT'ATT 515 25 Xmal C’CCGG G 3441
11 Seal AGT'ACT 839 26 Smal CCC'GGG 3443
12 Pvul CG AT'CG 951 27 Acc65I G'GTAC C 3445
13 FspI TGC'GCA 1097 28 _Agd A’CCGG T 3448
14 BseYI C'CCAG_C 1905 29 Kpnl G GTAC'C 3449
15 Pcil A'CATG_T 2209 30 Ncol C'CATG G 3459

Apart from the major analysis, some minor analyses were also done. A MAT-LAB based 

program was used to find out AT/GC rich region (Baker and Rogers, 2005). AT rich region 

is located at 498-548 & 1396-1485 with 76.5% & 76% AT contents respectively (cutoff for 

searching was 75%). Similarly GC rich region is located at 2761-3048 with -70% GC 

content in this region (cutoff for searching was 70%). Total base compositions of the 
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pPRS3a have been shown in figure 20. This plasmid DNA is having 54.34% GC contents. 

The presence of high GC contents is the characteristic feature of any plasmid DNA of a 

prokaryotic origin. This observation once again strengthens its characterization as plasmid 

of bacterial origin.

Nucleotide Composition

Fig. 20. Nucleotide composition of pPRS3a: Total G+C content=54.34% & A+T 
content=45.66%. A=973 (23.58%), C=1139 (27.61%), G=1103 (26.73%) and T=911 
(22.08%).

After the complete analysis of pPRS3a, the plasmid DNA sequences were submitted to 

NCBI GenBank under the accession no. GQ404376.1 (appendix-IV). Based on the 

information, a map was drawn using BioEdit version 7.0.5.2, as shown in figure 21.
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EcoRI

Fig. 21. pPRS3a plasmid DNA map (4.12kb): Map showing ORFs, Promoters, Origin of 

replication and Restriction enzyme sites.

The complete analysis of pPRS3a includes ORFs, promoters, ori, restriction sites, base 

composition etc. Based on this analysis some general conclusions can be made like, 

presence of a functional ampicillin resistance gene, number of strong promoters and origin 

of replication (recognized by both Gram’s positivc/negative bacterial systems). Based on the 

presence of variety of components, we can say that this plasmid may be useful in cloning 

and expression of foreign genes for industrial application.

As the pPRS3a is of natural origin, therefore similarity with other naturally occurring 

plasmid can be supportive for its natural origin. To confirm this each fragment of pPRS3a 

(P-lactamase (bla) gene, origin of replication and backbone) have been compared with other 

natural plasmids. The comparison and similarity have been shown in Table 25, 26 and 27.

84



Table 25. Simialrity of beta lactamse region of pPRS3a with other natural plasmids.

Position Organism, plasmid name and source Size %
similarity

Reference

335-2564 Staphylococcus aureus plasmid J3356::pOX7;3 8007 100 NC 002157.1
335-1539 Enterobacter cloacae plasmid pEC-IMP 318782 100 NC 012555.1
335-1540 Escherichia coli SMS-3-5 plasmid pSMS35_130: multidrug-resistant 

environmental isolate
130440 100 NC_010488.1

335-1539 Klebsiella pneumoniae plasmid pCTXM360 68018 100 NC 011641.1
335-1539 Neisseria gonorrhoeae plasmid pSJ5.2 5161 100 NC 010881.1
335-1539 Providencia rettgeri plasmid R7K 39792 100 NC 010643.1
340-1539 Citrobacter freundii plasmid pCTX-M3 89468 100 NC 004464.2
335-1539 Salmonella enterica subsp. enterica serovar Choleraesuis str. SC-B67 plasmid 

pSC138
138742 100 NC_006856.1

706-1259 Yersinia pestis biovar Orientalis str. IP275 plasmid pIP1202 182913 64 NC 009141.1

Table 26. Simialrity of origin of replication region of pPRS3a with other natural plasmids.

Position Organism, plasmid name and source Size % 
similarity

Reference

335-2564 Staphylococcus aureus plasmid J3356::pOX7;3 8007 100 NC 002157.1
1516-2334 Pseudomonas fulva IF-4 plasmid pNIlO 5128 100 NC 004951.1
1540-2009 Klebsiella pneumoniae plasmid 15S: Isolated in a NYC Hospital 23753 70 NC 011382.1
1552-2339 Klebsiella pneumoniae 2kl plasmid pKPN2 4196 98 NC 005018.1
1540-2336 Yersinia pestis Antiqua plasmid pPCP 10777 100 NC 008121.1
1552-2332 Endophytic bacterium LOB-07 plasmid pLK39: isolated from Solanum 

lycocarpum
4029 98 NC_013090.1

1698-2339 Citrobacter rodentium DBS 100 plasmid pCRP3 3172 76 NC 003114.1
1671-2175 Pantoea citrea 1056R plasmid pUCD5000 5229 75 NC 001898.1
1809-2337 Salmonella enterica subsp. enterica serovar Virchow str. SL491 plasmid 

pSL491 5
5880 60 NC_011214.1
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Table 27. Simialrity of backbone region of pPRS3a with other natural plasmids.

Position Organism, plasmid name and source Size % 
similarity

Reference

335-
2564

Staphylococcus aureus plasmid 
J3356::pOX7;3

8007 54 NC_002157.1

2575-
3422

Edwardsiella tarda EIB202 plasmid 
pEIB202

43703 20 NC_013509.1

2575-
3422

Escherichia coli plasmid pFL129 6464 20 NC_005923.1

2575-
3422

Klebsiella pneumoniae plasmid pKP96 67850 20 NC_011617.1

2575-
3422

Laribacter hongkongensis plasmid 
pHLHK22

15665 20 NC_010370.1

2575-
3422

Pseudomonas aeruginosa plasmid 
pBS228

89147 20 NC_008357.1

2575-
3422

Salmonella enterica subsp. enterica 
serovar Choleraesuis plasmid 
pOU7519

127212 20 NC_010119.1

2575-
3422

Aeromonas punctata HGB5 plasmid 
pFBAOT6

84749 20 NC_006143.1

2575- 
3422

Shigella sonnei Ss046 plasmid 
pSS046_spA

8401 20 NC_009345.1

2575-
3422

Activated sludge plasmid pRSBlOl: 
isolated from a wastewater treatment 
plant

47829 20 NC_006385.1

The overall similarity of pPRS3a with other naturally occurring plasmids, with respect to 

percentage similarity, their size and NCBI accession numbers, have also been demonstrated 

and shown in Table 28.

To the best our knowledge, till date, no plasmid from Bacillus cereus has been reported with 

the properties similar to pPRS3a. Complete identification and characterization of pPRS3a 

from Bacillus cereus GC subgroup A confirms the presence of a plasmid DNA of size 4.2kb 

that has not been reported so far. The complete specifications of all reported plasmid DNA 

from Bacillus cereus till date have been shown in Table 29.
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Table 28. Similarity of Bacillus cereus GC subgroup A plasmid DNA (pPRS3a) with other naturally occurring plasmids.

% similarity Organism, plasmid name and source Size Reference
61 Staphylococcus aureus plasmid J3356::pOX7;3 8007 NC 002157.1
60 Salmonella enterica subsp. enterica serovar Choleraesuis plasmid pOU7519 127212 NC 010119.1
53 Pseudomonas aeruginosa plasmid pBS228 89147 NC 008357.1
53 Salmonella enterica subsp. enterica serovar Choleraesuis str. SC-B67 plasmid pSC138 138742 NC 006856.1
52 Escherichia coli SMS-3-5 plasmid pSMS35 130: multidrug-resistant environmental isolate 130440 NC 010488.1
40 Shigella sonnei Ss046 plasmid pSS046 spA 8401 NC 009345.1
37 Enterobacter cloacae plasmid pEC-IMP 318782 NC 012555.1
33 Providencia rettgeri plasmid R7K 39792 NC 010643.1
31 Citrobacter freundii plasmid pCTX-M3 89468 NC 004464.2
30 Edwardsiella tarda EIB202 plasmid pEIB202 43703 NC 013509.1
30 Klebsiella pneumoniae plasmid pCTXM360 68018 NC 011641.1
30 Neisseria gonorrhoeae plasmid pSJ5.2 5161 NC 010881.1
29 Klebsiella pneumoniae plasmid 15S: Isolated in a NYC Hospital 23753 NC 011382.1
29 Yersinia pestis Angola plasmid pMT-pPCP 114570 NC 010158.1
28 Pseudomonas fulva IF-4 plasmid pNHO 5128 NC 004951.1
28 Salmonella enteritidis plasmid pC 5269 NC 003457.1
27 Escherichia coli plasmid pFL129 6464 NC 005923.1
27 Shigella sonnei colicin type 7 plasmid ColJs 5210 NC 002809.1
25 Klebsiella pneumoniae 2kl plasmid pKPN2 4196 NC 005018.1
25 Salmonella enterica subsp. enterica serovar Virchow str. SL491 plasmid pSL491 5 5880 NC 011214.1
25 Yersinia pestis Antiqua plasmid pPCP 10777 NC 008121.1
25 Yersinia pestis biovar Microtus str. 91001 plasmid pPCPl 9609 NC 005816.1
25 Activated sludge plasmid pRSBlOl: isolated from a wastewater treatment plant 47829 NC 006385.1
23 Aeromonas punctata HGB5 plasmid pFBAOT6 84749 NC 006143.1
23 Klebsiella pneumoniae plasmid pKP96 67850 NC 011617.1
22 Laribacter hongkongensis plasmid pHLHK22 15665 NC 010370.1
22 Endophytic bacterium LOB-07 plasmid pLK39: isolated from Solanum lycocarpum 4029 NC 013090.1
22 Yersinia pestis biovar Orientalis str. IP275 plasmid pIP1202 182913 NC 009141.1
18 Citrobacter rodentium DBS 100 plasmid pCRP3 3172 NC 003114.1
18 Escherichia coli plasmid pBHRK19 5721 NC 005569.1
18 Neisseria gonorrhoeae plasmid pCmGFP 6062 NC 011521.1

_____ 16____ Pantoea citrea 1056R plasmid pUCD5000 5229 NC 001898.1
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Table 29. Bacillus cereus plasmids DNA: A list of Bacillus cereus plasmids repository from NCBI GenBank database, excluding 

pPRS3a.

Organism Name Accession Length (bp) Proteins Genes Create date
Bacillus cereus pBC210 NC 010933 209385 201 201 Jun 11 2008
Bacillus cereus pBCXOl NC 010934 190861 174 186 Jun 11 2008
Bacillus cereus pCER270 NC 010924 270082 235 250 Jun 11 2008
Bacillus cereus pPER272 NC 010916 272145 266 271 Jun 11 2008
Bacillus cereus pPER272 NC_010921 272145 264 271 Jun 11 2008
Bacillus cereus 03BB102 p03BB102_179 NC 012473 179680 208 209 Mar 30 2009
Bacillus cereus AHI87 pAH187_12 NC_011654 12481 22 23 Dec 11 2008
Bacillus cereus AH 187 pAH187_270 NC 011655 270082 273 277 Dec 15 2008
Bacillus cereus AH 187 pAH187_3 NC_011657 3091 5 5 Dec 11 2008
Bacillus cereus AH 187 pAH187_45 NC 011656 45173 59 60 Dec 11 2008
Bacillus cereus AH820 pAH820_10 NC_011771 10915 11 11 Dec 28 2008
Bacillus cereus AH820 pAH820_272 NC 011777 272145 320 321 Dec 28 2008
Bacillus cereus AH820 pAH820_3 NC 011776 3091 5 5 Dec 28 2008
Bacillus cereus ATCC 10987 PBcl0987 NC 005707 208369 241 242 Feb 27 2004
Bacillus cereus ATCC 14579 pBClinl5 NC 004721 15274 21 21 Apr 16 2003
Bacillus cereus E33L pE33L466 NC 007103 466370 430 447 Jun 9 2005
Bacillus cereus E33L pE33L5 NC 007104 5108 5 5 Jun 9 2005
Bacillus cereus E33L pE33L54 NC 007105 53501 54 57 Jun 9 2005
Bacillus cereus E33L pE33L8 NC 007106 8191 8 8 Jun 9 2005
Bacillus cereus E33L pE33L9 NC 007107 9150 10 10 Jun 9 2005
Bacillus cereus G9842 pG9842 140 NC 011774 140001 118 120 Dec 28 2008
Bacillus cereus G9842 pG9842 209 NC 011775 209488 251 251 Dec 28 2008
Bacillus cereus H3081.97 pH308197 10 NC 011341 10077 12 12 Oct 6 2008
Bacillus cereus H3081.97 pH308197 11 NC 011340 11567 16 16 Oct 6 2008
Bacillus cereus H3081.97 pH308197 258 NC 011339 258484 257 257 Oct 6 2008
Bacillus cereus H3081.97 pH308197 29 NC 011342 29189 40 40 Oct 6 2008
Bacillus cereus H3081.97 pH308197 3 NC 011338 3424 5 5 Oct 6 2008
Bacillus cereus H3081.97 pH308197 73 NC 011337 72792 101 101 Oct 6 2008
Bacillus cereus QI pBc239 NC 011973 239246 228 228 Jan 27 2009
Bacillus cereus QI pBc53 NC011971 52766 69 69 Jan 24 2009
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Further to strengthen the cloning and expression characteristics of pPRS3a, two foreign 

genes were cloned and expressed successfully.

3.3.5 Cloning of arsGFP and cat genes into pPRS3a

The characterization of pPRS3a was carried out by cloning and expression of arsGFP 

(arsenic biosensor) & cat (chloramphenicol resistance) genes. Both the genes/cassette was 

taken from different sources. The source for arsGFP was an arsenic biosensor (pJSKV51, 

developed in our lab) and cat gene was taken from pKT-210, a shuttle vector (Ren et al. 

1998). Upon induction of arsGFP by arsenite molecule, it codes for a functional enhanced 

green fluorescent protein due to the presence of EGFP gene downstream to regulatory region 

of arsenic operon. Similarly, upon induction of cat gene it codes for chloramphenicol acetyl 

transferase. Chloramphenicol acetyltransferase (cat) is a bacterial enzyme that detoxifies the 

antibiotic chloramphenicol and is responsible for chloramphenicol resistance in bacteria. 

This enzyme covalently attaches an acetyl group from acetyl-CoA to chloramphenicol, 

which prevents chloramphenicol from binding to ribosomes.

The strategy for cloning of arsGFP & cat genes into pPRS3a have been depicted in figure 9 

& 10. This procedure was carried out as described in methods section 3.2.10. In the first 

step, arsGFP was cloned into pPRS3a at PvuII site. The SI nuclease treatment of the insert 

(digested with PvuII & EcoRI) facilitated the ligation. After construction of pPRS3a- 

arsGFP, the cat gene was cloned at PvuII site, as shown in figure 22. The Exonucleaselll 

treatment of insert (digested with PstI & Hindlll) facilitated the ligation. Essentially, these 

two special enzymes SI nuclease & Exonucleaselll were used in cloning experiment to 

make the insert blunt ended. SI nuclease & Exonucleaselll are very specific for the 

degradation of single stranded DNA and removal of nucleotides from 5’ overhangs and 3' 

overhangs respectively.
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Fig. 22. Cloning of arsGFP and cat genes into plasmid pPRS3a.
• lane 1, DNA marker;
© lane 2, pPRS3a digested with EcoRI (4.2kb);
• lane 3, pJSKV51 digested with EcoRI & PvuII (1.5kb, 2.4kb);
• lane 4, pPRS3a-arsGFP (5.7kb);
• lane 5, pKT-210 digested with Hindlll & PstI (2.1 kb, 9.7kb);
© lane 6, pPRS3a-arsGFP-cat (7.8kb);
© lane 7, DNA marker.
• The DNA samples were separated on a 1.0% agarose gel.
o Arrow shows the insert for subsequent cloning.

Once the final construct of pPRS3a-arsGFP-cat was ready, the expression of both the genes 

was tested. The qualitative and quantitative measures were taken in consideration to assay 

the gene product as described in methods section 3.2.11.

3.3.6 Expression of arsGFP and cat genes

The total cell lysate of recombinant E. coli DH5a carrying pPRS3a-arsGFP-cat construct 

was used for SDS-PAGE analysis. The recombinant strain was grown in the different set of 

conditions like, LB supplemented with ampicillin, ampicillin & arsenite, ampicillin & 

chloramphenicol and ampicillin, arsenite & chloramphenicol. This cell lysate was run on 

different percentages of gels (10%, 12% and 15%) to visualize wide range of separation of 

proteins of different molecular mass. The gel images for all percentages have been shown in 

figure 23.

90



I !6kDa

6 7

66 2 kDa

12 3 4

35 kDa

•15 kDa

w Ml Ml |M Ml Ml
25 kDu

2 3 4 5 6 7

(A)10%SDS PAGE (B)12%SDS PAGE
4 5 6 71 2 3

(C) 15% SDS PAGE
Fig. 23. SDS PAGE of the cell lysate of E. coli DH5a carrying pPRS3a-arsGFP-cat at 
different percentages of protein gel.

• Lane 1, Protein molecular weight marker;
• lane 2, E. coli DH5a (~80pg of total protein);
• lane 3, E. coli DH5a with pPRS3a grown in ampicillin (50pg/ml);
• lane 4, E. coli DH5a with pPRS3a-arsGFP grown in ampicillin (50pg/ml);
• lane 5, E. coli DH5a with pPRS3a-arsGFP grown in ampicillin (50pg/ml) and 

supplemented with arsenite (500ppb);
• lane 6, E. coli DH5a with pPRS3a-arsGFP-cat grown in ampicillin (50pg/ml) and 

chloramphenicol (30pg/ml);
• lane 7, E. coli DH5a with pPRS3a-arsGFP-cat grown in ampicillin (50pg/ml), 

chloramphenicol (30pg/ml) and supplemented with arsenite (500ppb).
• Arrow shows the expression of EGFP (~31 kD) and cat (~24kD) gene.
• Samples were electrophoresed on a (A) 10%, (B) 12% and (C) 15% 

polyacrylamide gel and stained with Coomassie brilliant blue G-250.
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A protein band of ~31kDa from arsGFP and ~24kDa from cat gene was observed. The 

cloning and expression of foreign genes tells that pPRS3a have the characteristic feature to 

clone and express foreign genes of different origin.

The expression of GFP was also observed by using fluorescent microscopy. The 

recombinant E. coli DH5a carrying pPRS3a-arsGFP-cat was grown in different 

concentration of arsenite as described in methods section 3.2.11.2. The images of obtained 

fluorescence were captured and have been shown in figure 23. The fluorescence obtained at 

Oppb was considered as basal level expression of arsGFP. The amount of fluorescence 

increased with increase in the concentration of arsenite from 50ppb to 500ppb and decreased 

above 500ppb as illustrated by figure 24. This observation suggests the sensitivity of arsGFP 

to arsenite (an inducer molecule). After 500ppb, the fluorescence amount decreased because 

the concentration becomes toxic to the cell and higher amount of arsenite inhibits the 

expression of GFP. This observation was again confirmed by the quantitative method of 

fluorescence detection. Here we have used Wallac Victor Multilabel counter as described in 

methods section 3.2.11.3. The fluorescence counts were found to be increased with the 

increasing concentration of arsenite and maxima was obtained at 500ppb. Similarly, after 

500ppb there was a decrease in fluorescence counts, as shown in figure 25.

Thus all three ways of assaying the expression of gene confirmed the ability of pPRS3a 

plasmid DNA to clone and express the genes of foreign origin.
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A. EGFP induction by 
Oppb arsenite (400x)

B. EGFP induction by 
5Oppb arsenite (400x)

C. EGFP induction by 
lOOppb arsenite (400x)

D. EGFP induction by 
200ppb arsenite (400x)

E. EGFP induction by 
3OOppb arsenite (400x)

F. EGFP induction by 
400ppb arsenite (400x)

G. EGFP induction by 
500ppb arsenite (400x)

H. EGFP induction by 
600ppb arsenite (400x)

I. EGFP induction by 
Ippm arsenite (400x)

Fig. 24. (A-I) Epifluorescence microscope view of GFP expression by various 

concentrations of arsenite from recombinant E. coli DH5a carrying pPRS3a-arsGFP-cat.
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Fig. 25. Fluorescence counts of GFP expression by various concentrations of arsenite from 

recombinant E. coli DH5a carrying pPRS3a-arsGFP-cat.

3.3.7 Plasmid curing

Finally, to prove that the property of ampicillin resistance of Bacillus cercus GC subgroup A 

is due to presence of plasmid DNA and also the plasmid stability, plasmid curing experiment 
was conducted as described in methods section 3.2.12.

After the successive growth of Bacillus cercus GC subgroup A in Ethidium bromide 
(15pg/ml) and Proflavin (15pg/ml) till 25th generation, no plasmid curing was observed. 

After 25th generation, cells of Bacillus cereus GC subgroup A were resistance to ampicillin, 

this raises the possibility of the presence of ampicillin resistance marker on genomic DNA. 

This possibility was ruled out when no change in the quality of plasmid DNA pPRS3a was 

reported even after the 25th generation, as shown in figure 26. During the continuous growth 

of Bacillus cereus GC subgroup A with plasmid curing agents (Ethidium bromide and 

Proflavin), small changes in the morphology were reported, because of chemical stress. As 

both the drugs having fluorescence properties, therefore images were taken to report 

morphological changes, as shown in figure 27.
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Fig. 26. Plasmid curing of pPRS3a:
• lane 1, DNA marker;
• lane 2, pPRS3a grown in LB 50pg/ml;
• lane 3, pPRS3a grown for 5th generation in ampicillin 50pg/ml with 15pg/ml of 

Proflavin/Ethidium bromide;
® lane 4, pPRS3a grown for 15th generation in ampicillin 50pg/ml with 15pg/ml of 

Proflavin/Ethidium bromide;
• lane 5, pPRS3a grown for 25th generation in ampicillin 50pg/ml with 15pg/ml of 

Proflavin/Ethidium bromide.
• The DNA samples were separated on 1% agarose gel.

Previously, attempts were made to cure plasmid pUK 651 from E. coli (R-plasmid) by the 

plant extract, DNA intercalating dyes (acridine orange and Ethidium bromide) and a DNA 

gyrase antagonizing drug (pefloxacin). All these agents could cure R-plasmid effectively at 

their respective sub-MIC concentrations (Arina and Ahmad, 2000). On the other hand in 

Pseudomonas putida, grown in Acridine orange, Ethidium bromide, mitomycin C and SDS 

failed to cure the plasmid (Kulkarni and Kanekar, 1998). Ghosh et al. (2000) have 

demonstrated that these curing agents are very specific to some group of plasmids as well as 

to some bacteria, which may or may not be applicable to all the bacterial strains. The 

plasmid under this study was found to be refractory to various plasmid-curing agents. One of 
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the reasons could be that it may be carrying unknown functions vital for cell viability for 

e.g., none of the mega plasmids of Rhizobium or Agrobacterium have yet been cured 

(Stanisich, 1984). Fenselau et al. (2007) have identified the function of beta-lactamase in 

Bacillus cereus sporulation. So if this beta-lactamase is encoded by plasmid DNA and 

responsible for providing antibiotic resistance than the possibility of curing this plasmid by 

any of chemical curing agent can be ruled out.

Fig. 27. Morphological changes of Bacillus cereus GC subgroup A during plasmid curing. Cells of 
Bacillus cereus GC subgroup A were grown in Ethidium bromide & Proflavin at concentration of 
15pg/mL Morphological changes were reported for (A) Ethidium bromide (cells are in brick-red 
color) & (B) Proflavin (cells are in fluorescence-green color) at 5th, 15th & 25th generations.

Based on the observations, it became very clear that the plasmid DNA pPRS3a could not be 

cured. To confirm the stability of plasmid DNA pPRS3a, Bacillus cereus GC subgroup A 

was grown in LB, without any selection pressure, for several generations and the presence of 

pPRS3a was reported. These results support the stability of plasmid DNA in Bacillus cereus 

GC subgroup A.
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Complete identification and characterization of pPRS3a from a natural isolate. Bacillus 

cereus GC subgroup A confirms the presence of a plasmid DNA of size 4126bp. The 

complete analysis of pPRS3a showed the presence of a functional ampicillin resistance gene, 

number of strong promoters, origin of replication (recognized by both Gram’s positive and 

negative bacterial systems) and MCS. Based on the presence of variety of components, we 

can say that this plasmid may be useful in constructing a shuttle cloning and expression 

vector.
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Chapter-IV

Complete proteomic analysis & Copper(II) induced protein of 

Bacillus cereus GC subgroup A

4.1 Introduction
The increase in industrial and mining activities of heavy metals has intensified 

environmental pollution, deterioration of ecosystem and has become a major global concern 

now a days. These activities lead to release of enormous amount of heavy metals into the air, 

soil and water bodies. Among heavy metals, divalent transition metal cations serve as an 

essential cofactor of proteins involved in variety of cellular processes. Out of these, copper 

is required in trace amount for the growth and development of an organism but it is 

considered as a sword with two edges (Nies, 1999) if present above permissible limits (2 

mg/L, as per WHO guidelines).

Copper(II) is found in effluents from various industries including tanning, mining, metal 

processing & finishing, electroplating, automobile and pharmaceutical industry (Quershi et 

al. 2001). Elemental copper and copper sulfate are pesticides currently and historically used 

as herbicides, fungicides in agriculture and control of algae in aquatic pest management 

(Hong et al. 1996). The high level of copper concentration is quite common at the site 

surrounding areas of the copper handling industry. The excess concentration of copper leads 

to the survival difficulties for local flora and fauna. To balance the stimulatory and 

inhibitory properties of copper, microorganisms are equipped with a number of homeostatic 

mechanisms that ensure proper accumulation, distribution and detoxification of the metal 

(Camakaris et al. 1999; Gaballa and Heimann, 2003). Especially, bacteria have evolved 

several types of mechanisms to resist high concentrations of the metal (Dameron and 

Harrison, 1998).

Bacteria have specific and general defense strategies to counter environmental changes 

including detoxification of stressor as well protection mechanisms and repair systems. 

Copper homeostasis has been characterized in classical model organisms like, Escherichia 

coli, Pseudomonas syringae, Enterococcus hirae and Saccharomyces cerevisiae (Brown et 
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al. 1992; Cooksey, 1993; Cooksey, 1994; Zhou and Thiele, 2001). Most commonly, Cu(II) 

resistance into bacteria can be achieved by rapid efflux (an active extrusion) of the metal by 

transporters (Verma and Singh 1991; Dwivedi et al. 1992; Nies and Silver, 1995), metal 

sequestration by thiol group containing proteins, metal reduction to less toxic oxidation state 

by reductases (Nies, 1999) and copper uptake (Singh et al. 1989). Although, considerable 

efforts have been made to understand the mechanisms for metal resistance but most of the 

mechanisms are still largely unknown.

The analysis of a proteome, which can be used to elucidate the mechanism of metal 

resistance, requires the resolution of the proteins in a sample followed by the identification 

of the resolved proteins. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 

followed by mass spectrometry (MS) is the most widely used method of protein resolution 

and identification (Hanash, 2000; Pandey and Mann, 2000; Washbum and Yates, 2000). In 

2D-PAGE, proteins are separated in one dimension by isoelectric point (pl) and in the other 

dimension by molecular weight (MW). High-throughput analysis of proteomes remains 

challenging because the individual extraction, digestion and analysis of each spot from 2D- 

PAGE are tedious and time-consuming process. As a result, the largest 2D-PAGE-based 

proteomic study to date identified 502 unique proteins for the Haemophilus influenzae 

proteome (Langen et al. 2000). Portions of proteomes such as proteins with extremes in pl 

and molecular weight (Oh-Ishi et al. 2000; Corthals et al. 2000), low-abundance proteins 

(Fountoulakis et al. 1999a; Fountoulakis et al. 1999b; Gygi et al. 2000) and membrane- 

associated or bound proteins (Molloy, 2000; Santoni et al. 2000) are rarely seen in a 2D- 

PAGE study. While efforts to alleviate the current shortcomings in 2D-PAGE continue, we 

are exploring non-gel-based chromatography systems to resolve and identify thousands of 

proteins from a biological sample (Eng et al. 1994; McCormack et al. 1997; Link et al. 

1999).

An alternative two-dimensional separation system subject proteins or peptides to two 

independent separation methods and maintain the separation of two components after they 

have been resolved in one-step (Giddings, 1987). Varieties of efforts are underway to utilize 

multidimensional chromatography coupled with mass spectrometry to characterize 
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proteomes (Washbum and Yates, 2000). Link et al. developed an online method coupling 

two-dimensional liquid chromatography (LC) to tandem mass spectrometry (MS/MS) (Link 

et al. 1999). In this method a microcapillary column is packed with two independent 

chromatography phases. Once a complex peptide mixture is loaded onto the system, no 

additional sample handling is required because the peptides are eluted directly off the 

column and into the mass spectrometer (Link et al. 1999). This system is largely unbiased, 

proteins from all subcellular portions of the cell with extremes in pl, MW, abundance and 

hydrophobicity can be identified.

A largely unbiased method for rapid and large-scale proteome analysis by multidimensional 

liquid chromatography, tandem mass spectrometry and database searching by the SEQUEST 

algorithm, called multidimensional protein identification technology (MudPIT) have been 

developed to analyze the highly complex samples necessary for large-scale proteome 

analysis (Claire and John, 2007). MudPIT couples a two-dimensional liquid chromatography 

(2D-LC) for separation of peptides on a microcapillary column with detection in a tandem 

mass spectrometer (Link et al. 1999).

In the chapter III, we have discussed about the characterization of plasmid, pPRS3a. The 

presence of pPRS3a, in Bacillus cereus GC subgroup A has confirmed the genetic basis of 

antibiotic (ampicillin) resistance of this bacterium. The gene for ampicillin resistance is 

found to be located on plasmid. To further carry out the characterization of Bacillus cereus 

GC subgroup A, the genetic basis for heavy metal (copper(II)) resistance was elucidated by 

finding the proteins (enzymes) responsible for copper(II) resistance. This chapter deals in 

detail about the separation of the total protein of Bacillus cereus GC subgroup A, by ID 

PAGE, 2D PAGE and their identification by MudPIT. Copper(II) stress induced protein 

were identified and characterized to understand Cu(II) resistance mechanisms by ID PAGE 

followed by MALDI-TOF/MS.
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4.2 Materials and methods
4.2.1 Bacillus cereus GC subgroup A and culture conditions

Bacillus cereus GC subgroup A (EU744603 & MTCC 10207) was isolated from Khetri 

copper mine complex, Rajasthan, India, a metal handling industry. This bacterium was 

grown in Luria Bertani (LB) medium at 37°C, 200 rpm for 18h. Stock cultures of axenic 

Bacillus cereus GC subgroup A were preserved as glycerol stocks and frozen at -70°C.

4.2.2 Enzymes and chemicals

Luria Bertani (LB) bacterial culture medium was procured from Himedia Pvt. Ltd., Mumbai. 

The metal salts used were of analytical grade and these were purchased from Sigma, USA. 

Metal stock solutions were prepared in Milli-Q water. Atomic spectral standards for all the 

metals were purchased from National Physical Laboratory, New Delhi, and were used for 

preparing working standard for atomic absorption spectroscopy and metal estimations. All 

other required chemical for SDS PAGE, 2D PAGE, etc. were also obtained from Sigma, 

USA. Glassware and plastic wares were cleaned with cedepol before use, followed by 

overnight soaking in 50% nitric acid.

4.2.3 Determination of proteins

Protein concentrations for electrophoretic separation and protein sequencing were 

determined by using Bicinchoninic acid (BCA) method using QuantiPro BCA assay kit 

(SIGMA, BCA1) (Brown et al. 1989). 1 ml of cell lysate was mixed with 1 part of a protein 

sample followed by addition of 1 part of the QuantiPro working reagent. The working 

reagent was prepared by mixing 25 parts of QA (solution containing sodium carbonate, 

sodium tartrate and sodium bicarbonate in 0.2M NaOH, pH 11.25) with 25 parts of QB (4% 

bicinchoninic acid, pH 8.5); after a brief incubation at RT, 1 part of reagent QC (4% 

copper(II) sulfate) was added and mixed well until it gave uniform color. Protein standards 

(stock standard 1 mg/ml, bovine serum albumin, BSA) were prepared with a range between 

5-30 pg/ml and made up to 1 ml using MilliQ water. The unknown samples of the cell lysate 

were made in the similar way. 1 ml of QuantiPro working reagent was added to 1 ml of each 

protein standard, blank (water) and unknown samples. The contents were mixed well and 

incubated at 60°C water bath for Ih. The absorbance was measured at 562 nm after cooling
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the tubes at RT. The net absorbance of the samples was found by subtracting absorbance of 

the reagent blank. Concentration of the protein was estimated from a calibration curve 

prepared using known concentrations of BSA.

4.2.4 Metal salts and stock solutions

Metal stock solutions were prepared using analytical grade metal salts in the form of 

sulphates of copper and dissolved in Milli-Q water. If required, metal solutions were 

acidified with 1-2% nitric acid and stored in dark conditions. Metal solutions and working 

standards were prepared freshly from the stock. Atomic spectral grade standards were 

procured from National Physical Laboratory (NPL), New Delhi.

4.2.5 Determination of metal resistance in Bacillus cereus GC subgroup A

Sensitivity of Bacillus cereus GC subgroup A towards copper(II) was determined by 

growing the cells in the varying concentration of Cu(II) and MIC was calculated, as 

described in section 2.2.5.

4.2.6 Two dimensional gel electrophoresis (2D PAGE)

Bacillus cereus GC subgroup A was grown in LB medium for 18h at 37°C, 200 rpm. Cells 

were harvested by centrifugation at 8000 rpm for 10 min at 4°C. The cell pellet was 

homogenized in 5 ml lysis buffer (lOOmM Tris (pH 7.5), 2% SDS, 2% p-Mercaptoethanol) 

followed by centrifugation at 20000 rpm for 30min at 4°C. The resulting supernatant (4ml) 

was precipitated using TCA/acetone method (Brown et al. 1989). To this supernatant 400pl 

of DOC, 200pl of Triton X-100, 640pl of TCA (13% TCA) were added and kept on ice for 

2h. Centrifugation at 15000 rpm, 4°C for 30 min and supernatant was discarded. 4ml of 

chilled acetone was added and above step repeated twice. After air-drying the pellet at room 

temperature the pellet was reconstituted in 300pl suspension buffer (8M urea, lOOmM 

Tris.Cl (pH 8.5), 0.4% SDS, 5mM TBP). The protein concentration was measured by Bio

Rad RC-DC assay kit (Lowry et al. 1951). 62.5pg protein solution was diluted with sample 

buffer (9M Urea, 4% CHAPS, 1% DTT, 0.5% Triton X-100, ImM EGTA) to 125^1 and 

loaded onto Bio-Rad IPG strip pH 4-7, 7cm. Isoelectro-focusing (IEF) was done on 

Amersham Ettan IPGphor for about 28000kwhr at 20°C. SDS-PAGE (12%) was conducted
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on Bio-Rad Mini-Protean Dodeca Cell for 1.5h at 60v and 160v. The gel was stained with 

Bio-Rad SYPRO Ruby protein stain. First the gel was fixed with 10% methanol, 7% acetic 

acid and 83% H2O for 60 min and then kept in SYPRO Ruby solution for at least 3 hour 

with gentle shaking. Finally the gel was washed with 10% methanol, 7% acetic acid and 

83% H2O for 30-60 min to decrease background fluorescence followed by 3-5 washing with 

Milli-Q water. Stained gel was imaged with Perkin Elmer proXPRESS 2D proteomic 

imaging system. The spots were detected automatically using the Nonlinear Progenesis 

Workstation version 2005.

4.2.7 Multi Dimensional Protein Identification Technology (MudPIT)

MudPIT (multidimensional protein identification technology) is a non-gel approach for the 

identification of proteins from complex mixtures (Lin et al. 2001; Claire et al. 2007). The 

technique consists of a 2-dimensional chromatography separation, prior to electrospray mass 

spectrometry (Eng et al. 1994; Link et al. 1999).

4.2.7.1 Experimental procedure

Bacillus cereus GC subgroup A was grown in LB medium for 18h at 37°C and 200 rpm. 

Cells were harvested by centrifugation at 8000 rpm for 10 min at 4°C and cell pellet was 

washed 3 times with PBS. To the cell pellet, acid washed glass beads, 5ml of 

homogenization buffer (100 mM Tris.Cl (pH 8.0), 3% SDS & lOmM DTT were added, and 

the mixture was vortexed until the cells were broken complete. This mixture was centrifuged 

at 18000 rpm to remove cell debris. To the supernatant, TCA precipitation was done using 

10% TCA and acetone washing. The pellet was air-dried and protein quantification was 

done by BCA method (Brown et al. 1989). The quantified protein pellet was dissolved in 

suspension buffer (0.4% SDS, 6M urea & lOOmM Tris) followed by reduction and 

alkylation. Tryptic digestion (1:30) was done overnight after the mixture was diluted for 10 

fold with 50mM Tris.Cl (pH 7.5). Peptide mixture was acidified by addition of 10% TFA. 

Cl8 column (1ml) from Sigma was used to clean up the digests. The eluant was loaded onto 

a SCX column (1ml). The sample was fractionated using step gradation of KC1 + 0.1% TFA 

as follows: 0, 20, 40, 60, 70, 80, 100, 120, 125,150, 175, 200, 250, 300, 350 and 500 mM.
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The sample was concentrated to 125pl for injection. The following parameters & 

instrumentation were used:

■ HPLC: Ultimate cap/nano HPLC(Dionex, Sunnyvale, CA, USA)

■ Column: Magic Cl8 (5pm, 100pm ID x 150mm, Michrom Bioresources, Auburn, 

CA)

■ Solvent A: 5% CH3CN+0.1% formic acid+0.01% TFA

■ Solvent B: 85% CH3CN+10% isopropanol+5% H2O+0.1% formic acid+0.01% TFA

■ Flow rate: 300nl/min

■ Gradient: 78 min linear gradient from 15-50% B

■ MS/MS: QSTAR XL (Applied Biosystems, USA)

4.2.7.2 Data analysis
MGF peak list file was created using the Mascot distiller 2.0 software from the Matrix 

Science. In house MASCOT 2.2 from Matrix Science (London, UK) was used to assistant 

the interpretation of tandem mass spectra against the NRDB bacteria sub-databases 

(3440445 sequences). Variable modifications including deamidation (N,Q), oxidation (M), 

and carbamidomethylation (C) were considered for the searching (Kline and Wu, 2009).

4.2.8 Analysis of copper(II) induced proteome of Bacillus cereus GC subgroup A 

4.2.8.1 Sample preparation

For copper(II) induced protein analysis, cells were grown in each combination of stress in 

LB broth containing varying concentration of Cu(II) (0.5mM, l.OmM, 1.5mM, 2.0mM, 

2.5mM, 3.0mM, 3.5mM, 4.0mM, 4.5mM and 5.0mM) at different temperatures (37°C, 38°C, 

39°C, 40°C, 41 °C and 42°C) for 18h under shaking condition (150rpm).The pH of the metal 

containing medium was adjusted to 7.5+0.1. A control was setup without metal at the similar 

conditions.
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4.2.8.2 Preparation of whole cell lysate

In order to gain an insight into the changes in protein expression of Bacillus cereus GC 

subgroup A upon exposure to metals at different temperatures, the total cell lysate was 

analyzed by separating total protein on SDS-PAGE. To achieve it, cells were grown in stress 

conditions as described in section 4.2.8.1. After incubation, cells (metal treated and 

untreated) were harvested by centrifugation at 8000rpm for lOmin at 4°C and washed once 

with phosphate buffered saline (pH 7.4), resuspended in PBS containing 2mM EDTA (pH 

8.0) and then a protease inhibitor, 0.2 mM phenyl methyl sulphonyl fluoride (PMSF) was 

added. Finally, the cells were disrupted by sonication on ice bath and cell debris was 

removed by centrifugation at 15000 rpm for 15 min at 4°C (Wang et al. 2005). A fraction of 

the obtained protein supernatant was used for protein determination by BCA method 

(Brown, et al. 1989). To quantified protein mixture, 2x sample buffer (SIGMA) was added 

in equal volume. For denaturing polyacrylamide gel electrophoresis, the samples were 

prepared as per the standard protocol and SDS PAGE was carried out (Sambrook et al. 

2001). 80pg of total protein in each lane was electrophoresed on 12% of 0.75 mm thick gel 

using BioRad Mini Protean gel electrophoresis apparatus at 80/100 V. A protein molecular 

weight marker (SM0431, MBI Fermentas) was also loaded along with protein samples. The 

proteins separated on polyacrylamide gel were visualized after staining the gel with 0.25% 

Coomassie brilliant blue G-250 in 45% methanol and 10% acetic acid followed by 

destaining in 35% methanol with 10% acetic acid.

4.2.8.3 In gel trypsin digestion
The desired protein band from gel was cut into 1 mm pieces and transferred into a sterile 

micro centrifuge tube. The band was destained with 200pl of 50% acetonitrile and 40mM 

ammonium bicarbonate solution. The destained gel pieces were then dehydrated with 200pl 

of 100% acetonitrile for 5 min at room temperature. The micro centrifuge tube with the gel 

pieces was kept in a speed vac for 15 min to ensure complete removal of any residual water. 

The gel pieces were then immersed in 20pl of digestion buffer (25mM ammonium 

bicarbonate) containing 500ng of sequencing grade trypsin (Promega) and incubated on ice 

for 45 min. The swollen gel pieces were then covered with 50pl of digestion buffer and 

incubated for 18h at 37°C. After a lOmin wash with 150pl nano-pure water, the peptides
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were extracted with 50p.l of extraction buffer (50% acetonitrile and 5% formic acid) twice, 

each with 60min incubation at room temperature. All the extracts were pooled and 

lyophilized in a speed vac until they were completely dry.

4.2.8.4 MS/MS analysis

Digested peptides were solubilized in 50% acetonitrile containing 0.1 % formic acid and 

loaded in a silica capillary (Proxeon Biosystem, USA) and fixed to a QSTAR XL 

quadrapole/time-of-flight tandem mass spectrometer (Applied Biosystem, USA). Nanospray 

ionization was carried out using an ion spray voltage of 900. The progress of each run was 

monitored by recording the total ion current (TIC) for positive ions as a function of time for 

ions in the m/z range of 400-1600 for MS and 140-1600 for MS/MS. Mass spectra were 

acquired for 10 min setting the parameters by information-dependent acquisition (IDA) 

method. The other parameters set were: interface temperature, 50°C; curtain gas flow, 1.13 

L/min; declustering potential, 60 V; focusing potential, 280 V and declustering potential 2, 

15 V (Wang et al. 2009).

4.2.8.5 Database searches
All spectra were searched against MSDB with MASCOT (Version 1.0 Matrix Science, UK) 

search. While searching some modifications like, oxidation of methionine and 

carbamidomethylation of cysteine were considered. Search was further refined to include 

peptides with charged state from +2 to +3 and limited to bacteria (eubacteria). The peptide 

mass tolerance range was ± 1.2 kDa and fragment mass tolerance was ± 0.6 kDa. The 

confidence limit for the protein identification was set at 99.9%. Hits with a probability based 

Mowse score more than the designated values were considered to be identified successfully.

4.3 Results and discussion
To gain an insight into the proteome of Bacillus cereus GC subgroup A, techniques like, 

single dimensional polyacrylamide gel electrophoresis (ID PAGE), two dimensional 

polyacrylamide gel electrophoresis (2D PAGE), multidimensional protein identification 

technology (MudPIT) and MALDI-TOF/MS have been used.
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4.3.1 ID PAGE

Single dimensional polyacrylamide gel electrophoresis (ID PAGE) is well documented for 

the separation of total protein of an organism based on their molecular mass. We have used 

ID PAGE for the visualization of all the proteins of Bacillus cereus GC subgroup A. The 

experimental procedure for ID PAGE or SDS-PAGE was used as described in methods 

section 3.2.11.1 and the gel-image was obtained for ID PAGE (figure 28).

Fig. 28. ID PAGE of the cell lysate of Bacillus cereus GC subgroup A. Protein molecular 

weight marker (kDa);

• lane 1 & 2, Bacillus cereus GC subgroup A (80pg of total protein) grown at 37°C 
without any selection pressure,

• Samples were electrophoresed on a 12% polyacrylamide gel and stained with 
Commassie brilliant blue G-250.

The gel-image showed that the presence of number of proteins of different molecular mass 

in varying amounts. In this separation, ~50-60 protein bands (minor & major) were 

visualized. Each band in gel represents a type of proteins, which are having similar 

molecular mass but may differ in their charge. Therefore, to further analyze, these proteins 

were separated based on their charge and mass.
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4.3.2 2D PAGE

To find out all possible protein of a bacterium, two dimensional polyacrylamide gel 

electrophoresis (2D PAGE) is used. This technique separates the proteins based on charge 

and mass. First, all the protein are separated based on their charge by isoelectric focusing 

(IEF) on immobilized pH gradient (IPG) strips, than by mass in a regular SDS PAGE. The 

separation of proteins by 2D PAGE gave more significant results than ID PAGE.

The subject bacterium, Bacillus cereus GC subgroup A was grown and lysed completely for 

loading onto the IPG strips and then on SDS PAGE, as described in methods section 4.2.6. 

The gel images obtained are shown in figure 29.

The gel picture shows that 611 proteins can be identified as a distinct spot when separated in 

a pH range of 4-7. This range was selected because when proteins were separated in the pH 

range of 3-10, most of the proteins clustered at pH 4-7. So to visualize the maximum 

number of protein pH 4-7 IPG strip was used.
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Fig. 29. 2D PAGE of the total cell lysate of Bacillus cereus GC subgroup A.

(A) Samples are separated on IPG strips & 12% SDS PAGE.

(B) The spots were detected automatically using the Nonelinear Progenesis Workstation version 2005. As being shown, 611 

spots were detected.
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As reported earlier, the total number of proteins in Bacillus cereus is 5240 (Ivanova et al. 

2003) and maximum no. of 1300 spots were identified by 2D PAGE in Bacillus cereus 

(Martinez-Gomariz et al. 2009). In the another study, 956 distinct protein spots were 

detected by silver staining (Luo et al. 2007) and 525-683 protein spots were detected in the 

different strains of Bacillus cereus and analyzed by 2D PAGE (Dworzanski et al. 2010).

Theoretically, 2D-PAGE is capable of detecting more than 10,000 protein spots. Although 

the resolving power of this technology is excellent, the identification of individual spots 

requires a second analytical step such as mass spectrometry. In published reports of 2D- 

PAGE separations producing 1000 resolved spots from Saccharomyces cerevisiae, only 

around 300 different spots have been correlated to proteins (Garrels et al. 1997; Perrot, et al. 

1999; Futcher et al. 1999). Dynamic range and protein solubility issues complicate the 

detection and separation of low-abundance and hydrophobic proteins by 2D-PAGE (Gygi et 

al. 1999b; Santoni et al. 2000; Gygi et al. 2000). In particular, the analysis of integral 

membrane proteins remains a critical challenge; due to their low solubility in gel 

electrophoresis buffer, proteins with an either low (<10 kDa) or high (>200 kDa) molecular 

weight (MW), as well as those with an extreme isoelectric point (pl <4 or >9) (Gygi et al. 

2000), however, new detergents have been designed to enhance membrane protein solubility 

for analysis by 2D PAGE An additional limitation of this approach resides in the difficulty 

in analysis of less represented proteins (Rabilloud et al. 1997; Chevallet et al. 1998; Molloy 

etal. 1998).

The next step for the characterization of Bacillus cereus GC subgroup A through proteomics 

is to identify all the 611 proteins. The identification of proteins from 2D-gel has some 

limitations as discussed above. To overcome these difficulties an alternative approach to 

2D-PAGE, a non-gel based approach, which directly interface protein and peptide 

separations to mass spectrometers, named multidimensional protein identification 

technology (MudPIT) was used for the identification of all possible proteins of Bacillus 

cereus GC subgroup A.
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4.3.3 MudPIT

MudPIT (Multidimensional Protein Identification Technology) is a non-gel approach for the 

separation and identification of complex protein and peptide mixtures. Rather than use 

traditional 2D gel electrophoresis, MudPIT separates peptides in 2D liquid chromatography. 

In this way, the separation can be interfaced directly with the ion source of a mass 

spectrometer. The experimental procedure used for MudPIT has been described in methods 

section 4.2.7. The obtained results were in form of tandem mass spectra. In house MASCOT 

2.2 from Matrix Science (London, UK) was used for interpretation of the tandem mass 

spectra against the NRDB bacteria sub-database (3440445 sequences). Based on this search 

& analysis, 135 most significant proteins were identified. The proteins have been grouped 

based on their factions, as shown in Table 30-34. The MudPIT was carried out at Center for 

Functional Genomics, University at Albany, NY, USA.
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Table 30. Protein identification through MudPIT involved in Metabolism. 63 proteins were identified from Bacillus cereus GC 

subgroup A. all the proteins have been shown with their NCBI GI number, no. of peptides identified, sequence coverage, pl, 

molecular mass, organism and putative function.

s.
No.

NCBI GI 
number

Putative protein No. of 
Peptides 
identified

Sequence 
coverage 

(%)

pl MW 
(Da)

Organism

1 163940058 Alcohol dehydrogenase GroES domain 
protein

7 28 5.13 36765 Bacillus 
weihenstephanensis
KJBAB4

2 166997401 Phosphatidylinositol-specific 
phospholipase C X region

2 25 4.90 11950 Bacillus cereus AH820

3 30023174 Glyceraldehyde-3 -phosphate 
dehydrogenase

2 4 5.04 35176 Bacillus cereus ATCC 
14579

4 30020418 2-methylcitrate dehydratase 4 8 5.41 53363 Bacillus cereus ATCC 
14579

5 187603478 Alcohol dehydrogenase zinc-binding 
domain protein

2 7 6.91 37620 Exiguobacterium sp. AT lb

6 7225772 Alcohol dehydrogenase, propanol
preferring

3 9 5.65 36525 Neisseria meningitidis 
MC58

7 30021715 Aconitate hydratase 3 4 4.88 98936 Bacillus cereus ATCC 
14579

8 30023031 Glycine cleavage system protein H 1 8 4.18 13978 Bacillus cereus ATCC 
14579

9 168156208 Acyl-CoA dehydrogenase 4 7 5.1 65535 Bacillus cereus NVH0597- 
99

10 30018552 1 -pyrroline-5-carboxylate dehydrogenase 5 13 5.43 56190 Bacillus cereus ATCC 
14579

11 30021924 Succinyl-CoA synthetase subunit beta 2 4 5.00 41669 Bacillus cereus ATCC 
14579

12 165906467 Glyceraldehyde-3-phosphate 
dehydrogenase

1 10 5.32 15488 Bacillus subtilis subsp. 
Spizizenii

13 27467293 Alcohol dehydrogenase 1 6 5.13 36497 Staphylococcus 
epidermidis ATCC 12228

14 15615300 1 -pyrroline-5-carboxylate dehydrogenase 2 3 5.41 56607 Bacillus halodurans C-125
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15 30021657 Aldehyde dehydrogenase 4 14 5.49 53711 Bacillus cereus ATCC 
14579

16 30018489 4-hydroxyphenylpyruvate dioxygenase 2 6 5.04 42066 Bacillus cereus ATCC 
14579

17 30020422 Methylmalonate-semialdehyde 
dehydrogenase (acylating)

5 10 5.30 52920 Bacillus cereus ATCC 
14579

18 6561887 IMP dehydrogenase 2 5 6.35 53358 Bacillus cereus
19 30262538 Acyl-CoA dehydrogenase 3 9 5.54 41606 Bacillus anthracis str. 

Ames
20 89100684 Acetyl-CoA dehydrogenase 3 8 5.33 65757 Bacillus sp. NRRL B- 

14911
21 30022060 Pyruvate dehydrogenase El component 

beta subunit
4 14 4.75 35207 Bacillus cereus ATCC 

14579
22 30020420 Acyl-CoA dehydrogenase 2 3 5.40 63712 Bacillus cereus ATCC 

14579
23 47567343 Triosephosphate isomerase 1 6 4.74 25157 Bacillus cereus G9241
24 148263656 Acyl-CoA dehydrogenase domain protein 2 3 5.12 64720 Geobacter uraniireducens

Rf4
25 30019468 Acetoacetyl-CoA reductase 4 21 5.83 24461 Bacillus cereus ATCC 

14579
26 30018427 D-fructose-6-phosphate amidotransferase 3 9 4.99 65781 Bacillus cereus ATCC 

14579
27 30023173 Phosphoglyceromutase 1 2 4.86 56317 Bacillus cereus ATCC 

14579
28 72161350 Ptative acyl-CoA dehydrogenase 1 3 5.06 41279 Thermobifida  fusca YX
29 30023172 Phosphopyruvate hydratase 2 6 4.66 46343 Bacillus cereus ATCC 

14579
30 163793244 Phosphopyruvate hydratase 1 5 4.92 45249 Alpha proteobacterium 

BAL199
31 16800114 PdhB 2 10 4.79 35275 Listeria innocua Clip 11262
32 75265603 3-oxoacyl-(acyl-carrier-protein) reductase- 

like protein
1 4 5.95 25910 Pseudomonas Jluorescens

33 134299918 3-oxoacyl-(acyl-carrier-protein) reductase 1 4 8.64 25923 Desulfotomaculum 
reducens MI-1

34 146311372 2-deoxy-D-gluconate 3 -dehydrogenase 1 4 5.28 27145 Enterobacter sp. 638
35 42783351 Glycine cleavage system 

aminomethyltransferase T
2 6 5.15 40208 Bacillus cereus ATCC 

10987
36 30020419 Methylisocitrate lyase 4 17 4.91 32925 Bacillus cereus ATCC 

14579
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37 129061 Pyruvate dehydrogenase El component 
subunit alpha

1 2 5.44 41443 Geobacillus 
stearothermophilus

38 167938104 Cysteine synthase 4 17 6.39 32898 Bacillus cereus AH 1134
39 30023366 Fructose-bisphosphate aldolase 1 4 5.00 30653 Bacillus cereus ATCC 

14579
40 56420960 Glycine cleavage system 

aminomethyl transferase T
1 3 5.41 39738 Geobacillus kaustophilus 

HTA426
41 15644471 3-oxoacyl-(acyl carrier protein) reductase 1 4 6.43 26385 Thermotoga maritima 

MSB8
42 15806941 3-oxoacyl-acyl carrier protein reductase 1 4 6.84 26198 Deinococcus radiodurans 

RI
43 30021890 Aspartate-semialdehyde dehydrogenase 2 6 5.44 38081 Bacillus cereus ATCC 

14579
44 52079282 Acetoin dehydrogenase El component 

(TPP-dependent beta subunit)
2 7 4.78 36862 Bacillus licheniformis 

ATCC 14580
45 124521050 Putative delta-1 -pyrroline-5-carboxylate 

dehydrogenase
2 3 5.32 56650 Bacilhts coagulans 36D1

46 30022246 Leucine dehydrogenase 3 9 5.13 39842 Bacillus cereus ATCC 
14579

47 146340657 Putative 3-oxoacyl-[acyl-carrier-protein] 
reductase, related to short chain alcohol 
dehydrogenases

1 4 7.98 28137 Bradyrhizobium sp. 
ORS278

48 150015338 2-deoxy-D-gluconate 3 -dehydrogenase] 1 4 6.85 28479 Clostridium beijerinckii
NCIMB 8052

49 47569758 Fructose-1,6-bisphosphatase, class II 1 3 5.52 33232 Bacillus cereus G9241
50 29375921 Pyruvate dehydrogenase complex, El 

component, beta subunit]
2 6 4.67 35373 Enterococcus faecalis 

V583
51 30020612 Acetyl-CoA carboxylase biotin 

carboxylase subunit
2 5 5.29 49527 Bacillus cereus ATCC 

14579
52 168139292 Acetyl-CoA carboxylase biotin 

carboxylase subunit
3 5 4.50 49557 Bacillus cereus G9842

53 30021923 Succinyl-CoA synthetase subunit alpha 2 9 5.23 31206 Bacillus cereus ATCC 
14579

54 30019653 NAD(P)H-dependent glycerol-3-phosphate 
dehydrogenase

1 2 5.22 36669 Bacillus cereus ATCC 
14579

55 32265991 Glyceraldehyde-3-phosphate 
dehydrogenase

2 4 8.12 35451 Helicobacter hepaticus 
ATCC 51449

56 94969568 Glyceraldehyde-3 -phosphate 
dehydrogenase

1 4 8.27 35873 Acidobacteria bacterium 
Ellin345
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57 38234885 Tryptophan synthase subunit beta 1 2 5.27 47425 Corynebacterium 
diphtheriae NCTC 13129

58 124522059 Glu/Leu/Phe/Val dehydrogenase, C 
terminal

2 6 5.48 40370 Bacillus coagulans 36D1

59 20808582 Glutamate dehydrogenase/leucine 
dehydrogenase

1 3 5.43 39218 Thermoanaerobacter 
tengcongensis MB4

60 30022058 Dihydrolipoamide dehydrogenase 2 4 5.25 49409 Bacillus cereus ATCC 
14579

61 162455724 Dehydrogenase of unknown specificity 1 4 6.00 27446 Sorangium cellulosum 'So 
ce 56'

62 30022668 Isocitrate dehydrogenase 5 13 5.07 46943 Bacillus cereus ATCC 
14579

63 152976974 Isocitrate dehydrogenase, NADP- 
dependent

3 10 . 5.11 46787 Bacillus cereus subsp. 
cytotoxis NVH 391-98
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Most of the identified proteins were in pl range of 4-6 and for molecular mass. 12-20, 30-40 

& 50-60kDa. The obtained results also confirms that the presence of extreme range of 

proteins in pl (<4.0) and molecular mass (<10kDa & >200kDa). The major groups taken 

into consideration for functions were metabolism, stress, translation, other, energy transfer, 

replication, gene regulation, kinase, transcription, transport and proteolysis. The functional 

and categorical distribution of all the identified proteins of Bacillus cereus GC subgroup A, 

showed that majority of protein are involved in metabolism (Table 30) followed by stress 

(Table 31), translation (Table 32), energy transfer (Table 33) and replication, gene 

regulation and kinase, transcription, transport, proteolysis & other functions (Table 34). The 

majority of proteins (63 proteins) are involved in metabolism that represents the healthy 

metabolic status of the Bacillus cereus GC subgroup A. A surprising observation is that 17% 

proteins are involved in stress regulation. The presence of stress regulation proteins suggest 

that either the bacterium Bacillus cereus GC subgroup A was being grown under stress 

conditions or it had been encountered them earlier. In this protein identification through 

MudPIT, the bacterium Bacillus cereus GC subgroup A was grown in LB medium at 37°C, 

without any stress like, antibiotic, metal, temperatures etc. Therefore, the identification of 

stress proteins shows history of stress to which the organism is subjected. The sample site is 

a copper mine industry, which again signify the presence of stress proteins at basal level in 

Bacillus cereus GC subgroup A. The bacterium has encountered for the stress for very long 

period so the genes involved in the stress regulation might have become the part of 

housekeeping genes and expressed always at their basal level.
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Table 31. Protein identification through MudPIT involved in Stress. 23 proteins were identified from Bacillus cereus GC 
subgroup A. all the proteins have been shown with their NCBI GI number, no. of peptides identified, sequence coverage, pl, 
molecular mass, organism and putative function.

s. 
No.

NCBI GI 
number

Putative protein No. of 
Peptides 
identified

Sequence 
coverage (%)

pl MW 
(Da)

Organism

1 30022561 Trigger factor 4 14 4.53 47316 Bacillus cereus ATCC 
14579

2 167939703 Chaperonin GroEL 4 8 4.73 57370 Bacillus cereus AH 1134
3 152976888 Trigger factor 2 6 4.59 47639 Bacillus cereus subsp. 

cytotoxis NVH 391-98
4 16801239 Chaperonin GroEL 4 7 4.70 57266 Listeria innocua Clip 11262
5 116250 60 kDa chaperonin (Protein Cpn60) 

(groEL protein) (Heat shock 61 kDa)
3 6 5.08 57147 Bacillus sp. PS3

6 89100205 Chaperonin GroEL 3 5 4.77 57270 Bacillus sp. NRRL B-14911
7 1682951 GroEL 3 4 4.84 57365 Bacillus sp.
8 30018651 Tellurium resistance protein terD 2 13 4.60 21353 Bacillus cereus ATCC 

14579
9 138896219 Trigger factor 1 3 4.64 49051 Geobacillus

thermodenitrificans NG80-2
10 30020148 DNA-binding protein Dps/Fe-binding 

ferritin-like antioxidant/Ferroxidase
2 15 4.73 16669 Bacillus cereus ATCC 

14579
11 5921715 Chemical-damaging agent resistance 

protein B
1 9 4.46 15420 Clostridium acetobutylicum

12 584917 10 kDa chaperonin (Protein CpnlO) 
(groES protein)

2 22 4.89 10235 Geobacillus 
stearothermophilus

13 30018652 Tellurium resistance protein terD 2 21 4.58 20789 Bacillus cereus ATCC 
14579

14 30022700 Universal stress protein family 3 17 5.68 16700 Bacillus cereus ATCC 
14579

15 30022393 Molecular chaperone DnaK 5 8 4.66 65726 Bacillus cereus ATCC 
14579

16 42783441 Molecular chaperone DnaK 5 8 4.68 65835 Bacillus cereus ATCC 
10987

17 186681701 Chaperonin GroEL 2 5 4.90 58871 N. punctiforme PCC 73102
18 22298955 60kD chaperonin 2 2 4 4.90 57067 Thermosynehococcus 

elongatus BP-1
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19 70780023 GroEL 4 6 4.73 56112 Streptococcus ratti
20 60671688 Hsf 1 1 5.54 249377 Haemophilus influenzae
21 30020324 Penicillin-binding protein 1 2 5.39 54575 Bacillus cereus ATCC 

14579
22 47570164 Penicillin-binding protein 1 2 5.22 54698 Bacillus cereus G9241
23 138896078 Heat-shock protein GrpE 1 5 4.60 24596 Geobacillus

thermodenitrificans NG80-2
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Table 32. Protein identification through MudPIT involved in Translation. 15 proteins were identified from Bacillus cereus GC 

subgroup A. all the proteins have been shown with their NCBI GI number, no. of peptides identified, sequence coverage, pl, 

molecular mass, organism and putative function.

s.
No.

NCBI GI 
number

Putative protein No. of Peptides 
identified

Sequence 
coverage (%)

pl MW 
(Da)

Organism

1 30022519 5 OS ribosomal protein L21 2 24 9.73 11184 Bacillus cereus ATCC 14579
2 30018378 Elongation factor Tu 4 11 4.93 42912 Bacillus cereus ATCC 14579
3 30018377 Elongation factor G 3 5 4.91 76276 Bacillus cereus ATCC 14579
4 30019646 30S ribosomal protein SI 4 10 4.97 42140 Bacillus cereus ATCC 14579
5 30018404 30S ribosomal protein SI3 1 9 11.17 13811 Bacillus cereus ATCC 14579
6 134298090 Elongation factor G 2 3 5.18 76331 Desulfotomaculum reducens MI- 

1
7 167629464 Elongation factor G 2 3 5.26 76444 Heliobacterium modesticaldum 

Icel
8 65317563 COG0480: Translation 

elongation factors 
(GTPases)

2 3 5.09 52291 Bacillus anthracis str. A2012

9 950070 Elongation factor G 1 6 6.32 22271 Mycoplasma capricolum subsp. 
capricolum ATCC 27343

10 30018386 3 OS ribosomal protein S3 1 7 9.99 24279 Bacillus cereus ATCC 14579
11 30022455 Transcription elongation 

factor GreA
1 8 4.84 17484 Bacillus cereus ATCC 14579

12 30018399 5OS ribosomal protein LI5 1 8 10.40 15468 Bacillus cereus ATCC 14579
13 30018370 50S ribosomal protein 

L7/L12
1 11 4.71 12510 Bacillus cereus ATCC 14579

14 18310681 Elongation factor Ts 1 3 5.13 33166 Clostridium perfringens str. 13
15 30018379 30S ribosomal protein S10 1 14 9.64 11676 Bacillus cereus ATCC 14579
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Table 33. Protein identification through MudPIT involved in Energy Transfer. 10 proteins were identified from Bacillus cereus 

GC subgroup A. all the proteins have been shown with their NCBI GI number, no. of peptides identified, sequence coverage, pl, 

molecular mass, organism and putative function.

s. 
No.

NCBI GI 
number

Putative protein No. of Peptides 
identified

Sequence 
coverage (%)

pl MW 
(Da)

Organism

1 30264588 Electron transfer flavoprotein, 
alpha subunit

5 22 5.01 34320 Bacillus anthracis str. 
Ames

2 30022600 Electron transfer flavoprotein beta
subunit

6 30 4.33 28129 Bacillus cereus ATCC 
14579

3 163942253 Electron transfer flavoprotein 
alpha subunit

4 18 5.16 34403 Bacillus 
weihenstephanensis
KBAB4

4 30023098 NADH dehydrogenase 2 6 6.68 41581 Bacillus cereus ATCC 
14579

5 169185541 Inorganic diphosphatase 2 12 5.33 33583 Paenibacillus sp. JDR-2
6 30018585 Alkyl hydroperoxide reductase 

C22
3 18 4.79 20693 Bacillus cereus ATCC 

14579
7 30018584 Alkyl hydroperoxide reductase 

subunit F
2 4 4.93 54774 Bacillus cereus ATCC 

14579
8 163938334 FAD-dependent pyridine 

nucleotide-disulphide 
oxidoreductase

2 4 4.97 54819 Bacillus 
weihenstephanensis
KBAB4

9 52140264 NADH dehydrogenase subunit C 1 2 8.46 44826 Bacillus cereus E33L
10 30023338 F0F1 ATP synthase subunit 

gamma
2 7 6.56 31586 Bacillus cereus ATCC 

14579
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Table 34. Protein identification through MudPIT involved in various functions. Replication, Kinase activity, Gene regulation, 

Proteolysis, RNA processing, Transcription, Transport and Other functions. 24 proteins were identified from Bacillus cereus GC 

subgroup A. all the proteins have been shown with their NCBI GI number, no. of peptides identified, sequence coverage, pl, 

molecular mass, organism and putative function.

s.
No.

NCBI GI 
number

Putative protein No. of 
Peptides 
identified

Sequence 
coverage 

(%)

pl MW 
(Da)

Organism

1 92090120 UvrB/UvrC protein:AAA ATPase, central 
region:Clp, N terminakATPase associated 
with various cellular activities, AAA 5

2 5 6.33 91300 Lactobacillus reuteri 1 GO- 
23

2 29376113 DNA-binding protein HU 1 15 9.75 9650 Enterococcus faecalis V583
3 30019658 DNA-binding protein HU 1 12 7.93 12485 Bacillus cereus ATCC 

14579
4 116618389 Nucleoid protein Hbs 1 15 9.52 9664 Leuconostoc mesenteroides 

subsp. mesenteroides 
ATCC 8293

5 72162530 DNA topoisomerase IV subunit A 1 1 5.40 90359 Thermobifida  fusca YX
6 30022835 Phosphoenolpyruvate carboxykinase 1 2 5.26 57915 Bacillus cereus ATCC 

14579
7 149181316 Serine protein kinase 2 3 5.85 72549 Bacillus sp. SG-1
8 30018352 Negative regulator of genetic competence 

clpC/mecB
3 4 6.06 90517 Bacillus cereus ATCC 

14579
9 67078198 Response regulator aspartate phosphatase 1 2 7.03 35362 Bacillus cereus E33L
10 30019432 Cell envelope-bound metalloprotease 

(camelysin)
1 11 4.71 21801 Bacillus cereus ATCC 

14579
11 gi|30018407 50S ribosomal protein LI7 1 12 10.48 13441 Bacillus cereus ATCC 

14579
12 30019467 PhaR protein 2 12 5.28 19844 Bacillus cereus ATCC 

14579
13 42782651 Oligopeptide ABC transporter, 

oligopeptide-binding protein, putative
2 4 8.75 64166 Bacillus cereus ATCC 

10987
14 126653094 Hypothetical protein BB14905 12685 2 3 5.26 65314 Bacillus sp. Bl4905
15 89896113 Hypothetical protein DSY3367 1 1 5.09 63797 Desulfitobacterium 

hafniense Y51
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16 16080334 Hypothetical protein BSU32820 3 6 5.31 65295 Bacillus subtilis subsp. 
subtilis str. 168

17 167757664 Hypothetical protein CLORAM 03214 1 1 4.84 76123 Clostridium ramosum DSM 
1402

18 160894620 Hypothetical protein CLOL250 02172 2 8 8.48 26166 Clostridium sp. L2-50
19 30019589 Hypothetical protein BC1440 1 14 4.58 10173 Bacillus cereus ATCC 

14579
20 30022026 Hypothetical Cytosolic Protein 1 10 4.72 14105 Bacillus cereus ATCC 

14579
21 126664919 Hypothetical protein MELB17 17664 1 4 9.66 21677 Marinobacter sp. ELB17
22 56964137 Hypothetical protein ABC2372 1 7 4.58 19576 Bacillus clausii KSM-K16
23 74318633 Hypothetical protein Tbd_2615 1 4 5.65 19776 Thiobacillus denitrificans 

ATCC 25259
24 187779657 Hypothetical protein CLOSPO 03253 1 1 9.23 61464 Clostridium sporogenes

ATCC 15579
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MudPIT approach has been used to identify 136 proteins from Bifidobacterium infantis 

(Vitali et al. 2005). In another study by Skipp et al. (2005), total 286 proteins (35% of the 

predicted proteome) were experimentally verified using MudPIT in Chlamydia trachomatis 

strain L2. These proteins have been categorized based on their involvement in various 

cellular processes (with the number of proteins identified) like, Amino acid biosynthesis (3), 

Biosynthesis of cofactors (4), Cell envelope (20), Central intermediary metabolism (3), 

Cellular processes (23), Energy metabolism (38), Fatty acid and phospholipid metabolism 

(18), Purines, pyrimidines, nucleosides & nucleotides (9), Regulatory functions (3) 

Replication (8), Transcription (9), Translation (41), Transport and binding proteins (17), 

Hypothetical protein (68) and Other (22) In Haloferax volcanii, a combination of approaches 

was used to identify a total of 1296 proteins, representing 32% of the theoretical proteome 

of the organism. This included separation of proteins/peptides by 2D PAGE, immobilized 

metal affinity chromatography (IMAC), metal oxide affinity chromatography (MOAC) and 

MudPIT (Kirkland et al. 2008). Using MudPIT, in S. cerevisiae, 1484 proteins have been 

identified from 5540 peptides (Washbum et al. 2001).

The identified proteins of Bacillus cereus GC subgroup A using MudPIT are having their 

role in various stages of growth and development. Based on their pl, molecular mass and 

functions, all the proteins have been grouped, as shown in figure 30.

In this study, the expected proteins from MudPIT were more than 135. Due to limitation in 

the total cellular protein isolation, most of the membrane proteins were not been identified. 

Although the 135 proteins we identified do not represent a complete analysis of the whole 

proteome of the logarithmically growing cells of Bacillus cereus GC subgroup A, but our 

method clearly provides a large-scale and global analysis of the proteome of this organism. 

In addition, we have developed a successful procedure for the protein sample preparation 

that could be useful in future proteomics studies on Bacillus cereus GC subgroup A. Thus, 

we believe that the scientific impact of our study is considerable both from a biological point 

of view, integrating the information derived from the genome sequence of Bacillus cereus 

GC subgroup A and from a methodological point of view, providing the first coordinates for 

further investigations on Bacillus cereus GC subgroup A proteome.
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One of the most significant features of the MudPIT approach is the capability to identify 

high mass and basic pl proteins that are generally challenging to visualize using the 2-D 

PAGE. When emerging quantitative proteomic methods are combined with MudPIT, the 

large-scale analysis of entire proteome of an organism will be possible (Pasa-Tolic et al. 

1999; Oda et al. 1999; Gygi et al. 1999a; Hatizmanikatis and Lee, 1999; Miinchbach et al. 

2000).
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4.3.4 Identification and characterization of copper (II) induced protein

To understand the mechanism of heavy metal resistance, the total proteins were separated on 

SDS-PAGE (ID PAGE) and studied in detail by proteomic analysis. As the candidate 

organism (Bacillus cereus GC subgroup A) has been isolated from a copper rich soil so it is 

point of interest to study copper resistance mechanisms. To know the minimum inhibitory 

concentration (MIC), cells were grown in varying concentration of copper (II) and MIC was 

recorded to be 7.0mM (Jain et al. 2009). Copper homeostasis in bacteria is mainly by the 

action of active efflux systems that remove the metal ion from the cell (Nies, 2003; Rensing 

and Grass, 2003; Magnani and Solioz, 2005; Moore and Heimann, 2005). Among these 

systems, transporters of the P-type ATPases family (Kuhlbrandt, 2004; Arguello et al. 2007) 

are usually involved.

To study the metal induced protein in Bacillus cereus GC subgroup A, a combination of 

stress (copper(II) & elevated temperature) was given as the sample site experiences a wide 

range of temperature variations (+1.0 to 45°C). Therefore, cells were grown in medium 

containing varying concentrations of copper at different temperatures and total proteins of 

the cells were analyzed by SDS-PAGE. Among all these combinations of stress (as 

described in methods section) a clear induction of a protein band in 1.5mM of Cu (II) at 

40°C was observed, as shown in figure 31. The induction of this protein was observed in 

varying amount in rest of the combinations, as shown in Table 35. The molecular mass of 

the induced protein was expected to be 82 kDa as per information from protein-gel.

For the identification and characterization of the induced protein, ingel-digestion followed 

by mass spectrometry was performed. The desired protein band was digested and analyzed 

as described in method section and for each peptide, mass spectra were obtained as shown in 

figure 32. The obtained results of mass spectrometry were searched in NCBInr database, as 

shown in Table 36. This protein was confirmed to be Formate acetyltransferase, based upon 

mass (84.855 kDa), sequence coverage (11%), score (168) and bacterium Bacillus cereus 

ATCC 14579 (Ivanova et al. 2003). Matched peptides for this protein have been-shown in 

figure 33.
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2 31

Fig. 31. Differential expression of Bacillus cereus GC subgroup A under stress conditions.
• Lane 1, Protein molecular weight marker (kDa);
• lane 2, Bacillus cereus GC subgroup A (80pg of total protein) grown at 40°C without 

Cu(II); lane 3, Bacillus cereus GC subgroup A grown in medium supplemented with 
Cu(II) (1.5mM) at 40°C.

• Samples were electrophoresed on a 12% polyacrylamide gel and stained with 
Commassie brilliant blue G-250.

• Arrow shows a protein band induced under stress conditions.

Table 35. The induction pattern of desired protein in Bacillus cereus GC subgroup A. It was 
grown in different concentration of copper(II) at varying temperatures. (+) shows the 
induction of protein and (-) shows no induction. +, ++, +++ and ++++ showing the increase 
in the amount of induced protein, respectively, which can be detected on SDS PAGE.

Cu(II) (mM)/Temp. (°C) 37°C 38°C 39°C 40°C 41°C 42°C
0.5mM - - - - - -
l.OmM - - - + +
1.5mM - + +++ ++++ ++ -
2.0mM - + + ++ + -
2.5mM - - - + - -
3.0mM - - - + - -
3.5mM - - - - - -
4.0mM - - - - - -
4.5mM - - - - - -
5.0mM - - - - - -
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SGVITGLPDAYGR VALYGIDHLIEAK

ALLYAINGGK IEMALHDTNVLR

YGNNDDRVDEIAVNLVK NLVSMLDGYAVK

YPQLTIR

Fig. 32. Identified peptides using MALDI-TOF/MS: Spectra or peptide mass fingerprints.

128



Table 36. Protein identification by MS/MS analysis and data base searching using Mascot. 

Top five matches found for the protein have been shown in detail.

Accession Name Species Score Calculated 
pl value

Queries 
matched

Mass 
(Da)

gi|30018697 Formate acetyltransferase Bacillus cereus
ATCC 14579

168 5.51 7 84855

gi|47567276 Formate acetyltransferase Bacillus cereus 
G9241

153 5.59 6 84693

gi|6730181 Chain A, Crystal Structure 
of C418a,C419a Mutant 

Pfl

E. coli 57 5.69 2 85457

gi|l 16249795 hypothetical protein
RL0029

Rhizobium 
leguminosarum 
bv. viciae 3841

35 5.56 1 56485

gi|67922569 DegT/DnrJ/EryCl/StrS 
aminotransferase

Crocosphaera 
watsonii WH 
8501

33 5.30 1 41570

1 MTQVLENVKN AWENFKGEKW KAEIDVRDFI LNNVNVFEGD ESFLAEATEA
51 TKQLWDQVMD LTTKERENGG VLDMDTKIVS SITSHDPGYL NKDIEKVVGF 

101 QTDKPFKRSL QPYGGIRMAE QACESYGYEM DKELSRIFRE WRKTHNQGVF 
151 DAYTPEMRNA RKSGVITGLP DAYGRGRIIG DYRRVALYGI DHLIEAKKAD 
201 LNLTGGVMSE DTMRLREELS EQMRALQELK EMAASHGFDI SKPATNAQEA 
251 FQWLYFAYLA AIKEQNGAAM SLGRTSTFLD IYIERDLANG TLTEEEVQEI 
301 VDHFIMKLRL VKFARTPDYN ELFSGDPTWV TESIGGMALD GRPLVTKNSF 
351 RFLHTLDNLG PAPEPNLTVL WSKQLPENFK NYCAKMSIKT SAIQYENDDI 
401 MRPEYGDDYG IACCVSAMRI GKQMQFFGAR ANLAKALLYA INGGKDEKSK 
451 AQVGPEYAPI TSEVLNYEEV MHKFDMTMEW LAGLYLNTLN VIHYMHDKYS 
501 YERIEMALHD TNVLRTMATG IAGLSVVADS LSAIKYAKVK PIRDENGIAV 
551 DFEIEGDFPK YGNNDDRVDE IAVNLVKTFM NKLRKHTTYR NSVHTMSILT 
601 ITSNVVYGKK TGNTPDGRRT GEPFAPGANP MHGRDTKGAL ASLLSVAKLP
651 YEDAQDGISN TFSIIPKALG KEDDVQVRNL VSMLDGYAVK EGHHLNINVF 
701 NRETLMDAME HPEKYPQLTI RVSGYAVNFI KLTREQQIDV INRTMHESM

Fig. 33. Peptide sequence of Formate acetyltransferase: Matched peptides have been shown 

in bold-Red color

The total amino acid composition of identified formate acetyltransferase was determined 

using BioEdit version 7.0.5.2 (Hall, 1999) (figure 34). Structure of formate acetyltransferase 

was predicted using Swiss Model (http://swissmodel.expasy.org/workspace) and Modeller 

9v2 (Sali and Blundell, 1993) as shown in figure 35.
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Fig.

Ammo Acid Composition 
Formate acetyltransferase

Fig. 34. The total amino acid composition of formate acetyltransferase.

35. Predicted protein structure of Formate acetyltransferase
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Formate acetyltransferase, a carbon metabolism enzyme that is also known as Pyruvate 

formate lyase is encoded by pfl and consists of 744 amino acids. The catalytic principle of 

Formate acetyltransferase is unique among enzyme reactions of cellular metabolism and it is 

involved in the reversible breakdown of pyruvate into formate and acetyl CoA (Wagner et 

al. 1992). This reaction is best characterized under anaerobic conditions but it has also been 

reported in microaerobic condition (Kirkpatrick et al. 2001). In anaerobic condition, 

pyruvate acts as an inducer for synthesis of Formate acetyltransferase (Wong et al. 1989). 

The produced formate from this reaction is toxic organic molecule, which is a known 

inhibitor of 2-ketoglutarate dehydrogenase (SucB) a key enzyme of TCA cycle; therefore, it 

is necessary to remove this formate from the cell. There are three ways by which this 

formate can be removed from the cell: direct excretion, anaerobic conversion by Formate 

hydrogen lyase to form CO2 and H2O and high level of formate could also drive reversible 

pyruvate formate lyase making pyruvate under microaerobic conditions (Kirkpatrick et al. 

2001). Thus, produced pyruvate can be utilized for energy production in aerobic conditions 

by TCA cycle (Alexeeva et al. 2000). In Bacillus cereus and Bacillus anthracis, Formate 

acetyltransferase is involved in propanoate metabolism.

Formate acetyltransferase of molecular mass 90.8kDa, pl 5.3, encoded by pfl and having 

putative function in carbohydrate metabolism have been identified in Bifidobacterium 

longum NCIMB 8809 upon stress conditions of 1.2g/L bile salt (Borja et al. 2005). But apart 

from the carbon metabolism, Formate acetyltransferase have been involved in copper 

homeostasis through negative regulation by cpxR and in iron homeostasis as miscellaneous 

function in E. coli KI2 (Kershaw et al. 2005). This enzyme was found to be induced in S. 

aureus upon the nitric oxide stress (Hochgrafe et al. 2008). A putative Formate 

acetyltransferase (encoded by pflB) was identified as being upregulated at the protein level 

and found to be induced at transcription level, upon exposure to chromium in Shewanella 

oneidensis (Brown et al. 2006). In Lactobacillus plantarum under the conditions of lactic 

acid and osmotic stress (pH 6.0, 800mM NaCl, pmax 0.4, dilution rate 0.3) the expression 

level of Formate acetyltransferase activating enzyme and Formate acetyltransferase was 

found to increase by 3.3 fold and 1.8 fold respectively (Pieterse et al. 2005). We have 

reported the induction of Formate acetyltransferase (mass 84.855 kDa; sequence coverage
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11%; score 168) upon the combination of stress (copper (II) & temperature 40°C) in Bacillus 

cereus GC subgroup A, which further strengthen its role in copper stress regulation.

The synthesis of Formate acetyltransferase indicates that the cells experience oxygen

limiting conditions. For this one possible explanation is that under metal (Cu (II)) and 

temperature stress, the Cu (II) enters inside the cell by copper specific uptake machinery. 

Inside the cell, it reacts with the elemental oxygen to form cupric oxide (CuO) (Nies, 1999). 

Due to the formation of CuO, cells experience slightly anaerobic or microaerobic conditions 

momentarily. In this situation, cell triggers the synthesis of Formate acetyltransferase and 

this converts pyruvate into formate and acetyl CoA reversibly. As discussed earlier, the 

produced formate is toxic to the cell so in this situation, the Formate acetyltransferase 

catalyzes the reversible reaction from formate back into pyruvate, which can be utilized for 

energy production in later stages. By using this mechanism, cells can nullify the effect of 

copper and temperature stress, which lead to microaerobic condition inside the cell and thus 

channelizing the metabolites to energy production, which can be utilized in metabolic 

functions. The induction of Formate acetyltransferase and its role in copper homeostasis is 

an additional mechanism to the existing one for Bacillus cereus GC subgroup A.

The characterization of Bacillus cereus GC subgroup A was done by proteomics through 

SDS-PAGE, 2D PAGE (611 spots) and Multidimensional Protein Identification Technology 

(135 proteins). The proteomic analysis confirmed the induction of number of stress proteins, 

which are required by cell to maintain homeostasis under stress conditions. Formate acetyl 

transferase of a molecular mass 84kDa & pl 5.51 was identified by MADI-TOF/MS coupled 

with LC from Bacillus cereus GC subgroup A, under stress conditions of Cu (II) 1.5mM & 

40°C. Formate acetyl transferase is one of the stress proteins and it is also involved in 

anaerobic metabolism. As Bacillus cereus GC subgroup A is a facultative anaerobe and had 

undergone stress of temperature and Cu (II), which again prove its significance. To the best 

our knowledge, this is the first report of induction of Formate acetyl transferase under Cu 

(II) & 40°C stress from Bacillus cereus GC subgroup A.
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Summary



Chapter V

SUMMARY
Environmental pollutants like metals, antibiotics, organic and inorganic chemicals act as 

selective pressure in the evolution of bacteria, plants, animals and humans. It has been well 

documented that metal pollution results in selective pressure and leads to the development of 

multiple-metal/antibiotic resistance among bacterial pollution. Microbial flora of the metal 

contaminated sites alters the metal speciation, bioavailability and metal toxicity. Moreover, 

metal polluted environments also act as a source point for the emergence of new multiple 

antibiotic resistant bacteria through horizontal gene transfer. This study was aimed to 

explore a copper mining industry for the presence of multiple metal and antibiotic resistant 

bacterial strains and their characterization for stress tolerance. To carry out the study a metal 

mining and handling industry, Khetri copper complex was selected, which is located 50km 

from Pilani and works under the HCL. The major findings of this research are as follows:

1. A total of 24 bacterial strains were isolated from soil, rock, deposits and waste 

disposal sites of a metal polluted site, Khetri copper mine complex, Rajasthan. The 

soil analysis showed that this site is rich in metal ions say, Copper (Cu) followed by 

Manganese (Mn), Zinc (Zn), Cobalt (Co), Nickel (Ni), Chromium (Cr) and Cadmium 

(Cd). The waste disposal or effluent was characterized by pH (4.81), total dissolved 

solutes (3.56 gm/L) and the presence of very high concentration of Cu (141.5ppm) 

and traces of other metal ions.

2. Isolated bacterial strains were identified by Gram’s staining and 16s rRNA sequence 

analysis. The obtained sequences were submitted to NCBI GenBank under the 

Accession nos.: EU723845 (PRS1), EU723846 (PRS2), EU744603 (PRS3), 

EU744601 (PRS4), EU744602 (PRS5), EU744604 (PRS6), EU744605 (PRS7), 

EU744606 (PRS8), EU744607 (PRS9), EU744608 (PRS10), EU744609 (PRS11), 

EU744610 (PRS12), EU744611 (PRS13), EU744612 (PRS14), EU744613 (PRS15), 

EU744614 (PRS16), EU744615 (PRS17), EU744616 (PRS18), EU744617 (PRS19), 

EU744618 (PRS20), EU744619 (PRS21), EU744620 (PRS22), EU744621 (PRS23) 

and EU744622 (PRS24).
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3. These all-bacterial strains were characterized for their metal and antibiotic resistance 

properties. Out of 24, most of the strains showed several fold higher resistance to a 

number of metals/antibiotics as compared to E. coli and B. cereus. As properties of 

metal and antibiotic resistance are largely conferred by extrachromosomal elements 

like plasmids so bacterial strains were screened for the presence of plasmid DNA and 

6 strains (PRS2, PRS3, PRS8, PRS10, PRS13 and PRS18) were found to have a 

plasmid DNA. Out of this only one strain PRS3 had a plasmid DNA (pPRS3a) of 

4.2kb, confirmed by restriction digestion, whereas, other strains had mega plasmids 

ranging in size 50-200kb. PRS3 was selected for further characterization as it harbors 

a plasmid of manageable size, which can be easily manipulated.

4. PRS3 identified by 16s rRNA as Bacillus sp., further confirmed by phenotypic, 

biochemical and fatty acid methyl esters (FAME) analysis and found to be Bacillus 

cereus GC subgroup A. This strain was characterized by growth, biomass and total 

proteins in different medium (NB & LB) and ultra-structural studies by SEM & TEM 

were carried out. This bacterial strain was deposited at IMTECH, under the 

accession no. MTCC 10207, in the name of Dr. S.K. Verma, BITS-Pilani.

5. Bacillus cereus GC subgroup A plasmid (pPRS3a) was cloned into pET-28c(+) and 

sequenced through primer walking. The sequence analysis confirmed size of plasmid 

to be 4126bp, presence of Ampr gene, unique restriction site for 30 restriction 

endonuclease enzymes, promoters and origin of replication. It also found that 

pPRS3a has origin of replication (ori) which can be recognized by gram 

positive/negative bacteria i.e. this plasmid can be stably maintained in gram 

positive/negative bacterium that signifies its importance to be used as shuttle vector. 

After the complete analysis of pPRS3a, the sequences were submitted to NCBI 

GenBank under the accession no. GQ404376.1.

6. To confirm expression properties of pPRS3a. two foreign genes. arsGFP with lac 

promoter (source: pJSKV51, an arsenic biosensor) and cat (source: pKT210, Cm1) 

were ligated and successfully maintained & expressed. The expression of arsGFP 

and cat gene showed induction of ~31kDa and ~24kDa protein bands respectively, 

which strengthens the fact that plasmid, can have potential applications as an 

expression vector in molecular biology.
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7. Attempts were made to cure pPRS3a with curing agents such as Ethidium Bromide 

and Proflavin to further confirm that property of antibiotic resistance is due to 
presence of plasmid DNA. However, up to 25th generation, in both the curing agents 

it could not be cured and pPRS3a could maintain its normal functional properties 

especially, Ampr marker, which proves that it, is a naturally occurring plasmid 

having important physiological significance.

8. The characterization of Bacillus cereus GC subgroup A was done by proteomics 

through SDS-PAGE, 2D PAGE (611 spots) and Multidimensional Protein 

Identification Technology (135 proteins). The proteomic analysis confirmed the 

induction of number of stress proteins, which are required by cell to maintain 

homeostasis under stress conditions.

9. Formate acetyl transferase of a molecular mass 84kDa, pl 5.51, score 168, was 

identified by MADI-TOF/MS coupled with LC, from Bacillus cereus GC subgroup 

A, under stress conditions of Cu(II) 1.5mM & 40°C. Formate acetyl transferase is 

one of the stress proteins and it is also involved in anaerobic metabolism. As Bacillus 

cereus GC subgroup A is a facultative anaerobe and had undergone stress of 

temperature and Cu(II), which again prove its significance.

To the best our knowledge, this is the first report of identification and characterization of an 

endogenous plasmid DNA (pPRS3a) and induction of Formate acetyl transferase under 

Cu(II) & 40°C stress from Bacillus cereus GC subgroup A.

In this study, we have explored a multiple metal and antibiotic resistant Bacillus cereus GC 
subgroup A for the presence of plasmid DNA with an antibiotic resistance marker. 
Differential expression of proteins under stress conditions was studied and a protein formate 
acetyl transferase was found to have important function. Mobile genetic elements like, 
plasmid, gives chances of horizontal gene transfer from one population to another. This 
study strongly emphasizes the need for metal laden waste treatment and safe disposal to 
prevent passage of such potential pathogens into human population. Such comprehensive 
studies may give an insight into the role of environmental factors in the evolution of 
pathogenic strains, which can become a threat to human health and have serious clinical 
implications.
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FUTURE SCOPE OF THE WORK

There is a need for characterization of natural plasmids for the construction of stable shuttle 

cloning and expression vector. These plasmids harbor stable metal/antibiotic resistance 

markers, stable promoters and origin of replication, which can be recognized by Gram’s 

positive/negative bacterial systems. The identified and characterized plasmid, pPRS3a from 

Bacillus cereus GC subgroup A, can be used for the construction of stable shuttle expression 

vector, by utilizing the properties of ampicillin marker, promoters and origin of replication 

for industrial applications.

In Bacillus cereus little is known about the mechanisms of metal resistance and metal 

homeostasis. The identification of Formate acetyltransferase from Bacillus cereus GC 

subgroup A upon copper stress, suggest its role in copper homeostasis. This finding opens 

up the areas of research in the finding of relationship between carbon metabolism and metal 

stress.

136



REFERENCES

Alexeeva S, Kort B, Sawers G, Hellingwerf KJ and Mattos MJT (2000) Effects of limited 
aeration and of the ArcAB system on intermediary pyruvate catabolism in Escherichia coli. 
J Bacteriol 182: 4934-4940

Alonso A, Sanchez P and Martinez JL (2001) Environmental selection of antibiotic 
resistance genes. Environ Microbiol 3:1-9

Alonso A, Sanchez P and Martinez JL (2000) Stenotrophomonas maltophilia D457R 
contains a cluster of genes from gram-positive bacteria involved in antibiotic and heavy 
metal resistance. Antimicrob Agents Chemotherapy 44(7): 1778-1782

Amabile-Cuevas CF and Chicurel ME (1992) Bacterial plasmids and gene flux. Cell 70: 
189-199

Amabile-Cuevas CF and Heinemann JA (2004) Shooting the messenger of antibiotic 
resistance: Plasmid elimination as a potential counter-evolutionary tactic. Drug Discovery 
Today 9(11): 465-467

Andrup L, Barfod KK, Jensen GB and Smidt L (2008) Detection of large plasmids from the 
Bacillus cereus group. Plasmid 59(2): 139-143

Aneja KR (2001) Experiments in microbiology, plant pathology, tissue culture and 
mushroom production technology, pp. 69-207, New Age International (P) Limited, New 
Delhi, India

Arguello JM, Eren E and Gonzalez-Guerrero M (2007) The structure and function of heavy 
metal transport P(lB)-ATPases. Biometals 20: 233-248

Arina ZB and Ahmad I (2000) Effect of Plumbago zeylanica extract and certain curing 
agents on multidrug resistant bacteria of clinical origin. World J Microbiol Biotechnol 16: 
841-844

Ashelford K, Chuzhanova NA, Fry JC, Jones AJ and Weightman AJ (2005) At least 1 in 20 
16s rRNA sequence records currently held in public repositories is estimated to contain 
substantial anomalies. Appl Environ Microbiol 71(12): 7724-7736

Attfield PV and Pinney RJ (1985) Elimination of multicopy plasmid R6K by bleomycin. 
Antimicrob Agents Chemother 27: 985-988

Austin CB, Wright MS, Stepanauskas R and McArthur JV (2006) Co-selection of antibiotics 
and metal resistance. Trends Microbiol 14: 176-182

Ausubel FM, Roger B, Robert EK, David DM, Seidman JG, Smith JA and Struhl K (1991) 
Current protocols in molecular biology. John Wiley and Sons, New York, USA

137



Auwera GA, Timmeiy S, Hoton F and Mahillon J (2007) Plasmid exchanges 
amongmembers of the Bacillus cereus group in foodstuffs. Int J Food Microbiol 113: 164- 
172

Bagyalakshmi R, Madhavan HN and Therese KL (2006) Development and application of 
multiplex polymerase chain reaction for the etiological diagnosis of infectious 
endopthalmitis. J Postgrad Med 52(3): 179-182

Baker RE and Rogers K (2005) Genetic and genomic analysis of the AT-rich centromere 
DNA element II of Saccharomyces cerevisiae. Genetics 171: 1463-1475

Barkay T, Miller SM and Summers AO (2003) Bacterial mercury resistance from atoms to 
ecosystems. FEMS Microbiol Rev 27: 355-384

Barton LL, Goulhen F, Bruschi M, Woodards NA, Plunkett RM and Rietmeijer FJ (2007) 
The bacterial metallome: composition and stability with specific reference to the anaerobic 
bacterium Desulfovibrio desulfuricans. Biometals 20: 291-302

Bauer AW, Kirby WM, Sherris JC and Turek M (1966) Antibiotic susceptibility tests by 
standard single disc method. Am J Clin Pathol 45: 493-496

Bazzicalupo P and Tocchini-Valentini GP (1972) Curing of an Escherichia coli episome by 
rifampicin. Proc Natl Acad Sci 69: 298-300

Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Rapp BA and Wheeler DL (2000) 
GenBank. Nucleic Acids Res 28:15-18

Berg J, Tom-Petersen A and Nybroe O (2005) Copper amendment of agricultural soil selects 
for bacterial antibiotic resistance in the field. Lett Appl Microbiol 40: 146-151

Bergstrom M, Hermansson M and Dahlberg C (2004) Isolation and sequencing of the 
replication region of plasmid pBFpl isolated from a marine biofilm. Plasmid 51: 179-184

Beverly JB and Laura GL (1996) Comparison of fatty acid methyl ester analysis with the use 
of API 20E and NFT strips for identification of aquatic bacteria. Appl Environ Microbiol 
62(6): 2183-2185

Bhurja AM, Dhamwichukom S and Wright PC (2003) Cyanobacterial post-genomic 
research and systems biology. Trends Biotechnol 21: 504-511

Bjorland J, Bratlie MS and Steinum T (2007) The smr gene resides on a noval plasmid 
pSP187 identified in a Staphylococcus pasteuri isolate recovered from unpasteurized milk. 
Plasmid 57: 145-155

138



Bontidean I, Lloyd JR, Hobman JL, Wilson JR, Csdregi E, Mattiasson B and Brown NL 
(2000) Bacterial metal-resistance proteins and their use in biosensors for the detection of 
bioavailable heavy metals. J Inorg Biochem 79: 225-229

Borja S, Marie-Christine CV, Patricia A, Fabienne B, Clara GRG, Abelardo M and Monique 
Z (2005) Proteomic analysis of global changes in protein expression during bile salt 
exposure of Bifidobacterium longum NCIMB 8809. J Bacteriol 187: 5799-5808

Borremans B, Hobman JL, Provoost A, Brown NL and Lelie D (2001) Cloning and 
functional analysis of the pbr lead resistance determinant of Ralstonia metallidurans CH34. 
J Bacteriol 183: 5651-5658

Brown NL, Rouch DA and Lee BTO (1992) Copper resistance determinants in bacteria. 
Plasmid 27:41-51

Brown RE, Jarvis KL and Hyland KJ (1989) Protein measurement using bicinchoninic acid: 
elimination of interfering substances. Anal Biochem 180(1): 136-9

Brown SD, Thompson MR, VerBerkmoes NC, Chourey K, Shah M, Zhou J, Hettich RL and 
Thompson DK (2006) Molecular dynamics of the Shewanella oneidensis response to 
chromate stress. Mol Cell Proteomics 5: 1054-1071

Burian J, Guller L, Macor M and Kay WW (1997) Small cryptic plasmids of multiplasmid, 
clinical Escherichia coli. Plasmid 37: 2-14

Cagney G, Park S, Chung C, Tong B, O’Dushlaine C, Shields DC and Emili A (2005) 
Human tissue profiling with multidimensional protein identification technology. J Proteome 
Res 4: 1757-1767

Calomiris JJ, Armstrong JL and Seidler RJ (1984) Association of metal tolerance with 
multiple antibiotic resistance of bacteria isolated from drinking water. Appl Environ 
Microbiol 47: 1238-1242

Camakaris J, Voskoboinik I and Mercer JF (1999) Molecular mechanism of copper 
homeostasis. Biochem Biophys Res Commun 261: 255-232

Cantin GT, Venable JD, Cociorva D and Yates JR (2006) Quantitative phosphoproteomic 
analysis of the tumor necrosis factor pathway. J Proteome Res 5: 127-134

Caro L, Churchward G and Chandler M (1984) Study of plasmid replication in vivo. In: 
Methods in Microbiology, Eds. Bennett PM and Grinsted J, 17: 97-122, London Academic
Press, UK

Castillo I, Vizan JL, Rodriguez-Sainz MC and Moreno F (1991) An unusual mechanism for 
resistance to the antibiotic coumermycin-Al. Proc Natl Acad Sci 88: 8860-8864

139



Chang AC and Cohen SN (1978) Construction and characterization of amplifiable multicopy 
DNA cloning vehicles derived from the pl5A cryptic miniplasmid. J Bacteriol 134: 1141- 
1156

Chapman JS (2003) Disinfectant resistance mechanisms, cross-resistance and co-resistance. 
Int Biodeterior Biodegradation 51: 271-276

Chattoraj DK (2000) Control of plasmid DNA replication by iterons: no longer paradoxical. 
Mol Microbiol 37: 467-476

Chen CY, Nace GW, Solow B and Fratamico P (2007) Complete nucleotide sequences of 
84.5- and 3.2-kb plasmids in the multi-antibiotic resistant Salmonella enterica serovar 
Typhimurium U302 strain G8430. Plasmid 57: 29-43

Chevallet M, Santoni V, Poinas A, Rouquie D, Fuchs A, Kieffer S, Rossignol M, Lunardi J, 
Garin J and Rabilloud T (1998) New zwitterionic detergents improve the analysis of 
membrane proteins by two-dimensional electrophoresis. Electrophoresis: 19: 1901-1909

Claire MD and John RY (2007) MudPIT: multidimensional protein identification 
technology. BioTechniques 43(5): 563-569

Cohen SN, Chang AC, Boyer HW and Helling RB (1973) Construction of biologically 
functional bacterial plasmids in vitro. Proc Natl Acad Sci 70: 3240- 3244

Coker PR, Smith KL, Fellows PF, Rybachuck G, Kousoulas KG and Hugh-Jones ME (2003) 
Bacillus anthracis virulence in Guinea pigs vaccinated with anthrax vaccine adsorbed is 
linked to plasmid quantities and clonality. J Clin Microbiol 41: 1212-1218

Cole JR, Chai B, Marsh TL, Farris RJ, Wang Q, Kulam SA, Chandra S, McGarrell DM, 
Schmidt TM, Garrity GM and Tiedje JM (2003) The Ribosomal Database Project (RDP-II): 
previewing a new autoaligner that allows regular updates and the new prokaryotic 
taxonomy. Nucleic Acids Res 31: 442-443

Cooksey DA (1993) Copper uptake and resistance in bacteria. Mol Microbiol 7: 1-5

Cooksey DA (1994) Molecular mechanisms for copper resistance and accumulation in 
bacteria. FEMS Microbiol Rev 14: 381-386

Cooper TF and Heinemann JA (2000) Postsegregational killing does not increase plasmid 
stability but acts to mediate the exclusion of competing plasmids. Proc Natl Acad Sci 97: 
12643-12648

Corthals GL, Wasinger VC, Hochstrasser DF and Sanchez JC (2000) The dynamic range of 
protein expression: a challenge for proteomic research. Electrophoresis 21:1104-1115

140



Courvalin P (1994) Transfer of antibiotic resistance genes between gram-positive and gram
negative bacteria. Antimicrob Agents Chemotherapy 38(7): 1447-1451

Cruz F, Gracia-Lobo JM and Davies J (2002) Antibiotic resistance: how bacterial 
populations respond to a simple evolutionary force. In: Bacterial resistance to 
antimicrobials, Eds. Lewis K, Salyers AA, Taber HW and Wax RG, 2: 19-36, Marcel 
Dekker, New York, USA

Dameron CT and Harrison MD (1998) Mechanism of protection against copper toxicity. Am 
JClinNutr67: 109 Is-1097s

Dancis A, Haile D, Yuan DS and Klausner RD (1994a) The Saccharomyces cerevisiae 
copper transport protein (CTRlp). Biochemical characterization, regulation by copper and 
physiologic role in copper uptake. J Biol Chern 269: 25660-25667

Dancis A, Yuan DS, Haile D, Askwith C and Eide D (1994b) Molecular characterization of 
a copper transport protein in S. cerevisiae: an unexpected role for copper in iron transport. 
Cell 76: 393-402

Davies J (1992) Another look at antibiotic resistance. J Gen Microbiol 138: 1553-1559

Devevre OC and Horwath WR (2001) Stabilization of fertilizer nitrogen-15 into humic 
substances in aerobic vs waterlogged soil following straw incorporation. Soil Sci Soc Am J 
65:499-510

Droge M, Ptihler A and Selbitschka W (2000) Phenotypic and molecular characterization of 
conjugative antibiotic resistance plasmids isolated from bacterial communities of activated 
sludge. Mol Gen Genet 263: 471-482

Dwivedi A, Kumar HD, Verma SK and Singh HN (1992) pH regulation of growth, 
glutamine synthetase activity and micronutrient transport in the cyanobacterium 
Hapalosiphon welwitschii. FEMS Microbiol Lett 98: 241-244

Dworzanski JP, Dickinson DN, Deshpande SV, Snyder AP and Eckenrode BA (2010) 
Discrimination and phylogenomic classification of Bacillus anthracis-cereus-thuringiensis 
strains based on LC-MS/MS analysis of whole cell protein digests. Anal Chern 82: 145-155

Eng JK, McCormack AL and Yates (1994) An approach to correlate tandem mass spectral 
data of peptides with amino acid sequences in a protein database. J Am Soc Mass Spectrom 
5: 976-989

Enne VI, Livermore DM, Stephens P, Hall LMC (2001) Persistence of sulphonamide 
resistance of Escherichia coli in the UK despite national prescribing restriction. Lancet 357: 
1325-1328

141



Fenselau C, Havey C, Teerakulkittipong N, Swatkoski S, Laine O and Edwards N (2007) 
Identification of p-Lactamase in antibiotic resistant Bacillus cereus spores. Appl Environ 
Microbiol 74: 904-906

Florens L, Washbum MP, Raine JD, Anthony RM, Grainger M, Haynes JD, Moch JK, 
Muster N, Sacci JB, Tabb DL, Witney AA, Wolters D, Wu Y, Gardner MJ, Holder AA, 
Sinden RE, Yates JR and Carucci DJ (2002) A proteomic view of the Plamodium 
falciparum life cycle. Nature 419: 520-526

Foster TJ (1983) Plasmid-determined resistance to antimicrobial drugs and toxic metal ions 
in bacteria. Microbiol Rev 47: 361-409

Fountoulakis M, Takacs MF and Takacs B (1999a) Enrichment of low copy number gene 
products by hydrophobic interaction chromatography. J Chromatogr A 833: 157-168

Fountoulakis M, Takacs MF, Berndt P, Langen H and Takacs B (1999b) Enrichment of low 
abundance proteins of Escherichia coli by hydroxyapatite chromatography. Electrophoresis 
20:2181-2195

Frausto da Silva JJR and Williams RJP (2001) The Biological Chemistry of the Elements. 
Oxford University Press, New York, USA

Fredrickson JK, Hicks RJ, Li SW and Brockman FJ (1988) Plasmid incidence in bacteria 
from deep subsurface sediments. Appl Environ Microbiol 54: 2916-2923

Frost LS, Leplae R, Summers AO and Toussaint A (2005) Mobile genetic elements: the 
agents of open source evolution. Nat Rev Microbiol 3: 722-732

Fujii K, Nakano T, Kawamura T, Usui F, Bando Y, Wang R and Nishimura T (2004) 
Multidimensional protein profiling technology and its application to human plasma 
proteome. J Proteome Res 3: 712-718

Futcher B, Latter GI, Monardo P, McLaughlin CS and Garrels JI (1999) A sampling of the 
yeast proteome. Mol Cell Biol 19: 7357-7368

Gaballa A and Heimann JD (2003) Bacillus subtilis CPx-type ATPases: characterization of 
Cd, Zn, Co and Cu efflux systems. Biometals 16: 497-505

Gao F and Ting ZC (2008) Ori Finder: A web based system for finding oriCs in unannotated 
bacterial genomes. BMC Bioinformatics 9: 79-84

Garrels JI, McLaughlin CS, Warner JR, Futcher B, Latter GI, Kobayashi R, Schwender B, 
Volpe T, Anderson DS, Mesquita-Fuentes R and Payne WE (1997) Proteome studies of 
Saccharomyces cerevisiae: identification and characterization of abundant proteins. 
Electrophoresis 18: 1347-1360

142



Ghosh S, Mahapatra NR, Ramamurthy T and Banerjee PC (2000) Plasmid curing from an 
acidophilic bacterium of the genus Acidocella. FEMS Microbiol Lett 183: 271-274

Giddings JC (1987) Concepts and comparisons in multidimensional chromatography. J High 
Res Chromatogr 10: 319-323

Godkar BP (1994) Text book of medical laboratory technology, pp. 311-313, Bhalani 
Publishing house, Mumbai, India

Gogarten JP and Townsend JP (2005) Horizontal gene transfer, genome innovation and 
evolution. Nat Rev Microbiol 3: 679-687

Gonza'lez JM, Dulmage HT and Carlton BC (1981) Correlation between specific plasmids 
and delta-endotoxin production in Bacillus thuringiensis. Plasmid 5: 351-365

Gordon AS, Howell LD and Harwood V (1994) Response of diverse heterotrophic bacteria 
to elevated copper concentrations. Can J Microbiol 40: 408-411

Granum PE (1997) Bacillus cereus. In: Food Microbiology: fundamentals and frontiers, Eds.
Beuchat LR and Montville TD, pp. 327-336. ASM Press, Washington, USA

Guglielmetti S, Mora D and Parini C (2007) Small rolling circle plasmids in Bacillus subtilis 
and related species: organization, distribution and their possible role in host physiology. 
Plasmid 57: 245-264

Gygi SP, Corthals GL, Zhang Y, Rochon Y and Aebersold R (2000) Evaluation of two 
dimensional electrophoresis-based proteome analysis. Proc Natl Acad Sci 97: 9390-9395

Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH and Aebersold R (1999a) Quantitative 
analysis of complex protein mixtures using isotopecoded affinity tags. Nat Biotechnol 17: 
994-999

Gygi SP, Rochon Y, Franza BR and Aebersold R (1999b) Correlation between protein and 
mRNA abundance in yeast. Mol Cell Biol 19: 1720-1730

Hahn FE and Ciak J (1976) Elimination of resistance determinants from R-factor RI by 
intercalative compounds. Antimicrob Agents Chemother 9: 77-80

Hall TA (1999) BioEdit: a user-friendly biological sequence alignment editor and analysis 
program for Windows 95/98/ NT. Nucleic Acids Symp Ser 41: 95-98

Hallet B Vanhooff V and Comet F (2004) DNA site-specific resolution systems. In:
Plasmid Biology, Eds. Funnell BE and Phillips GJ, pp. 145-180, ASM Press, USA

Hanash SM (2000) Biomedical applications of two-dimensional electrophoresis using 
immobilized pH gradients: current status. Electrophoresis 21: 1202-1209

143



Hansen LH, Johannesen E, Burmolle M, Sorensen AH and Sorensen SJ (2004) Plasmid- 
encoded multidrug efflux pump conferring resistance to olaquindox in Escherichia coli. 
Antimicrob Agents Chemother48: 3332-3337

Hassett R and Kosman DJ (1995) Evidence for Cu(II) reduction as a component of copper 
uptake by Saccharomyces cerevisiae. J Biol Chern 270: 128-134

Hatizmanikatis V and Lee KH (1999) Dynamical analysis of gene networks requires both 
mRNA and protein expression information. Metabol Eng 1: 275-281

Hayashi S, Abe M, Kimoto M, Furukawa S and Nakazawa T (2000) The DsbA-DsbB 
disulfide bond formation system of Burkholderia cepacia is involved in the production of 
protease and alkaline phosphatase, motility, metal resistance and multi-drug resistance. 
Microbiol Immunol 44: 41-50

Heinemann JA (1999) How antibiotics cause antibiotic resistance. Drug Discovery Today 4: 
72-79

Heinemann JA (2001) Can smart bullets penetrate magic bullet proof vests? Drug Discovery 
Today 6: 875-878

Heinemann JA and Silby MW (2003) Horizontal gene transfer and the selection of antibiotic 
resistance. In: Multiple Drug Resistant Bacteria, Ed. Amabile-Cuevas CF, pp. 161-178, 
Horizon Scientific Press, UK

Heinemann J A, Ankenbauerb RG and Amabile-Cuevas CF (2000) Do antibiotics maintain 
antibiotic resistance? Drug Discovery Today 5: 195-204

Herbert D, Phipps PJ and Strange RE (1971) Chemical analysis of microbial cells. In: 
Methods of Microbiology, Eds. Norris JR and Ribbons DW, pp. 209-334, Academic Press, 
London,

Hershfield V, Boyer HW, Yanofsky C, Lovett MA and Helinski DR (1974) Plasmid ColEl 
as a molecular vehicle for cloning and amplification of DNA. Proc Natl Acad Sci 71: 3455- 
3459

Hochgrafe F, Wolf C, Fuchs S, Liebeke M, Lalk M, Engelmann S and Hecker M (2008) 
Nitric oxide stress induces different responses but mediates comparable protein thiol 
protection in Bacillus subtilis and Staphylococcus aureus. J Bacteriol 190: 4997-5008

Holmes M L, Pfeifer F and Dyall-Smith M (1995) Analysis of the halobacterial plasmid 
pHK2 minimal replicon. Gene 153:117-121

144



Hong S, Candelone JP, Turetta C and Boutron CF (1996) Changes in natural lead, copper, 
zinc and cadmium concentration in central Greenland ice from 8250 to 149,100 years ago: 
their association with climatic changes and resultant variations of dominant source 
contributions. Earth Planetary Sci Lett 143: 233-244

Hoton FM, Andrup L, Swiecicka I and Mahillon J (2005) The cereulide genetic 
determinants of emetic Bacillus cereus are plasmid-borne. Microbiology 151: 2121-2124

Ivanova N, Sorokin A, Anderson I, Galleron N, Candelon B, Kapatral V, Bhattacharyya A, 
Reznik G, Mikhailova N, Lapidus A, Chu L, Mazur M, Goltsman E, Larsen N, D’Souza M, 
Walunas T, Grechkin Y, Pusch G, Haselkom R, Fonstein M, Ehrlich SD, Overbeek R and 
Kyrpides NC (2003) Genome sequence of Bacillus cereus and comparative analysis with 
Bacillus anthracis. Nature 423: 87-91

Jain PK, Ramachandran S, Shukla V, Bhakuni D and Verma SK (2009) Characterization of 
metal and antibiotic resistance in the bacterial population isolated from copper mining 
industry. Int J Integrative Biol 6: 57-61

Jarrett P and Stephenson M (1990) Plasmid transfer between strains of Bacillus 
thuringiensis infecting Galleria mellonella and Spodoptera littoralis. Appl Environ 
Microbiol 56: 1608-1614

Jerke K, Nakatsu CH, Beasley F and Konopk A (2008) Comparative analysis of eight 
Arthrobacter plasmids. Plasmid 59(2): 73-85

Kanamaru K, Kashiwagi S and Mizuno T (1995) A copper-transporting P-type ATPase 
found in the thylakoid membrane of the cyanobacterium Synechococcus species PCC7942. 
Mol Microbiol 13: 369-377

Kanz C, Aldebert P, Althorpe N, Baker W, Baldwin A, Bates K, Browne P, Broek AVD, 
Castro M, Cochrane G, Duggan K, Eberhardt R, Faruque N, Gamble J, Diez FG, Harte N, 
Kulikova T, Lin Q, Lombard V, Lopez R, Mancuso R, McHale M, Nardone F, Silventoinen 
V, Sobhany S, Stoehr P, Tuli MA, Tzouvara K, Vaughan R, Wu D, Zhu W and Apweiler R 
(2005) The EMBL nucleotide sequence database. Nucleic Acids Res 33: D29-D33

Kershaw CJ, Brown NL, Constantinidou C, Patel MD and Hobman JL (2005) The 
expression profile of Escherichia coli KI2 in response to minimal, optimal and excess 
copper concentrations. Microbiology 151: 1187-1198

Kim WY, Song TW, Song MO, Nam JY, Park CM, Kim KJ, Chung SI and Choi CS (2000) 
Analysis of cellular fatty acid esters for the identification of Bacillus anthracis. J Kor Soc 
Microbiol 35(1): 31-40

Kirkland PA, Humbard MA, Daniels CJ and Maupin-Furlow JA (2008) Shotgun proteomics 
of the haloarchaeon Haloferax volcanii. J Proteome Res 7: 5033-5039

145



Kirkpatrick C, Maurer LM, Oyelakin NE, Yoncheva YN, Maurer R and Slonczewski JL 
(2001) Acetate and formate stress: opposite responses in the proteome of Escherichia coli. J 
Bacteriol 183: 6466-6477

Kline KG and Wu CC (2009) MudPIT analysis: application to human heart tissue. In: 
Membrane proteomics: methods and protocols, Eds. Peirce MJ and Wait R, 528: 281-293, 
Springer Verlag, London, UK

Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber LB and Buxton HT 
(2002) Pharmaceuticals, hormones and other organic wastewater contaminants in US 
streams, 1999-2000: A national reconnaissance. Environ Sci Technol 36: 1202-1211

Krulwich TA, Lewinson O, Padan E and Bibi E (2005) Do physiological roles foster 
persistence of drug/multidrug- efflux transporters? A case study. Nat Rev Microbiol 3: 566- 
572

Kuhlbrandt W (2004) Biology, structure and mechanism of P-type ATPases. Nat Rev Mol 
Cell Biol 5: 282-295

Kulkarni RS and Kanekar PP (1998) Effects of some curing agents on phenotypic stability 
in Pseudomonas putida degrading caprolactam. World J Microbiol Biotechnol 14: 255-257

Kunitsky C, Osterhout G and Sasser M (2006) Identification of microorganisms using fatty 
acid methyl ester analysis and the MIDI Sherlock microbial identification system, pp. 1-18, 
MIDI, Inc. New York, DE, USA

Lakshmi W and Polasa H (1991) Curing of pBR322 and pBR329 plasmids in Escherichia 
coli by cZy-dichlorodiamine platinum (H) chloride (Cw-DDP). FEMS Microbiol Lett 62: 
281-284

Langen H, Takacs B, Evers S, Bemdt P, Lahm HW, Wipf B, Gray C and Fountoulakis M 
(2000) Two-dimensional map of the proteome of Haemophilus influenzae. Electrophoresis 
21:411-429

Lark BS, Mahajan RK and Walia TPS (2002) Determination of metals of toxicological 
significance in sewage irrigated vegetables by using atomic absorption spectrometry and 
anodic stripping voltammetry. Indian J Environ Health 44: 164-167

Lars A, Kenneth KB, Gert BJ and Lasse S (2008) Detection of large plasmids from the 
Bacillus cereus group. Plasmid: 59 139-143

Lawrence MM and Gary SS (1984) Application of FAME analysis in the numerical 
taxonomic determination of bacterial guild structure. Microbial Ecology 10(3): 283-296

146



Lebrun M, Audurier A and Cossart P (1994) Plasmid-bome cadmium resistance genes in 
Listeria monocytogenes are similar to cadA and cadC of Staphylococcus aureus and are 
induced by cadmium. J Bacteriol 176: 3040-3048

Levin BR and Bergstrom CT (2000) Bacteria are different: observations, interpretations, 
speculations and opinions about the mechanisms of adaptive evolution in prokaryotes. Proc 
Natl Acad Sci 97: 6981-6985

Levy SB (1998) The challenge of antibiotic resistance. Sci Am 278: 46-53

Levy SB (2001) Antibiotic resistance: consequences of inaction. Clin Infect Dis 33: 124-129

Levy SB (2002) Active efflux, a common mechanism for biocide and antibiotic resistance. J 
Appl Microbiol 92: 65-71

Lin D, Alpert AJ and Yates JR (2001) Multidimensional protein identification technology as 
an effective tool for proteomics. Am Genomic/Proteomic Technol 1(1): 38-46

Link AJ, Eng J, Schieltz DM, Carmack E, Mize GJ, Morris DR, Garvik BM and Yates JR 
(1999) Direct analysis of protein complexes using mass spectrometry. Nat Biotechnol 17: 
676-682

Lowry OH, Rosebrough NJ, Farr AL and Randall RJ (1951) Protein measurement with the 
Folin phenol reagent. J Biol Chern 193: 265-275

Lu Q (2004) Plasmid vectors for gene cloning and expression. In: Plasmid Biology, Eds. 
Funnell BE and Phillips GJ, ASM Press, Washington, USA

Luo Y, Vilain S, Voigt B, Albrecht D, Hecker M and Brozel VS (2007) Proteomic analysis 
of Bacillus cereus growing in liquid soil organic matter. FEMS Microbiol Lett 271: 40-47

Magnani D and Solioz M (2005) Copper chaperone cycling and degradation in the 
regulation of the cop operon of Enterococcus hirae. Biometals 18: 407-412

Manachini PL, Fortina MG, Levati L and Parini C (1998) Contribution to phenotypic and 
genotypic characterization of Bacillus licheniformis and description of new genomovars. 
Syst Appl Microbiol 21: 520-529

Martinez-Gomariz M, Hemaez M, Gutierrez D, Ximenez-Embun P and Prestamo G (2009) 
Proteomic analysisby two-dimensional differential gel electrophoresis (2D-DIGE) of a high- 
pressure effect in Bacillus cereus. J Agric Food Chem 57: 3543-3549

McArthur JV and Tuckfield C (2000) Spatial patterns in antibiotic resistance among stream 
bacteria: effects of industrial pollution. Appl Environ Microbiol 66: 3722-3726

147



McCormack AL, Schieltz DM, Goode B, Yang S, Barnes G, Drubin D and Yates JR (1997) 
Direct analysis and identification of proteins in mixtures by LC/MS/MS and database 
searching at the low-femtomole level. Anal Chern 69: 767-776

Meijer WJ, Boer AJ, Tongeren S, Venema G and Bron S (1995) Characterization of the 
replication region of the Bacillus subtilis plasmid pLS20: a novel type of replicon. Nucleic 
Acids Res 23:3214-3223

Mergeay M, Monchy S, Vallaeys T, Auquier V, Benotmane A, Bertin P, Taghavi S, Dunn J, 
van der Lelie D and Wattiez R (2003) Ralstonia metallidurans, a bacterium specifically 
adapted to toxic metals: towards a catalogue of metal-responsive genes. FEMS Microbiol 
Rev 27(2-3): 385-410

Mergeay M, Nies D, Schlegel HG, Gerits J, Charles P and Gijsegem FV (1985) Alcaligenes 
eutrophus CH34 is a facultative chemolithotroph with plasmid-bound resistance to heavy 
metals. J Bacteriol 162: 328-334

Mesrati LA, Karray MD, Tounsi S and Jaoua S (2005) Construction of a new high-copy 
number shuttle vector of Bacillus thuringiensis. Lett Appl Microbiol 41: 361-366

Michel-Briand Y, Uccelli V, Laporte JM and Plesiat P (1986) Elimination of plasmids from 
Enterobacteriaceae by 4-quinolone derivatives. J Antimicrob Chemother 18: 667-674

Molloy MP (2000) Two-dimensional electrophoresis of membrane proteins using 
immobilized pH gradients. Anal Biochem 280: 1-10

Molloy MP, Herbert BR, Walsh BJ, Tyler MI, Traini M, Sanchez JC, Hochstrasser DF, 
Williams KL and Gooley AA (1998) Extraction of membrane proteins by differential 
solubilization for separation using two-dimensional gel electrophoresis. Electrophoresis 19: 
837-844

Molnar J, Mandi Y and Foldeak S (1982) Drug receptor interaction on plasmid elimination 
by phenothiazines and imipramine in Escherichia coli. Acta Microbiol Acad Sci Hung 29: 
17-25

Moore CM and Heimann JD (2005) Metal ion homeostasis in Bacillus subtilis. Curr Opin 
Microbiol 8: 188-195

Mukhopadhyay R and Rosen BP (2002) Arsenate reductases in prokaryotes and eukaryotes. 
Environ Health Perspect 110: 745-748

Munchbach M, Quadroni M, Miotto G and James P (2000) Quantitation and facilitated de 
novo sequencing of proteins by isotopic N-terminal labeling of peptides with a 
fragmentation-directing moiety. Anal Chern 72: 4047-4057

148



Murray KD, Aronstein KA and Leon JH (2007) Analysis of pMA67, a predicted rolling
circle replicating, mobilizable, tetracycline-resistance plasmid from the honey bee pathogen, 
Paenibacillus larvae. Plasmid 58: 89-100

Neu HC (1992) The crisis in antibiotic resistance. Science 257: 1064-1073

Nies DH (1999) Microbial heavy-metal resistance. Appl Microbiol Biotechnol 51: 730-750

Nies DH (2003) Efflux-mediated heavy metal resistance in prokaryotes. FEMS Microbiol 
Rev 27:313-339

Nies DH and Silver S (1995) Ion efflux system involved in bacterial metal resistance. J 
Indust Microbiol 14: 186-189

Noriyuki N, Issay N, Shinya N and Hiroshi K (1992) A new shuttle vector for Bacillus 
stearothermophilus and Escherichia coli. Biotechnol Lett 14(8): 649-652

Novick RP and Roth C (1968) Plasmid-linked resistance to inorganic salts in 
Staphylococcus aureus. J Bacteriol 95: 1335-1342

Nriagu JO (1996) A history of global metal pollution. Science 272: 223-224

Nucifora G, Chu L, Misra TK and Silver S (1989) Cadmium resistance from Staphylococcus 
aureus plasmid pI258 cadA gene results from a cadmium-efflux ATPase. Proc Natl Acad 
Sci 86: 3544-3548

O’Connor EB, O’Sullivan O, Stanton C, Danielsen M, Simpson PJ, Callanan MJ, Ross RP 
and Hill C (2007) pEOCOl: A plasmid from Pediococcus acidilactici which encodes an 
identical streptomycin resistance (aadE) gene to that found in Campylobacter jejuni. 
Plasmid 58: 115-126

Oda Y, Huang K, Cross FR, Cowbum D and Chait BT (1999) Accurate quantitation of 
protein expression and site-specific phosphorylation. Proc Natl Acad Sci 96: 6591-6596

Odermatt A, Krapf R and Solioz M (1994) Induction of the putative copper ATPases, CopA 
and CopB, of Enterococcus hirae by Ag+ & Cu2+, and Ag+ extrusion by CopB. Biochem 
Biophys Res Commun 202: 44-48

Odermatt A, Suter H, Krapf R and Solioz M (1992) An ATPase operon involved in copper 
resistance by Enterococcus hirae. Ann N Y Acad Sci 671: 484-486

Odermatt A, Suter H, Krapf R and Solioz M (1993) Primary structure of two P-type 
ATPases involved in copper homeostasis in Enterococcus hirae. J Biol Chern 268: 12775- 
12779

149



Oh-Ishi M, Satoh M and Maeda T (2000) Preparative two-dimensional gel electrophoresis 
with agarose gels in the first dimension for high molecular mass proteins. Electrophoresis 
21: 1653-1669

Osterhout GJ, Shull VH and Dick JD (1991) Identification of clinical isolates of gram 
negative nonfermentative bacteria by an automated cellular fatty acid identification system. 
J Clin Microbiol 29: 1822-1830

Pandey A and Mann M (2000) Proteomics to study genes and genomes. Nature 405: 837- 
846

Parini C, Fortina MG, Manachini PL, Rossi E and Riccardi G (1991) Detection and 
characterization of naturally occurring plasmids in Bacillus licheniformis. FEMS Microbiol 
Lett 65: 329-334

Pasa-Tolic L, Jensen PK, Anderson GA, Lipton MS, Peden KK, Martinovic S, Tolic N, 
Bruce JE and Smith RD (1999) High throughput proteome-wide precision measurements of 
protein expression using mass spectrometry. J Am Chern Soc 121: 7949-7950

Perron K, Caille O, Rossier C, Van Delden C, Dumas JL and Kohler T (2004) CzcR-CzcS, a 
two-component system involved in heavy metal and carbapenem resistance in Pseudomonas 
aeruginosa. J Biol Chern 279: 8761-8768

Perrot M, Sagliocco F, Mini T, Monribot C, Schneider U, Shevchenko A, Mann M, Jeno P 
and Boucherie H (1999) Two-dimensional gel protein database of Saccharomyces 
cerevisiae. Electrophoresis 20: 2280-2298

Peterson J and Phillips GJ (2008) New pSC 101-derivative cloning vectors with elevated 
copy numbers. Plasmid 59: 193-201

Phung LT, Ajlani G and Haselkom R (1994) P-type ATPase from the cyanobacterium 
Synechococcus 7942 related to the human Menkes and Wilson disease gene product. Proc 
Natl Acad Sci 91: 9651-9654

Pieterse B, Leer RJ, Schuren FHJ and Werf MJ (2005) Unravelling the multiple effects of 
lactic acid stress on Lactobacillus plantarum by transcription profiling. Microbiology 151: 
3881-3894

Quershi FM, Badar U and Ahmed N (2001) Biosorption of copper by a bacterial biofilm on 
a flexible polyvinyl chloride conduit. Appl Environ Microbiol 67: 4349-4352

Rabilloud T, Adessi C, Giroudel A and Lunardi J (1997) Improvement of the solubilization 
of proteins in two-dimensional electrophoresis with immobilized pH gradients. 
Electrophoresis 18: 307-316

150



Rasko DA, Altherr MR, Han CS and Ravel J (2005) Genomics of the Bacillus cereus group 
of organisms. FEMS Microbiol Rev 29: 303-329

Rasmussen LD and Sorensen SJ (1998) The effect of long-term exposure to mercury on the 
bacterial community in marine sediment. Curr Microbiol 36: 291-297

Rehman A, Shakoori FR and Shakoori AR (2007) Multiple metal resistance and uptake by a 
ciliate, Stylonychia mytilus, isolated from industrial effluents and its possible use in 
wastewater treatment. Bull Environ Contam Toxicol 79: 410-414

Rehman A, Zahoor A, Muneer B and Hasnain S (2008) Chromium tolerance and reduction 
potential of a Bacillus sp. ev3 isolated from metal contaminated wastewater. Bull Environ 
Contam Toxicol 81: 25-29

Ren L, Shi D, Dai J and Ru B (1998) Expression of the mouse metallothionein-I gene 
conferring cadmium resistance in a transgenic cyanobacterium. FEMS Microbiol Lett 158: 
127-132

Rensing C and Grass G (2003) Escherichia coli mechanisms of copper homeostasis in a 
changing environment. FEMS Microbiol Rev 27: 197-213

Roberts MC (2005) Update on acquired tetracycline resistance genes. FEMS Microbiol Lett 
245: 195-203

Robinson NJ, Whitehall SK and Cavet JS (2001) Microbial metallothioneins. Adv Microb 
Physiol 44: 183-213

Rodriguez ML, Rodriguez LC, Farias RN and Massa EM (1993) Membrane-associated 
redox cycling of copper mediates hydroperoxide toxicity in Escherichia coli. Biochim 
Biophys Acta 1144 (1): 77-84

Romero P, Llul D, Garcia E, Mitchell TJ, Lopez R, Moscoso M (2007) Isolation and 
characterization of a new plasmid pSpnP 1 from a multidrug-resistant clone of Streptococcus 
pneumonia. Plasmid 58: 51-60

Ruiz N (2003) The role of Serratia marcescens porins in antibiotic resistance. Microb Drug 
Resist 9: 257-264

Saile E and Koehler TM (2006) Bacillus anthracis multiplication, persistence and genetic 
exchange in the rhizosphere of grass plants. Appl Environ Microbiol 72: 3168-3174

Sali A and Blundell TL (1993) Comparative protein modelling by satisfaction of spatial 
restraints. J Mol Biol 234: 779-815

Salyers AA, Gupta A and Wang Y (2004) Human intestinal bacteria as reservoirs for 
antibiotic resistance genes. Trends Microbiol 12: 412-416

151



Sambrook J, Fritsch EF and Maniatis T (2001) Molecular cloning-A laboratory manual. 
Cold Spring Harbour Laboratory Press, New York, USA

Santina P, Raffaele C, Hans-Peter K, Patrizia C, Mose' R and Simonetta B (2006) pIT3, a 
cryptic plasmid isolated from the hyperthermophilic crenarchaeon Sulfolobus solfataricus 
IT3. Plasmid 56: 35-45

Santoni V, Molloy M and Rabilloud T (2000) Membrane proteins and proteomics: un amour 
impossible? Electrophoresis 21: 1054-1070

Sasser M (2006) Bacterial identification by gas chromatographic analysis of fatty acids 
methyl esters. MIDI Technical Note 101

Sayler GS, Hooper SW, Layton AC and King JMH (1990) Catabolic plasmids of 
environmental and ecological significance. Microbiol Ecol 19: 1-20

Schwarz S, Kehrenberg C and Walsh TR (2001) Use of antimicrobial agents in veterinary 
medicine and food animal production. Int J Antimicrob Agents 17: 431-437

Sedgley C and Clewell DB (2004) Bacterial plasmids in the oral and endodontic microflora. 
Endodontic Topics 9:37-51

Sidhu MS, Heir E, Leegaard T, Wiger K and Hoick A (2001) Genetic linkage between 
resistance to quaternary ammonium compounds and p-lactam antibiotics in food related 
Staphylococcus spp. Microb Drug Resist 7: 363-371

Silver S (1996a) Bacterial heavymetal resistance: new surprises. Ann Rev Microb 50: 753- 
789

Silver S (1996b) Bacterial resistances to toxic metal ions. Gene 179: 9-19

Singh M and Yadava JNS (1988) Effect of acridium ions on curing of R-plasmids. Indian J 
Exp Biol 26: 149-154

Singh SP, Verma SK, Singh RK and Pandey P (1989) Copper uptake by free and 
immobilized cyanobacterium. FEMS Microbiol Lett 60: 193-196

Skipp P, Robinson J, O’Connor CD and Clarke IN (2005) Shotgun proteomic analysis of 
Chlamydia trachomatis. Proteomics 5: 1558-1573

Smalla K and Sobecky PA (2002) The prevalence and diversity of mobile genetic elements 
in bacterial communities of different environmental habitats: insights gained from different 
methodological approaches. FEMS Microbiol Ecol 42: 165-175

152



Smit E, Wolters A and Elsas JD (1998) Self-transmissible mercury resistance plasmids with 
gene-mobilizing capacity in soil bacterial populations: influence of wheat roots and mercury 
addition. Appl Environ Microbiol 64: 1210-1219

Souza V and Eguiarte LE (1997) Bacteria gone native vs bacteria gone awry? Plasmid 
transfer and bacterial evolution. Proc Natl Acad Sci 94: 5501-5503

Speers AE and Wu CC (2007) Proteomics of integral membrane proteins-theory and 
application. Chem Rev 107: 3687-3714

Spira WM and Silverman GJ (1979) Effects of glucose, pH and dissolved-oxygen tension on 
Bacillus cereus growth and permeability factor production in batch culture. Appl Environ 
Microbiol 37(1): 109-116

Stanisich VA (1984) Identification and analysis of plasmids at genetic level. In: Methods in 
Microbiology, Eds. Bennett PM and Grinsted J, 17: 5-32, Academic Press, London, UK

Stepanauskas R, Glenn TC, Jagoe CH, Tuckfield RC, Lindell AH and McArthur JV (2005) 
Elevated microbial tolerance to metals and antibiotics in metal-contaminated industrial 
environments. Environ Sci Technol 39: 3671-3678

Summers AO (2002) Generally overlooked fundamentals of bacterial genetics and ecology. 
Clin Infect Dis 34: S85-S92

Summers AO, Wireman J, Vimy MJ, Lorscheider FL, Marshall B, Levy SB, Bennett S and 
Billard L (1993) Mercury released from dental silver fillings provokes an increase in 
mercury-resistant and antibiotic resistant bacteria in oral and intestinal floras of primates. 
Antimicrob Agents Chemother 37: 825-834

Suwalsky M, Ungerer B, Quevedo L, Aguilar F and Sotomayor CP (1998) Cu2+ ions interact 
with cell membranes. J Inorg Biochem 70: 233-238

Tanaka T and Koshikawa T (1977) Isolation and characterization of four types of plasmids 
from Bacillus subtilis (natto). J Bacteriol 131: 699-701

Taylor DE, Gibreel A, Lawley TD and Tracz DM (2004) Antibiotic resistance plasmids. In: 
Plasmid Biology, Eds. Funnell BE and Phillips GJ, pp. 473-491, ASM Press, Washington, 
USA

Therese KL, Anand AR and Madhavan HN (1998) Polymerase chain reaction in the 
diagnosis of bacterial Endophthalmitis. Br J Ophthalmol 82: 1078-82

Thomas CM (2004) Evolution and population genetics of plasmids. In: Funnell BE, Phillips 
GJ, eds. Plasmid Biology. Washington, DC: American Society of Microbiology.

153



Thomas DJI, Morgan JAW, Whipps JM and Saunders JR (2000) Plasmid transfer between 
the Bacillus thuringiensis subspecies kurstaki and tenebrionis in laboratory culture and soil 
and in lepidopteran and coleopteran larvae. Appl Environ Microbiol 66: 118-124

Timoney JF, Port J, Giles J and Spanier J (1978) Heavy metal and antibiotic resistance in the 
bacterial flora of sediments of New York Bight. Appl Environ Microbiol 36; 465-472

Titok MA, Chapuis J, Selezneva YV, Lagodich AV, Prokulevich VA, Ehrlich SD and 
Janniere L (2003) Bacillus subtilis soil isolates: plasmid replicon analysis and construction 
of a new theta-replicating vector. Plasmid 49: 53-62

Top EM, Moenne-Loccoz Y, Pembrook T and Thomas CM (2000) Phenotypic traits 
conferred by plasmids. In: The horizontal gene pool bacterial plasmids and gene spread, Ed. 
Thomas CM, Harwood Academic Publishing, Amsterdam, Netherlands

Tuckfield RC and McArthur JV (2007) Spatial analysis of antibiotic resistance along metal 
contaminated streams. Microbial Ecology 55(4): 595-607

Uozumi T, Ozaki A, Beppu T and Arima K (1980) New cryptic plasmid of Bacillus subtilis 
and restriction analysis of other plasmids found by general screening. J Bacteriol 142: 315- 
318

Vajiheh K, Naser B and Emtiazi G (2003) Antimicrobial, heavy metal resistance and 
plasmid profile of coliforms isolated from nosocomial infections in a hospital in Isfahan, 
Iran. African J Biotechnol 2(10): 379-383

Verma SK and Singh HN (1991) Evidence of energy-dependent efflux as the mechanism of 
copper resistance in the cyanobacterium Nostoc calcicola. FEMS Microbiol Lett 84: 291- 
294

Vitali B, Wasinger V, Brigidi P and Guilhaus M (2005) A proteomic view of 
Bifidobacterium infantis generated by multi-dimensional chromatography coupled with 
tandem mass spectrometry. Proteomics 5: 1859-1867

Vries YP, Homstra LM, Vos WM and Abee T (2004) Growth and sporulation of Bacillus 
cereus ATCC 14579 under defined conditions: temporal expression of genes for key sigma 
factors. Appl Environ Microbiol 70(4): 2514-2519

Wagner AFV, Frey M, Neugebauer FA, Schafer W and Knappe J (1992) The free radical in 
pyruvate formate lyase is located on glycine-734. Proc Nat Acad Sci 89: 996-1000

Wang N, Young JB and Li L (2009) Liquid chromatography MALDIMS/MS for membrane 
proteome analysis. In: Membrane proteomics: methods and protocols, Eds. Peirce MJ and 
Wait R, 528: 295-310, Springer Verlag, London, UK

154



Wang Y, Wang H, Yang CH, Wang Q and Mei R (2005) Two distinct manganese- 
containing superoxide dismutase genes in Bacillus cereus'. their physiological 
characterizations and roles in surviving in wheat rhizosphere. FEMS Microbiol Lett 272: 
206-213

Washbum MP and Yates JR (2000) Novel methods of proteome analysis: multidimensional 
chromatography and mass spectrometry. Trends Biotechnol 18: 27-30

Washbum MP, Wolters D and Yates JR (2001) Large-scale analysis of the yeast proteome 
by multidimensional protein identification technology. Nature Biotechnol 19: 242-247

Weast RC (1984) CRC handbook of chemistry and physics. CRC Press, New York, USA

Wilson BA and Salyers AA (2003) Is the evolution of bacterial pathogens an out-of-body 
experience? Trends Microbiol 11: 347-350

Wireman J, Liebert CA, Smith T and Summers AO (1997) Association of mercury 
resistance with antibiotic resistance in the gram negative fecal bacteria of primates. Appl 
Environ Microbiol 63; 4494-4503

Woese CR, Kandler O and Wheelis ML (1990) Towards a natural system of organisms: 
proposal for the domains Archaea, Bacteria and Eucarya. Proc Natl Acad Sci 87: 4576-4579

Wong KK, Suen KL and Kwan HS (1989) Transcription of pfl Is regulated by anaerobiosis, 
catabolite repression, pyruvate and oxrA: p/7::Mu dA operon fusions of Salmonella 
typhimurium. J Bacteriol 171: 4900-4905

Wright GD (2005) Bacterial resistance to antibiotics: enzymatic degradation and 
modification. Adv Drug Deliv Rev 57: 1451-1470

Yang X, Jin X, Feng Y and Islam E (2005) Molecular mechanisms and genetic basis of 
heavy metal tolerance/hyperaccumulation in plants. J Integrative Plant Biol 47(9): 1025- 
1035

Yates CM, Shaw DJ, Roe AJ, Woolhouse ME and Amyes SG (2006) Enhancement of 
bacterial competitive fitness by apramycin resistance plasmids from non-pathogenic 
Escherichia coli. Biol Lett 2: 463-465

Yates JR, Gilchrist A, Howell KE and Bergeron JJ (2005) Proteomics of organelles and 
large cellular structures. Nat Rev 6: 702-714

Zhou H and Thiele DJ (2001) Identification of a novel high affinity copper transport 
complex in the fission yeast Schizosaccharomyces pombe. J Biol Chem 276: 20529-20535

155



Zillig W, Kletzin A, Schleper C, Holz I, Janekovick D, Hain J, Lanzendorfer M and 
Kristjansson JK (1994) Screening for Sulfolobales, their plasmids and their viruses in 
Icelandic solfataras. Syst Appl Microbiol 16: 609-628

156



Appendix I

LIST OF PUBLICATIONS

(a) Patent

S. Ramachandran, Pankaj Kumar Jain and Sanjay Kumar Verma (2009) Rapid non- 
enzymatic process for the reduction of chromium(VI) to chromium(III) by the Nostoc 
calcicola immobilized on silica gel. Indian Patent, Application No.: 582/DEL/2008, 
Date of filing of Application: 10/03/2008, Publication Date: 18/09/2009, Journal No.: 
38/2009: 5597

(b) Manuscripts published/submitted:

1. Jain PK, Kush D, Ramachandran S and Verma SK (2011) Isolation and 
characterization of R-plasmid pPRS3a from Bacillus cereus GC subgroup A PRS3. 
Inti J Integrative Biol 11(1): 1-7

2. Jain PK, Ramachandran S, Shukla V, Bhakuni D and Verma SK (2009) 
Characterization of metal and antibiotic resistance in the bacterial population isolated 
from copper mining industry. Inti J Integrative Biol 6(2): 57-61

3. Jain PK, Ramachandran S and Verma SK (2009) Bacillus cereus plasmid pPRS3a, 
complete sequence. NCBI GenBank Accession GQ404376.

4. Scaria J, Ramachandran S, Jain PK and Verma SK (2009) Construction and testing 
of EGFP based bacterial biosensor for the detection of residual tetracycline in milk 
and water. Res J Microbiol 4(3): 104-111

5. Ramachandran S, Coradin T, Jain PK and Verma SK (2009) Nostoc calcicola 
immobilized in silica-coated calcium alginate and silica gel for applications in heavy 
metal biosorption. Silicon 1: 215-223

6. Jain PK, Ramachandran S and Verma SK (2011) Cu(II) induced Formate 
acetyltransferase from Bacillus cereus GC subgroup A. Biometals (submitted)

(b) Publications in Proceedings/Symposia/Conferences

1. Jain PK, Deepshikha, Ramachandran S and Verma S K (2009) Complete sequence 
analysis of a plasmid DNA pPRS3a from a multiple metal & antibiotic resistance 
Bacillus sp., 29th Annual Conference of STOX, Food and Drug Toxicology Research 
Centre National Institute of Nutrition, Hyderabad, India, p. 114



2. Jain PK, Ramachandran S and Verma SK (2009) Characterization of endogenous 
plasmid DNA and heavy metal induced proteins of multiple metal/antibiotic 
resistance bacterial strains, National Conference on Emerging Trends in Life Science 
Research March 6-7, 2009, Department of Biological Sciences Group and Pharmacy 
Group, Birla Institute of Technology & Science, Pilani -333031 Rajasthan, India, p. 
19

3. Jain PK, Ramachandran S, Rai A, Shukla V, Bhakuni D, Rai VK and Verma SK 
(2008) Isolation and Characterization of multiple metal/antibiotic resistant bacterial 
strains from rock and soil samples of a copper mining industry, 14th International 
Symposium on Biodeterioration and Biodegradation, Oct. 6-11, Hotel Capo dei 
Greci, Sant’Alessio Siculo, Messina, Italy.

4. Shukla V, Bhakuni D, Jain PK, Ramachandran S, Rai A, Rai VK and Verma S K 
(2008) Prevalence of antibiotic resistance in the bacterial population of a copper 
mining industry, International Conference on Molecular Biology & Biotechnology 
Oct. 19-21, Department of Bioscience and Biotechnology, Banasthali University, 
Banasthali Vidyapith, Rajasthan, India, p. 128

5. Jain PK, Ramachandran S, Shukla V, Bhakuni D and Verma SK (2008) Molecular 
evolution of antibiotic resistance in bacteria and their impact on human health, 28th 
Annual Conference of Society of Toxicology, India and International Symposium on 
“Monitoring and Modulating Global Resources of Environmental and Food 
Contaminants: Nature versus Chemicals” October 16-18, Department of 
Pharmacology & Toxicology College of Veterinary Science Guru Angad Dev 
Veterinary and Animal Sciences University Ludhiana, India, p. 36

6. Jain PK, Ramachandran S, Rai A and Verma SK (2008) Mesoporous silica gel 
immobilized multiple metal resistant bacteria expressing metallothionein for heavy 
metal bioremediation, 2nd International Conference on Trends in Cellular and 
Molecular Biology, School of Life Sciences, Jawaharlal Nehru University, New 
Delhi, India, p. 138

7. Ramachandran S, Jain PK, Prasanna A, Verma SK (2007) Chromium(VI) and 
Zinc(II) regulated protein expression in the cyanobacterium Nostoc calcicola, ASM 
107th General Meeting, May 21-25, Toronto, Canada.

8. Ramachandran S, Coradin T, Jain PK and Verma SK (2007) Mesoporous silica and 
silica-alginate composite materials for biotechnological applications, Indo-Australian 
Symposium on Multi Functional Nanomaterials Nanostructures and Applications, 
Department of Physics and Astrophysics, University of Delhi, Delhi, India, p. 65

9. Jain PK, Rai VK, Rai A, Ramachandran S and Verma SK (2007) Multiple antibiotic 
resistant bacterial strains from a copper mining industry: an environmental health 
hazard, 27th Annual Conference of Society of Toxicology, India, Department of 
Pharmacology & Toxicology, Veterinary College, Bangalore, Karnataka, India, p. 90



10. Ramachandran S, Coradin T, Jain PK and Verma SK (2007) Mesoporous silica and 
silica-alginate composite materials for biotechnological applications. Indo-Australia 
Symposium on Multifunctional Nanomaterials Nanostructures and Applications. Dec 
19-21, University of Delhi, p. 65

11. Jain PK, Ramachandran S and Verma SK (2007) Chromium(VI) induced 
mutagenesis in the cyanobacterium Nostoc calcicola. Inti. Sym. on Applied 
Phycology and Environmental Biotechnology, Oct 29-31, BITS-Pilani. p. 28

12. Ramachandran S, Jain PK and Verma SK (2006) Chromium(VI) induced damage to 
the cytoskeleton and mutagenesis in Nostoc calcicola, International Conference on 
Toxicology, Toxicogenomic and Occupational Health, STOX, Oct 9-11, School of 
Studies in Zoology, Jiwaji University, Gwalior, pp. 30-31

13. Ramachandran S, Jain PK and Verma SK (2006) Metal biosorption by silica gel 
immobilized Nostoc calcicola. All India Seminar on Advances in Botanical, 
Biotechnological and Microbiological Research in India (AISBBMR), M.N. Institute 
of Applied Sciences, University of Bikaner, Bikaner, Rajasthan, India, pp. 43

14. Jain PK, Ramachandran S and Verma SK (2006) Cytotoxic and genotoxic 
properties of chromium(vi) in the cyanobacterium Nostoc calcicola, International 
Conference on Applied Phycology-Algae in Biotechnology and Environment, Feb 
14-15, Department of Botany University of Delhi, pp. 258

15. Verma SK, Jain PK and Ramachandran S (2006) Biosorption technology for 
removal of Co2+, Cu2+, Zn2+ and Sr2* Proceedings of National Conference on 
Environmental Conservation, Sept 1-3, Birla Institute of Technology and Science, 
Pilani, pp. 543-550



Appendix II

Biography of Prof. Sanjay Kumar Verma

Prof. Sanjay Kumar Verma has obtained master’s degree in Genetics from Banaras Hindu 
University (BHU), Varanasi with specialization in cyanobacteria and applied phycology 

before completing Ph.D in the area of Environmental Biotechnology from the same 
university. He worked as post-doctoral research fellow at University of Hyderabad in the 
area of microbial and molecular genetics. Prof. Verma has handled several research projects 
related to bioremediation and biodegradation of toxic industrial waste, development of 
recombinant bacterial biosensors for environmental applications, funded by Bhabha Atomic 
Research Centre (BARC), University Grants Commission (UGC), Council of Scientific and 

Industrial Research (CSIR) and Department of Science & Technology (DST). Currently, he 
is working as Professor, Department of Biological sciences, Birla Institute of Technology & 

Science, Pilani. His major research interest lies in molecular biology and environmental 
biotechnology.

Biography of Mr. Pankaj Kumar Jain

Mr. Pankaj Kumar Jain completed M.Sc. Biotechnology from AAIDU, Allahabad and M.E. 

Biotechnology from Birla Institute of Technology and Science, Pilani. He has continued for 
Ph.D program of this institute from 2006-2010. He was a recipient of Council Scientific and 

Industrial Research (CSIR) senior research fellowship. Pankaj Kumar Jain has an active 

interest in environmental biotechnology, genomics and proteomics. He has also been 

involved in teaching various courses of Biological sciences group, BITS-Pilani. He has 
published research articles in renowned International journals and presented papers in 

various National and International conferences.



Appendix III

MTCC Certificate

MICROBIAL TYPE CULTURE COLLECTION & GENE BANK

mra MidIPraft TR2TH
$3?? 39 160036. »1Ra

INSTITUTE OF MICROBIAL TECHNOLOGY
(A CONSTITUENT ESTABLISHMENT OF CSIR) 

Sector 39-A. Chandigarh-160 036. INDIA

IMTECH

Dr. Suresh Korpole 
Scientist

Date: 20-10-09

To,
Dr. S.K. Verma
Centre for Biotechnology
Biological Sciences Group
Faculty Division III
Birla Institute of Technology and Sciences 
Pilani-333031
Rajasthan.

Dear Sir,

Please find enclosed herewith the results of identification of your strain. Based on 
biochemical and physiological characteristics the isolate was identical with the 
following strain:

SI. No. Strain designation Identity MTCC number*
1 PRS-3. Bacillus cereus MTCC 10207

A detailed list of results is annexed for your kind information. Your strain has also 
been deposited with the MTCC accession number given in the above table.

Thanking you for your interest in MTCC

Best regards

Yours Sincerely

(Df. Suresh Korpole)

Phones: +91-172-2690562, 2695215
STHH : 2695216,2695219

2695225, 2695226
2695227, 2690908

Fax : +91-172-2690632 E-mail: curator@imtech.res.in
: 2690585 Web: http://mtcc.imtech.res.in

Gram ar? : IMTECH



Appendix IV

Plasmid NCBI GenBank Submission
Nucleotide - Bacillus cereus plasmid pPRS3a, complete sequence
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961 aaggagctaa ccgctttttt gcacaacatg 

1021 gaaccggagc tgaatgaagc cataccaaac 
1081 atggcaacaa cgttgcgcaa actactaact 
1141 caattaatag actggatgga ggcggataaa 
1201 ccggctggct ggtttattgc tgataaatct 
1261 attgcagcac tggggccaga tggtaagccc 
1321 agtcaggcaa ctatggatga acgaaataga 
1381 aagcattggt aactgtcaga ccaagtttac 
1441 catttttaat ttaaaaggat ctaggtgaag 
1501 ccttaacgtg agttttcgtt ccactgagcg 
1561 tcttgagatc ctttttttct gcgcgtaatc 
1621 ccagcggtgg tttgtttgcc ggatcaagag 
1681 ttcagcagag cgcagatacc aaatactgtt 
1741 cttcaagaac tctgtagcac cgcctacata 
1801 tgctgccagt ggcgataagt cgtgtcttac 
1861 taaggcgcag cggtcgggct gaacgggggg 
1921 gacctacacc gaactgagat acctacagcg 
1981 agggagaaag gcggacaggt atccggtaag 
2041 ggagcttcca gggggaaacg cctggtatct 
2101 acttgagcgt cgatttttgt gatgctcgtc 
2161 caacgcggcc tttttacggt tcctggcctt 
2221 tgcgttatcc cctgattctg tggataaccg 
2281 tcgccgcagc cgaacgaccg agcgcagcga 
2341 aatacgcaaa ccgcctctcc ccgcgcgttg 
2401 gtttcccgac tggaaagcgg gcagtgagcg 
2461 ttaggcaccc caggctttac actttatgct 
2521 cggataacaa tttcacacag gaaacagcta 
2581 acatggctct gctgtagtga gtgggttgcg 
2641 ccctttctcg gtccttcaac gttcctgaca 
2701 atcaccgcga gtccctgctc gaacgctgcg 
2761 gcggcccgca acagcggcga gagcggagcc 
2821 tcgctgtcgc cggcctgctc ctcaagcacg 
2881 agcgcattga cggcgtcccc ggccgaaaaa 
2941 tcggccgttt ccatctgcgg tgcgcccggt 
3001 cggtaggcgg agcagcgcct gcctgaagct 
3061 gtcgtcgtcg gctctcggca ccgaatgcgt 
3121 tgcgtcgagc agcgcccgct tgttcctgaa 
3181 caaccgttcc gccagtttgc gtgtcgtcag 
3241 cagggcggca cggatcactg tattcggctg 
3301 gataaacata atatgtccac caacttatca 
3361 cagcggaggc tggtccggag gccagacgtg 
3421 aggtcgactc tagaggatcc ccgggtaccg 
3481 ctgttcaccg gggtggtgcc catcctgggt 
3541 gttcagcgtg tccggcgagg gcgagggcga 
3601 catctgcacc accggcaagc tgcccgtgcc 
3661 cggcgtgcag tgcttcagcc gctaccccga 
3721 cgccatgccc gaaggctacg tccaggagcg 
3781 caagacccgc gccgaggtga agttcgaggg 
3841 gggcatcgac ttcaaggagg acggcaacat 
3901 cagccacaac gtctatatca tggccgacaa 
3961 gatccgccac aacatcgagg acggcagcgt 
4021 ccccatcggc gacggccccg tgctgctgcc 
4081 cctgagcaaa gaccccaacg agaagcgcga

taccaacttg tctggtgtca aaaataatag 
tctcgcgcgt ttcggtgatg acggtgaaaa 
cacagcttgt ctgtaagcgg atgccgggag 
tgttggcggg tgtcggggct ggcttaacta 
gcaccatatg cggtgtgaaa taccgcacag 
gcctgaaagg gcctcgtgat acgcctattt 
tcttagacgt caggtggcac ttttcgggga 
ttctaaatac attcaaatat gtatccgctc 
taatattgaa aaaggaagag tatgagtatt 
tttgcggcat tttgccttcc tgtttttgct 
gctgaagatc agttgggtgc acgagtgggt 
atccttgaga gttttcgccc cgaagaacgt 
ctatgtggcg cggtattatc ccgtattgac 
cactattctc agaatgactt ggttgagtac 
ggcatgacag taagagaatt atgcagtgct 
aacttacttc tgacaacgat cggaggaccg 
ggggatcatg taactcgcct tgatcgttgg 
gacgagcgtg acaccacgat gcctgtagca 
ggcgaactac ttactctagc ttcccggcaa 
gttgcaggac cacttctgcg ctcggccctt 
ggagccggtg agcgtgggtc tcgcggtatc 
tcccgtatcg tagttatcta cacgacgggg 
cagatcgctg agataggtgc ctcactgatt 
tcatatatac tttagattga tttaaaactt 
atcctttttg ataatctcat gaccaaaatc 
tcagaccccg tagaaaagat caaaggatct 
tgctgcttgc aaacaaaaaa accaccgcta 
ctaccaactc tttttccgaa ggtaactggc 
acctctagtg tagccgtagt taggccacca 
cctcgctctg ctaatcctgt taccagtggc 
cgggttggac tcaagacgat agttaccgga 
ttcgtgcaca cagcccagct tggagcgaac 
tgagctatga gaaagcgcca cgcttcccga 
cggcagggtc ggaacaggag agcgcacgag 
ttatagtcct gtcgggtttc gccacctctg 
aggggggcgg agcctatgga aaaacgccag 
ttgctggcct tttgctcaca tgttctttcc 
tattaccgcc tttgagtgag ctgataccgc 
gtcagtgagc gaggaagcgg aagagcgccc 
gccgattcat taatgcagct ggcacgacag 
caacgcaatt aatgtgagtt agctcactca 
tccggctcgt atgttgtgtg gaattgtgag 
tgaccatgat tacgccaagc ttgcttgtct 
ctccggcagc gagctcctga tcaatcgtca 
acgagcctcc ttttcgccaa tccatcgaca 
tccggaccgg cttcgtcgaa ggcgtctatc 
tgttcaacgg tgccgccgcg ctcgccggca 
gccccaacag tgaagtagct gattgtcatc 
cccgtctcgc agaggaagcg aagctgcgcg 
cgcgtgccgg catggatgcg cgcgccatcg 
gcgggcattc ccgatcagaa atgagcgcca 
atgattctcc gccagcatgg cttcggccag 
gtgccagtaa agcgccggct gctgaacccc 
accgtctacg ccgacctcgt tcaacaggtc 
caactttgtc atgcttgaca ctttatcact 
gtgataaaga atccgcgcgt tcaatcggac 
aaacccaaca tacccctgat cgtaattctg 
gtcgccacca tggtgagcaa gggcgaggag 
cgagctggac ggcgacgtaa acggccacaa 
tgccacctac ggcaagctga ccctgaagtt 
ctggcccacc ctcgtgacca ccctgaccta 
ccacatgaag cagcacgact tcttcaagtc 
caccatcttc ttcaaggacg acggcaacta 
cgacaccctg gtgaaccgca tcgagctgaa 
cctggggcac aagctggagt acaactacaa 
gcagaagaac ggcatcaagg tgaacttcaa 
gcagctcgcc gaccactacc agcagaacac 
cgacaaccac tacctgagca cccagtccgc 
tcacatggtc ctgctg
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