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Summary 

    

 

          It is now widely regarded that the increase in resistance in Enterobacteriaceae is a serious 

threat to human health. Furthermore, these same isolates possess heavy metal and toxin- 

antitoxin genes which play a pivotal role in creating selective pressure for the maintenance of 

plasmids that also carry the antibiotic resistance mechanisms. Pseudomonas spp., Klebsiella 

pneumoniae, Escherichia coli and other Gram-negative bacteria, in many countries, express 

multi-drug resistant (MDR) and extensively drug resistant (XDR) phenotypes. The dissemination 

of resistance genes among Pseudomonas spp. and Enterobacteriaceae strains has escalated due to 

the increased presence of mobile genetic elements such as plasmids, transposons and integrons.  

                In this thesis, my work focuses on the phenotypic and molecular characterization of 

MBLs and ESBLs genes, in Pseudomonas and Enterobacteriaceae; and plasmid-mediated heavy 

metal and TA systems produced by Enterobacteriaceae.  

                The blaVIM-2 metallo-β-lactamase (MBL) gene has spread worldwide and is commonly 

present in class 1 integrons. Class 1 integrons, carrying blaVIM-2 and other cassette genes, are 

increasingly associated with certain transposons such as Tn402/Tn5090. A blaVIM-2 was identified 

from MDR P. aeruginosa 301-5473 and P. fluorescens 43-14926, and was located on an unusual 

class 1 integron embedded in a complete Tn402-like transposon. Complete sequences of this 

unusual class 1 integron lack the 3’CS qacE/sul1 gene fusion and instead possess a transposition 

module. P. aeruginosa 301-5473 revealed it to comprise blaOXA-2, aacA4, aadB, and qacG, while 

in P. fluorescens (43-14926) it showed an aacA5 gene.  

                The work in this thesis also set out to determine how stable blaNDM-1 plasmids are in 

Enterobacteriaceae, without selection, for an extended period of time. The S1 PFGE results 

showed that blaNDM-1 had a diverse plasmid size range (from <50 kb to >400 kb). Moreover 

blaNDM-1 is stable in most of the isolates. In K. pneumoniae strain, K15, the plasmid was not 

stable with respect to plasmid size. IncX, IncF, and IncA/C were common in all isolates. The 

blaNDM-1 positive plasmids were able to transconjugate to E. coli J53 from approx. 80% of the 

donor isolates. Furthermore, the immediate genetic structure surrounding blaNDM-1 plasmid was 

also studied and showed that the remnant of insertion sequence ISAba125 was present upstream 

of the blaNDM-1 gene and, similarly, the bleMBL gene was identified downstream of the blaNDM-1 

in most isolates. 
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                Heavy-metal resistance in Enterobacteriaceae isolates was studied. Three groups of the 

isolates; G1-NDM1 positive isolates [India and UK], G2- ESBLs positive isolates [India] and 

G3- susceptible/ sensitive isolates [UK] showed different degrees of resistance to copper, silver, 

mercury, and arsenic. Resistance to heavy metals occurred at a higher rate in NDM-1 positive 

strains (G1) than ESBL-positive strains (G2). The majority of the sequenced merA, arsA, silC 

and pcoA genes displayed (99.3%- 100%) nucleotide identity and (100%) protein identity to the 

same genes/proteins registered in the databases. The S1 digestion results showed that heavy 

metals genes are found both on plasmids and/or chromosomes. Most heavy metal resistance 

systems were found on plasmids and were transferred by conjugation.  

                The Enterobacteriaceae genome contains genes encoding toxin–antitoxin systems (TA 

systems). TA systems were identified in most of isolates. 86% of NDM-1 and CTX-M-15 

positive isolates showed the presence of eight T-AT systems (pemKI, ccdAB, relEB, vagCD, 

pndCA, parDE, hok/sok, and srnBC) in their genome. PemKI, ccdAB, relBE, vagCD and 

hok/sok were the most frequently represented systems. Indian isolates harbouring blaCTX-M-15 

have more T-AT systems than those possessing blaNDM-1. S1 results revealed that pemKI, vagCD, 

and hok/sok genes were located on high molecular weight plasmids ranging from 20 to 400kb in 

the UK isolates. However, ccdAB and srnBC were detected on plasmids ranging from 50 to 

150kb. Moreover, the relBE system was located on the chromosome. Conjugation experiment 

results showed that transmissible plasmids for TA systems were found in a number of the J53 

transconjugants.  

          The data from my thesis infers that the plasmids carrying blaNDM-1 are diverse and stable in 

Enterobacteriaceae. The same plasmids can carry both TA systems and heavy metal genes and 

suggest that the maintenance of plasmids carrying resistant genes may be maintained by factors 

other than antibiotics.   
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1. Introduction. 

    1.1 Enterobacteriaceae. 

          Bacteria are classified as Gram-positive or Gram-negative based on the structure of their 

cell wall (Figure 1.1). This can be determined by Gram staining. The main difference between 

them is that Gram-negative bacteria have two double layered membranes with a very thin 

peptidoglycan layer located between the membranes, whilst Gram-positive bacteria only have a 

single layered membrane and a thick, 20-80 nm, peptidoglycan layer facing outwards from the 

cell. The peptidoglycan layer of Gram-negatives is 7-8 nm. The Enterobacteriaceae is a family of 

Gram-negative bacteria classified within γ-proteobacteria. They include many species, but only a 

limited number are of clinical relevance. The most studied bacteria of clinical importance in this 

family are Escherichia coli, Klebsiella spp., Salmonella enterica, Shigella spp., Proteus spp., 

Enterobacter spp., Citrobacter spp., Morganella morganii and Yersinia spp. 

          Many Enterobacteriaceae are rod-shaped, 1-5μm in length, non-sporulating, facultative 

bacteria. They ferment sugars (e.g. glucose and lactose) to a variety of end products and reduce 

nitrate to nitrite; they produce catalase and are oxidase negative. All these conditions help 

identify them in the clinical microbiological laboratory. They are common colonizers of the 

gastrointestinal tract (GIT) and are important for the health of both humans and most animals as 

part of natural bacterial flora. Enterobacteriaceae are also widespread in the environment. 

However, they can also be pathogenic causing infections in the central nervous system, lower 

respiratory tract, bloodstream, gastrointestinal and urinary tracts. They have many features that 

aid their survival, the most common being endotoxins, capsules, antigenic phase variation, type 

III-secretion systems, sequestration of growth factors and resistance to serum killing (Murray et 

al., 2009). 
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Figure 1.1 Differences in the cell wall configuration between Gram-positive 

and Gram-negative bacteria. Adapted from 

http://www.ppdictionary.com/bacteria/gpbac/bacteria_comparison.jpg 
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1.2 Antibiotics. 

      1.2.1 Definition of antibiotics. 

                The term antibiotic refers to a substance produced by microorganisms that inhibits or 

kills other microorganisms (Harremoës et al., 2001). Today, it is widely used and accepted to 

include synthetic substances that inhibit or kill microorganisms as well as naturally occurring 

compounds. Antibiotics are classified as bactericidal, exemplified by penicillin, or bacteriostatic, 

for example, chloramphenicol. Bactericidal antibiotics cause bacterial cell death, whilst 

bacteriostatic antibiotics prevent the bacteria from growing (Walsh 2010). Antibiotics can be 

classified according to their various mechanisms of action (Table 1.1)  such as  (1) interference 

with cell wall synthesis, (2) inhibition of protein synthesis, (3) interference with nucleic acid 

synthesis, (4) inhibition of  metabolic pathways, and (5) disruption of bacterial membrane 

structure (Figure 1.2) (Levy and Marshall 2004; Tenover 2006). 
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Table 1.1 Mechanisms of action of antibiotics. 

Mechanism of action Antimicrobial agent(s) 

1. Interference with cell wall synthesis β- Lactams: penicillins, cephalosporins, 

carbapenems, monobactams. 

Glycopeptides: vancomycin, teicoplanin 

2. Inhibition of protein synthesis: Macrolides, chloramphenicol, 

clindamycin, quinopristin-dalfopristin, 

linezolid 

Aminoglycosides, tetracyclines 

3. Interference with nucleic acid 

synthesis 

-Inhibition of DNA synthesis 

-Inhibition of RNA synthesis 

Fluoroquinolones, rifampicin 

4. Inhibition of a metabolic pathway Sulfonamides, folic acid analogous 

5. Disruption of bacterial membrane 

structure 

Polymyxins, daptomycin 
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Figure 1.2 Mechanisms of antibiotics action. Adapted from 

http://commons.wikimedia.org/wiki/file%3Antibiotics_Mechanisms_of_action

.png 
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1.2.2 The emergence of antibiotics.   

          Antibiotics were introduced into medication well over 70 years ago, considerably 

changing life expectancy from certain diseases (Lesche, 2007). Antibiotics have enabled the 

successful treatment of life-threatening contagions and enabled safe surgeries, previously 

thought to be untreatable due to the high hazards of infection. The first antibiotic, Salvarsan, was 

used to treat syphilis in 1910 (Harremoës et al., 2001). The use of antibiotics expanded in the 

1930’s with the discovery of sulphonamide, a synthetic antibiotic with broad antibiotic activity 

against Gram-positive bacteria, but with no effect on Enterobacteriaceae (Lesche 2007). In 1928, 

Alexander Fleming discovered penicillin and, after purification and mass production in 1941, it 

was used to treat numerous bacterial infections (Quirke 2001). Despite penicillin’s early 

discovery, it was not commercially available for clinical use until the early 1940s owing to 

difficulties in its purification and production (Quirke 2001; Harremoës et al., 2001). In the 

following years, with the discovery of numerous new antibiotics, their use rose exponentially and 

several new classes of both synthetic and naturally-occurring antibiotics were discovered, 

including aminoglycosides in 1943 and tetracycline in 1955. By the end of the 1960’s, 

companies also began modifying the molecular structure of existing antibiotics to overcome 

bacterial resistance mechanisms and improve solubility etc. (Projan and Shlaes 2004). It was not 

until the late 1990s and early 2000s that further new classes of antibiotic, such as daptomycin, 

tigecycline and linezolid, were discovered and made available for clinical use. With the 

unregulated availability of antibiotics, resistance was an inevitable outcome. Now, it is estimated 

that more than 70% of the bacteria that cause hospital-acquired infections are resistant to at least 

one of the antibiotics which are used to treat them. Antibiotic resistance continues to expand for 

many reasons, including extensive use of broad-spectrum antibiotics in hospitalized patients and 

in the community, use of antibiotics in animals as growth enhancers, increased international 

travel, poor hospital sanitation and abuse of antibiotics in both poor and wealthy countries (Kapil 

2005; Piéboji et al., 2004). 
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1.2.3. Antibiotic resistance. 

          Antibiotic resistance is defined as “the ability of a microorganism to resist antibiotic stress 

and survive” (Walsh 2000). In contrast, the susceptible bacteria would be eliminated. Over the 

last 75 years, the continued use of antibiotics has led to bacteria procuring and expressing 

various resistance mechanisms mediating resistance to one or more drugs: i.e. multidrug 

resistance,( MDR) (Giedraitienė et al., 2011) or, where only one or two classes are left, extensive 

drug resistance ( XDR). MDR/XDR has  appeared in P. aeruginosa, Acinetobacter baumannii, 

E. coli, and K. pneumoniae, producing extended-spectrum β-lactamases (ESBL), vancomycin-

resistant enterococci, Enterococcus faecium (VRE), MRSA, vancomycin-resistant 

Staphylococcus aureus VRSA, XDR- Mycobacterium tuberculosis (Alekshun and Levy 2007) 

Salmonella enterica serovar typhimurium, Shigella dysenteriae, Stenotrophomonas, and 

Burkholderia (Džidic et al., 2008). 

          Antibiotic resistance mechanisms are either intrinsically mediated or acquired. The 

intrinsic resistance mechanism refers to the existence of chromosomal resistance genes or 

mutations in other genes/adjacent DNA altering their expression (Davies and Davies 2010); for 

example, Mycoplasma intrinsically shows resistance to β-lactams and other cell-wall targeting 

antibiotics due to an alternate cell wall (Allen et al., 2010). In contrast, acquired resistance 

mechanisms are gained by bacteria through horizontal gene transfer (HGT) mechanisms (Sykes 

2010; Rowe-Magnus et al., 1999); for example, many β-lactamase genes are acquired by bacteria 

through mobile genetic elements (MGEs) such as plasmids (Jeong et al., 2003; Toleman et al., 

2004), transposons (Toleman et al., 2003) and insertion sequence common region (ISCR) 

elements (Toleman et al., 2006). A more detailed description of HGT will be discussed later. In 

principle, a bacterial cell can become resistant to any antibiotic by three mechanisms: a) 

enzymatic inactivation or modification of the drug; b) reduced drug accumulation at the active 

site by decreased  cell permeability and/or increased efflux from the cell surface; or  c) alteration 

or modification of its targets (Figure 1.3) (Kunz and Brook 2010).  A brief overview of the 

different mechanisms will be given below to focus on resistance to β-lactams. A more detailed 

characterization of β-lactamases will be discussed later. 
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1.2.4. Mechanisms of antibiotic resistance. 

  1.2.4.1. Reduced permeability and active efflux. 

          In many Gram-negative bacteria, outer membranes (OM) have protein channels, formed 

by porin proteins, to allow molecules to pass through the OM and enter the cell (Nikaido 2003). 

These molecules include nutrients as well as antibiotics such as β-lactams or fluoroquinolones. 

These proteins form channels that traverse the OM and end in the periplasm. In order to prevent 

the entry of antibiotics, bacteria can reduce the access of antibiotics (also called flux) by 

changing the OM. Gram-negative bacteria like K. pneumoniae, P. aeruginosa, and A. baumannii 

show resistance to antibiotics like β-lactams by altering the porins or by down- regulating 

expression of the porins (Hancock 1998). As an example, a combination of deletion of OM 

porins, with the increased expression of plasmid-mediated AmpC β-lactamases, in K. 

pneumoniae can confer resistance to imipenem (Cao et al., 2000). Many studies have shown that 

the combined presence of ESBLs and altered OM can mediate carbapenem resistance in A. 

baumannii, P. aeruginosa and other Gram-negative bacteria (Li and Nikaido 2009). 

          Efflux pump systems were discovered in the 1970s in E. coli and conferred resistance to 

tetracycline (Ball et al., 1980). To date, five major efflux pump families have been reported: 

ABC (ATP-binding cassette) superfamily, SMR (small multi-drug resistance), RND (resistance-

nodulation division), MFS (major facilitator superfamily), and MATE (multidrug and toxin 

extrusion) superfamilies (Li and Nikaido, 2009). P. aeruginosa harbours several efflux pumps, 

including MexAB-OprM, MexCDOprJ and MexXY-OprM, with different spectra of substrate 

profiles that include various groups of antibiotics including β-lactams (Masuda et al., 2000). 

Exopolysaccharides (EPS) are responsible for expelling antibiotics from bacterial cells (Kumar 

and Schweizer 2005). EPS play an important role in the physiology and homeostasis of bacteria 

(Mirelman et al., 1974). Furthermore, EPS are useful tools for the cell to remove other molecules 

like heavy metals, dyes or detergents (Livermore 1995). While diverse mechanisms account for 

different resistance forms, the over-expression of efflux pumps extruding antibiotics is a major 

resistance mechanism for clinical isolates (Majiduddin et al., 2002). 
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  1.2.4.2. Enzymatic inactivation or modification of antibiotics. 

          The enzymatic inactivation or modification of the drug is the most common mechanism of 

antibiotic resistance in many bacteria. The genes that encode these enzymes are often associated 

with MGEs such as plasmids, transposons or integrons (Azucena and Mobashery 2001). Most of 

the antibiotics are characterized by ester or amide bonds, which are hydrolytically susceptible, 

targeted by certain bacterial enzymes (e.g. β- lactamases) which make them inactive (Wright 

2005). 

  1.2.4.3. Target alteration. 

          Bacteria can alter the targets of antibiotics which structurally reduce the affinity for 

antibiotics; for instance, modification of penicillin binding proteins (PBPs,) the important targets 

for β-lactams, reduces their affinity for β-lactams (Macheboeuf et al., 2006). Resistance to 

quinolones is caused by chromosomal mutation encoding substitutions in the DNA gyrase or 

topoisomerase IV (Patzer et al., 2004; Sharma and Mohan, 2006). 
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Figure 1.3 Mechanisms of antibiotic resistance. Adapted from 

http://www.scq.ubc.ca/wp-content/uploads/2006/08/antibiotresist.gif 
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1.3. β-Lactam antibiotics. 

          Since the discovery of penicillin, β-lactams have been the most significant antibiotic group 

for the past 70 years and are used to treat infections caused by both Gram-negative and Gram-

positive bacteria (Siu 2002). β- Lactams can be classified into four main groups based on the 

structure and discovery; penicillins, cephalosporins, carbapenems, and monobactams. The four 

different classes of β-lactam antibiotics are described briefly below. 

   1.3.1 Penicillins. 

          Penicillins have low toxicity and mostly show high activity against Gram-positive 

bacteria. Resistance to penicillin, such as that shown by S. aureus and Enterobacteriaceae, can 

occur via several mechanisms, including the production of the enzyme β-lactamase (Waksman 

and Flynn 1973; Walsh 2000). Overall, the basic structure of penicillins includes a thiazolidine 

nucleus attached to the β-lactam ring and a side chain at the C6 position (Hodgkin 1949). The 

side chain represents different groups of penicillins: penicillin G (group 1), penicillin M (group 

2), penicillin A (group 3), 6-α-substituted penicillins (group 4), α-carboxy- and α-sulfopenicillins 

(group 5), amidinipenicillins (group 6), and oxyimino penicillins (group 7) (Saradhi 2012). 

  1.3.2. Cephalosporins 

          The first cephalosporin was discovered from a fungal culture of Cephalosporium 

acremonium in 1945, now renamed Acremonium chysogenum, and was discovered by a 

Sardinian public health official, Brotzu. He found that it had an antimicrobial effect on S. typhi, 

the cause of typhoid fever (Campos et al. 2007). Cephalosporins are used to treat bacterial 

infections caused by both Gram-negative and Gram- positive bacteria. The cephalosporin’s core 

structure has the β-lactam ring fused to a six-membered dihydrothiazine ring, with a sulphur 

atom at position 1 (Bryskier 1997). Cephalosporins are catagorized by their antimicrobial 

activity and historical development into four generations (Essack 2001). The 1st generation 

cephalosporins (e.g. cefazolin, cephaloridine, and cephalothin) have better activity against Gram-

positive than Gram- negative bacteria. 2nd generation cephalosporins (e.g. cefoxitin, and 

cefuroxime) have increased Gram-negative activity while retaining some Gram- positive activity 

and are more resistant to β-lactamases. The 3rd generations (e.g. ceftazidime, cefotaxime, and 

cefixime), with some exceptions, have a better Gram negative activity to Enterobacteriaceae with 



 

13 

 

less Gram-positive activity. The 4th generation (e.g. cefepime, cefpirome, and cefozopran) show 

high activities to both Gram-positive and Gram-negative bacteria and also are more stable 

against β-lactamases (Bryskier 1997). The cephamycins are structurally similar to 

cephalosporins, but the cephalosporin nucleus is fused with a 7-alpha-methoxyl group. The other 

group gives high-level resistance to class A β-lactamases (Essack 2001). The first semi synthetic 

cephamycin was cefoxitin. 

 1.3.3. Carbapenems 

          The first carbapenem was thienamycin, isolated from a culture of Streptomyces cattleya 

(Weaver et al., 1979). Carbapenems foster less resistance than other β-lactams because of their 

stability against hydrolysis by many β-lactamases, including AmpC enzymes and ESBLs 

(Bassetti et al., 2013). Imipenem (N-formimidoyl thienamycin) is a chemically stable compound 

compared to thienamycin and was the first carbapenem approved for clinical use (Hellinger and 

Brewer 1999). Meropenem has one of the largest ranges of antimicrobial activity available 

(Pfaller and Jones 1997) and, due to its stability against most β-lactamases, is often used against 

many MDR/XDR life threatening infections in infants and adults (Cohen-Wolkowiez et al., 

2012). Other carbapenems approved for clinical use include ertapenem and doripenem (Nicolau 

2008; Paterson and Depestel 2009). 

 1.3.4. Monobactams. 

          Monobactams are β-lactam compounds where the β-lactam ring is a single cyclic structure 

and not fused to another ring. They are active only against Gram-negative bacteria.          

          SQ-26180 was the first monocyclic β-lactam derived naturally from Chromobacterium 

violaceum (Sykes et al., 1981) and was subsequently developed in 1985 after demethoxylation at 

the C3 position and substitution with a 2-amino-5 thiazolyloxime moiety into aztreonam (Sykes 

and Bonner 1985). Aztreonam is the only monobactam in clinical use and displays high activity 

against Enterobacteriaceae and good efficacy against P. aeruginosa (Sykes et al., 1988).  

         BAL30072 (SFM) is a new monocyclic β-lactam antibiotic with potent antimicrobial 

activity against a broad range of Gram-negative bacteria. It is a siderophore-monobactam with 

potent in vitro activity against MDR Gram-negative bacilli, representing a likely choice in 

treating carbapenem-resistant pathogens (Page et al., 2010). An overview of the antibiotics 

spectrum of β-lactams is presented in Table 1.2. 
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Table 1.2 Classes of β-lactams and the antibacterial spectrum  

Chemical class 

 
Examples 

Spectrum of activity 

Gram- negative Gram-positive 

Beta-lactams 

(penicillins) 

Penicillin-G 

Penicillin-M 
- + 

Semi-synthetic β- 

Lactams 

Amoxicillin, 

Ampicillin 

+ + 

Beta-lactams 

(Cephalosporins) 

 

 

 

 

1st generation 

Cephalothin, 

Cefazolin 

± + 

2nd generation 

Cefoxitin, 

Cefuroxime 

+ ± 

3rd generation 

Ceftazidime 

Cefotaxim 

+ ± 

4th generation 

Cefepime, 

Cefpirome 

+ + 

Penems 
Carbapenems 

Imipenem, 

Meropenem 

+ + 

Monobactams 
Aztreonam 

 
+ + 

+: good activity; ±: reduced activity. 
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1.4. β-lactamases 

          Hydrolysis of β-lactam antibiotics by β-lactamases is the most common resistance 

mechanism in clinically important Gram-negative bacteria (Bush and Jacoby 2010). The term β-

lactamases refers to an enzyme inactivating the β-lactam by hydrolyzing the amide bond of its β-

lactam ring (Siu 2002). They were first identified in E. coli before use of penicillin treatment 

(Spink and Ferris 1947). Now, there are more than 500 β-lactamases documented 

(www.lahey.org/studies.webt.htm). The substrate and inhibition profiles vary between different 

types of β-lactamases (Bush 2010). The spread of β-lactamases is often associated with plasmid 

encoded ESBLs, mainly CTX–M, K. pneumoniae carbapenemase (KPC) and MBLs (VIM, IMP 

and NDM-1) (Pitout 2010). In Gram- negative bacteria, β-lactamases usually accumulate in the 

periplasm where they hydrolyze the antibiotic. However, in Gram–positive bacteria β-lactamases 

are released into the surrounding environment as exo-enzymes to hydrolyze the drug ̒ ̒ outside the 

cell” (Ghuysen 1991).  

 1.4.1 Classification of β-lactamases  

          β- Lactamases have been classified either on their functional characteristics (Bush et al., 

1995) or their primary structure based on amino acid similarities (Ambler 1980). The simplest 

classification is the Ambler molecular scheme where β-lactamases are divided into four 

molecular classes (A, B, C, and D) based on amino acid active motifs (Ambler et al., 1991; 

Jaurin and Grundstrom, 1981). β- Lactamases can be grouped structurally into two super 

families: serine β-lactamases (classes A, C, and D) and metallo-β-lactamases (class B). Classes 

A, C, and D include enzymes that hydrolyze their substrates by forming an acyl enzyme through 

an active site serine residue, whereas class B β -lactamases are metallo-enzymes that use at least 

one zinc ion in their active site to co- ordinate polarized water molecules responsible for the β-

Lactam hydrolysis (Bush and Jacoby 2010). 

                The Bush and Jacoby classification scheme of β-lactamases is based on 

substrate/inhibitor specificity (functional classification) (Bush et al., 1995) and has been further 

updated to accommodate newly discovered β-lactamases (Bush and Jacoby 2010). 
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1.4.1.1 Class A β-lactamases (Extended spectrum β-lactamases (ESBLs). 

          Class A β-lactamases are the largest group of β-lactamases and are generally inhibited by 

serine β-lactamase inhibitors such as clavulanic acid, sulbactam and tazobactam (Paterson 2006). 

This class includes TEM, SHV and CTX-M-type groups and are mainly associated with ESBLs 

(Jacoby and Munoz-Price 2005; Walther-Rasmussen and Høiby 2007). The first CTX-M was 

discovered in 1989 and over 120 CTX-M types have been detected to date. CTX-M-14 and 

CTXM-15 are the most important genotypes worldwide. Disseminating CTX-M types are often 

associated with insertion sequence common regions (ISCRs). CTX-M-15 has become the most 

widespread ESBL globally (Coque et al., 2008). Class A enzymes can be chromosome and/ or 

plasmid mediated. KPC is the most clinically important of the Class A types as these enzymes 

are located on transmissible plasmids and confer resistance to all β-lactams (Yigit et al., 2001).  

KPC can be transmitted from Klebsiella to other genera including E. coli, P. aeruginosa, 

Citrobacter, Salmonella, Serratia, and Enterobacter spp (Marchaim et al., 2008). 

1.4.1.2. Class C B-lactamases. 

          Class C β-lactamases can be encoded on chromosomes of many Gram- negative bacteria 

(Jacoby 2009), the paradigm being AmpC. AmpC enzyme has been described in many Gram-

negative including C. freundii, Enterobacter spp., E. coli, M. morgannii, P. rettgeri, Providencia 

stuartii, P. aeruginosa, and S. marcescens (Philippon et al., 2002). They are more active against 

cephalosporins than penicillins and are usually resistant to inhibition by clavulanic acid and 

active against cephamycins such as cefoxitin (Bush and Jacoby 2010). When over- expressed, 

class C enzymes can, together with decreased OM flux, assist with resistance to carbapenems, 

especially ertapenem (Quale et al., 2006). Plasmid-mediated class C enzymes include CMY, 

ACT, DHA, FOX, and MIR of which the most common is CMY-2 (Jacoby 2009).   

1.4.1.3. Class D β-lactamases. 

          Class D β–lactamases are termed oxacillinase or OXA- type β-l-lactamases (OXAs) 

because of their ability to hydrolyze oxacillin (Poirel et al., 2010b). These enzymes also 

hydrolyze cloxacillin, cephalosporins and some carbapenems. OXA enzymes are usually not 

affected by β-lactamase inhibitors but may be inhibited in vitro by sodium chloride (Poirel et al., 

2010a). OXA genes are embedded into class 1 integrons and recent studies have shown that 

other MGEs, including insertion sequences (IS) and transposons (Tn), are associated with OXA 
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genes. The OXA group demonstrating carbapenemase activity is divided to five subfamilies: 

OXA-23, OXA-24/OXA40, OXA-48/181, OXA-58 and OXA-51. The first four groups are 

carried on transmissible plasmids, while the last group, OXA-51, is chromosomally located and 

intrinsic in A. baumannii species. OXA48/181 is specific to Enterobacteriaceae and is a growing 

problem in North Africa, Turkey and Greece (Poirel and Nordmann 2006). 

1.4.1.4. Class B β-lactamases. 

          Class B β-lactamases are known as MBLs, which are named for their dependence upon 

zinc for efficient hydrolysis of β-lactams. The first MBL enzyme detected was in 1966 in 

Bacillus cereus and then in Stenotrophomonas in the 1980s (Queenan and Bush 2007). Initially, 

MBLs were discovered in environmental and opportunistic Gram- negative bacteria; however, 

about three decades later, MBLs were identified in clinically important pathogenic bacteria 

(Cornaglia et al., 2011).  Chromosomally encoded MBLs include B. cereus (BcII) (Lim et al., 

1988), Bacteroides fragilis (CcrA) (Rasmussen et al., 1990), Chryseobacterium 

meningosepticum (BlaBs) (Bellais et al., 2002), Flavobacterium johnsoniae (JOHN-1) (Naas et 

al., 2003), Aeromonas hydrophila (CphA) (Massidda et al., 1991), A. veronii (ImiS and AsbM1) 

(Yang and Bush 1996), S. maltophilia (L1) (Ullah et al.,1998), Legionella gormannii (FEZ-1) 

(Boschi et al., 2000), and Caulobacter crescentus (Mbl1b and CAU-1) (Simm et al., 2001). 

MBLs have been subdivided based either on structure (subclasses B1, B2, and B3) or function 

(subgroups 3a, 3b, and 3c) (Bush and Jacoby 2010). A class B1 and B3 have two zinc ions in 

their active sites and class B2 has only one zinc ion. IMP, VIM, GIM, SPM-1 and NDM-1 

belong to MBL class B1.  MBL genes can be located on plasmids and/ or chromosomes and 

many are associated with integrons and/ or transposons such as Tn402 (Marchiaro et al., 2010; 

Borgianni et al., 2011; Santos et al., 2010). 

          The most common types of acquired MBLs identified in Enterobacteriaceae include the 

IMP and VIM groups, together with the emerging NDM group, where the group KHM-1 is rare 

(Walsh et al., 2005). Generally, the level of carbapenem resistance observed for MBL-producing 

strains varies and attributed mortality, associated with MBL production, ranges from 18% to 

67% (Daikos et al., 2009). 

          The first MBL, IMP-1, was described in Japan in 1991 from a S. marcescens isolate 

(Watanabe et al., 1991).                 
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           Perhaps the most noteworthy is the New Delhi metallo-β-lactamase 1 (NDM-1), first 

identified from patients hospitalized in India, and now reported worldwide. The Indian 

subcontinent is clearly the main reservoir of NDM-1 producers (Khan and Nordmann 2012). The 

blaNDM-1 is not associated with a single species or with a specific plasmid backbone, but has been 

identified harboured on different plasmid types from unrelated Gram- negative bacteria (Poirel et 

al. 2011). Plasmids carrying the blaNDM-1 gene are diverse in size, incompatibility groups and 

associated resistance genes. The NDM-1 gene is located on a mobile genetic element and the 

pattern of spread appears to be more complex (Yong et al., 2009; CDC 2010). Many studies have 

reported that blaNDM-1 positive isolates are mostly nosocomial K. pneumoniae isolates, but the 

blaNDM-1 gene has also been identified in community-acquired E. coli (Nordmann et al., 2012). 

Furthermore, NDM-1- producing strains have been found in the environment, e.g. from tap water 

from New Delhi, in many diverse Gram- negative species including environmental bacteria such 

as Vibrio cholera (Walsh et al., 2011). Currently, eight variants of NDM enzyme have been 

identified. Most NDM-producing strains described are enterobacterial species and P. aeruginosa 

(Khajuria et al., 2013; Jovcic et al., 2011). The NDM-2 variant has been identified in A. 

baumannii (Kaase et al., 2011), the NDM-3-producing E. coli strain is from Australia, the NDM-

4-producing E. coli strain from India the NDM-5-producing E. coli strain from the United 

Kingdom, the NDM-6-producing E. coli strain from New Zealand, the NDM-7-producing E. coli 

strain from Canada and the NDM-8 producing E. coli strain from Nepal  (Tada et al., 2013). 

1.5. Epidemiology of NDM-1           

          NDM-1 is the most prevalent recently detected transferable class B β- lactamase. It was 

first described in 2008 in K. pneumoniae and E. coli isolated in Sweden from an Indian patient c 

hospitalized in New Delhi, India (Yong et al., 2009). He was originally from India but, having 

lived in Sweden for many years, returned to India. The NDM-1 gene can hydrolyze all 

penicillins, cephalosporins and carbapenems, but not aztreonam (Kumarasamy et al., 2010). 

Most NDM- positive bacteria are mainly resistant to other antibiotic classes and carry many 

other resistance mechanisms (e.g. to aminoglycosides and fluoroquinolones) (Muir and 

Weinbren 2010). NDM-1 was found in many isolates, mostly K. pneumoniae and E. coli, 

collected in the UK, India, Pakistan and Bangladesh in 2009, indicating that it had been well 

established before first discovery (Kumarasamy et al., 2010). Reports from India show 

significant local prevalence (Castanheira et al., 2011; Roy et al., 2011). A hospital in Varanasi 

(North) identified an NDM-1 prevalence rate of 6.9% among 780 successive isolates taken from 
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outpatients and hospitalized patients between February 2010 and July 2010 (Seema et al., 2011), 

showing remarkably similar rates to NDM-carrying Enterobacteriaceae  isolated from an 

important hospital in Mumbai (Desphande et al., 2010a; Desphande et al., 2010b). 18.5% of 

outpatients in Rawalpindi, Pakistan carried NDM-1 positive bacteria as part of their normal gut 

flora (Perry et al., 2011). These and other studies, point to widespread occurrence on the Indian 

subcontinent (Castanheira et al., 2011). Since mid-August 2010, NDM-1-producing bacteria 

have been reported internationally, except in Central and South America (Nordmann et al., 

2011a) 

          Currently, results suggest that the Balkan states and the Middle East might act as 

secondary reservoirs for the spread of the blaNDM-1 gene (Nordmann et al., 2011b). 

Enterobacteriaceae, harbouring the NDM-1 gene, have been recovered from many clinical 

settings including UTI, septicaemia, pulmonary infections, peritonitis, and soft tissue infections 

(Nordmann et al., 2011; Kumarasamy et al., 2010). NDM-1-producing bacteria have been 

recovered from the intestinal flora of travellers returning from India and undergoing 

microbiological examination for unrelated diarrheal symptoms (Leverstein-Van et al., 2010). 

This is in keeping with observed environmental pollution by NDM-1-producing bacteria in New 

Delhi (Walsh et al., 2011). This distribution suggests the association of the blaNDM-1 gene with 

promiscuous plasmids. NDM-1 was found in a widespread diversity of Gram-negative species 

including Enterobacteriaceae, Pseudomonas spp., Stenotrophomonas spp., Aeromonas spp. and 

V. cholera, isolated in New Delhi from sewage and tap water samples (Walsh et al., 2011).  

1.6. Mobile genetic elements (MGEs).    

          The first MGEs discovered in bacteria were phages (Duckworth 1976) and plasmids 

(Lederberg 1952). The diversity of MGEs has been described to include plasmids, 

bacteriophages, genomic islands (GIs), integrative and conjugative elements (ICEs), insertion 

sequences (ISs), transposons (Tns) and integrons. The basis for this classification was that these 

elements share similar characteristics, such as the excision by site-specific recombination, 

transfer by conjugation and integration by recombination between a specific site of elements and 

a site in the host’s genome (Aminov 2011). MGEs’ sizes vary from small IS elements (usually 

700 to 2,500 bp) (Mahillon and Chandler 1998) to large mega-plasmids of Sinorhizobium 

meliloti (1.35 and 1.68 Mb) (Barnett et al, 2001; Capela et al., 2001). The majority of self-

transmissible genetic elements have sufficient capacity to carry multiple genes, including those 
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encoding for antibiotic, heavy metal and biocide resistances, metabolism of various substrates 

and other auxiliary functions (Wiedenbeck and Cohan, 2011). 

 1.6.1 Plasmids. 

          Plasmids are double stranded, circular or linear, extra-chromosomal DNA self-replicating 

genetic elements. Plasmids were first defined in 1952 by Lederberg, who used the term to 

describe extra-chromosomal genetic determinants (Lederberg 1952). Plasmids do not carry 

essential genes for the growth of host cells under non stressed conditions (Carattoli 2011) but, 

under certain conditions, may confer a selective benefit. This might include enzymes for 

utilization of unusual carbon sources (Zhang et al., 2011), resistance to antimicrobials such as 

heavy metals (Silver and Misra 1988), antibiotics (Bennett 2008; Schwarz et al., 2001) and 

production of toxins and other proteins that allow the successful infection of the bacterial cell 

(Sengupta and Austin 2011). 

          Plasmids scaffolds are scattered with MGEs (i.e. integrons and transposons) that can move 

genes around within the plasmid as well as between chromosome and plasmid/s. Plasmids 

contain genes that are beneficial for the survival of bacteria e.g. virulence genes. Plasmids have 

also developed ways to protect their persistence in bacterial cells, e.g. through toxin-antitoxin 

systems. Such systems act by removing cells that have lost the plasmids after cell division. 

Furthermore, to ensure their longevity and stability, many plasmids have toxin-antitoxin (TA) 

systems (see later) that can kill or destroy bacteria that have not inherited plasmids (Bennett 

2008). 

          Plasmids are usually classified by incompatibility (Inc) groups, defined as the inability of 

two plasmids to be propagated simultaneously in the same cell (Holt et al., 2007). 

Incompatibility groups have been proposed by genetic relatedness and pilus structure: the IncF 

group (IncF, IncS, IncC, IncD, IncJ), the IncP group (IncP, IncU, IncM, IncW), the Ti plasmids 

group (IncX, IncH, IncN, IncT) and the IncI group (IncI, IncB and IncK) (Hawkey and Jones 

2009). In 2004 and 2009, a new classification of plasmids based on plasmid mobility (MOB 

classification) was proposed (Garcill´an-Barcia et al., 2011). Genetic organization of plasmids 

usually entails a specific structure facilitating stability; transfer and replication (Figure 1.4). 

Together, these modules constitute the plasmid’s backbone (Garcill´an-Barcia et al., 2011). 
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1.6.2. Transposons. 

          Transposons were discovered by Barbara McClintock in 1948, when she worked with 

maize in the U.S.A. A transposon (also called a jumping gene) is a DNA sequence that can move 

from one area of DNA to another or between genetic structures by a process called transposition. 

Transposition is an extremely important mechanism for the natural transfer of antibiotic 

resistance genes from one DNA structure to another (Greenwood et al., 2006). Transposons are 

classified into two classes based on their mechanism of transposition: 1) Class I, Retro 

transposons (work by copying themselves and pasting copies back into the genome in multiple 

places) and 2) Class II, DNA transposons (work by cutting and pasting using transposase enzyme 

such as Tn7). The typical class 1 integron is found embedded in transposons such as 

Tn402/Tn5090, Tn6007, Tn21 and Tn1696, or defective transposon derivatives (Toleman et al., 

2005; Siarkou et al., 2009; Nagy & Chandler 2004). Non-integron transposons include Tn3, that 

has a short inverted-repeat sequence (IR) (often 38 bp) at each end, transposition genes, tnpA 

(transposase), and tnpR (resolvase) with a short direct repeat at either end of the transposon (5 

bp) (Greenwood et al., 2006).  The complex transposon structure consists of two copies of an 

insertion sequence (IS) on either side of a resistance gene(s) such as Tn10. The Tn402/Tn5090 

family of transposons has four transposition genes (tniA, tniB, tniQ, and tniR) also called  the 

tniC module; a resolution site (res site) that is located between tniR and tniQ and two inverted 

repeats, IRi and IRt, that are found at the ends of the transposon. The Tn402/Tn5090 that lacks 

the IRt end (at 3`-CS) appears to be a non-mobile remnant of Tn402-like transposon (Toleman et 

al., 2004). 

1.6.3. Integrons. 

          Integron was defined by Hall and Collis as a genetic element capable of capturing, 

integrating and expressing gene cassette coding proteins related to antibiotic resistance (Hall and 

Collis 1995). Integrons contain the integrase gene (intI), attachment site (attI) and promoter (P) 

(Figure 1.5) (Stalder et al., 2012).              

          All classes of integron contain two conserved segments (5’CS) and (3’CS), the integrase 

gene and the cassette integration site (Mirnejad et al., 2013). To date, several classes of integron 

have been described (Peymani et al., 2012). Class 1 integrons are the most common and widely 

distributed among Gram-negative bacteria and are associated with functional and non-functional 

transposons derived from Tn402, which can be further embedded in larger transposons such as 
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Tn21. Class 1 integron is composed of the 3’conserved sequence area (3’CS) and includes two 

open reading frames (ORFs), the qacEΔ1 gene, which confers resistance to quaternary 

ammonium compounds, and the sul1 gene which confers resistance to sulphonamides. Class 2 

integrons are found in transposon Tn7 derivatives.  The integrase gene of class 2 integron is 

intI2. Its 3’ CS has five tns genes that are responsible for the mobility of transposons. Class 3 

Integrons also have been reported, but the 3’ CS is still not well described (Mirnejad et al., 

2013). Class 3 integrons (Arakawa et al., 1995) are also thought to be located in a transposon 

(Collis et al., 2002) and are less prevalent than class 2. The class 4 integron is embedded in a 

subset of the integrative and conjugative element SXT found in V. cholerae (Hochhut et al., 

2001). Class 5 integrons are located in a compound transposon carried on the pRSV1 plasmid of 

Alivibrio salmonicida (Sorum et al., 1992). 
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Figure 1.4 Schematic view of plasmid modular. 
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  1.6.4. Insertion sequences (IS). 

          Insertion sequence is one of the important elements responsible for mobilizing genes.  IS 

elements are short sequences (~700-2500 bp), flanked by inverted repeat sequences, which only 

encode genes involved in transposition. These structures can be inserted or excised by 

transposases (Murray et al., 2009).  Many IS elements are found as part of compound 

transposons, or associated with class 1 integron, either localized on plasmids and/or 

chromosomes. Two IS elements surrounding a sequence (e.g. an antibiotic resistance gene) 

include a transposon. Transposons cannot replicate on their own, but they compose an effective 

way of transferring genes between plasmids and chromosomes (Bennett 2008; Harbottle et al., 

2006). IS elements can be responsible for insertion mutations, genome rearrangements and 

enhanced spread of resistance and virulence determinants within species (Murray et al., 2009).                 
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Figure 1.5 General organization of an integron and gene cassette (GC) recombination 

mechanism. The IntI1 protein catalyzes the insertion (A) and excision (B) of the GC in the 

integron, with GC integration occurring at the attI recombination site. Pc: gene cassette 

promoter; attI: integron recombination site; attC1, attC2, andattC3: attC GC recombination sites; 

intI: the integrase gene; GC1, GC2, GC3 are the gene cassettes, and arrows indicate the direction 

of coding sequences. Adapted from (Barraud and Ploy 2011) 
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1.6.5. Insertion Sequence with Common Regions (ISCRs). 

          ISCR elements are more recently found (1990) mobile genetic structures, also called 

common regions or Orf513 (Stokes et al., 1993). Currently, there are 23 different types of ISCR 

elements that differ in the amino acid sequence of their transposases and are divided into three 

groups based on their G+C% and the amino acid sequence of their transposases (Toleman & 

Walsh, 2008; Toleman et al., 2011). ISCR elements can move genes through rolling-circle 

transposition. All ISCR elements discovered have been found in the immediate vicinity of 

horizontally acquired genes, the majority being antibiotic and antimicrobial resistance genes. 

ISCR elements are often found close to the conserved 3’-end of class 1 integrons and have been 

found to mobilize various ESBL and MBL genes (Toleman et al., 2006).    

 1.6.6. Integrative and Conjugative Elements (ICEs). 

          ICEs are a class of self-transmissible mobile elements that have been found in both Gram-

negative and Gram-positive bacteria (Wozniak and Waldor, 2010; Burrus et al., 2006). These 

elements work as mediators of horizontal gene transfer in bacteria (via conjugation) (Balado et 

al., 2013). ICEs are, indeed, able to self-transfer from a donor to a recipient cell and integrate 

into the host chromosome (Hochhut and Waldor, 1999). Initially, they were described as 

conjugative plasmids (namely; R factors) (Burrus et al., 2002). Subsequently, they were found 

unable to replicate and were classified as conjugative transposons that transfer to recipient cells 

via a non-replicative circular intermediate (Burrus et al., 2002). The size of ICEs can range from 

30 kb to several hundred kb (Wozniak and Waldor 2010). ICEs have been found in V. cholerae 

O1 and O139 isolates from Asia. Furthermore, ICEs of the SXT/R391 family have been 

described in V. cholerae non-O1 and non-O139 (Taviani et al., 2009). 
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 1.7. Horizontal Gene Transfer (HGT).                      

          Lateral gene transfer, recently the called Lateral Genetic Transfer (LGT) is also known as 

Horizontal Gene Transfer (HGT) (Frost et al., 2005). The evolutionary importance of HGT in 

bacterial cells was seen in the spread of penicillin resistance through plasmid transfer across 

Enterobacteriaceae (Datta and Kontomichalou 1965). HGT is an essential route in moving and 

rearranging DNA in prokaryotes and plays a key role in microbial evolution. The spread of 

resistance genes is a direct result of HGT and this has vast complications for human health 

(Gogarten et al., 2002; Stokes and Gilling 2011). 

          Stokes and Gilling have defined HGT as the process whereby DNA from one cell is 

physically transferred from one cell to another cell without an absolute need for cell division and 

the incorporation of that DNA into the recipient’s DNA such that it can be stably inherited 

(Stokes and Gilling 2011). 

          HGT requires three mechanisms to gain the bacterial cell foreign DNA (Figure 1): 1) 

transformation (the uptake of DNA from the environment by bacteria), 2) transduction (the 

transfer of DNA between cells via a phage vector), or 3) conjugation (transfer of DNA by direct 

cell-to-cell contact often mediated by conjugative plasmids) (Da Silva and Mendonça 2012). 

1.7.1. Conjugation. 

          Conjugation mediates the exchange of large mobile genetic elements, namely plasmids. 

Conjugation is believed to be the most important process responsible for short-term bacterial 

adaptation (Norman et al., 2009) as it can transfer genetic material even between 

phylogenetically unrelated organisms (Dröge et al., 1999). Conjugation is a process whereby a 

conjugative plasmid is transferred between bacteria via a contact dependent semi conservative 

replication process. Conjugation requires two sets of genes, the mobility (MOB) genes and the 

mating pair formation (MPF) genes; furthermore, it needs an origin of transfer (oriT) (Smillie et 

al., 2010). MOB genes code for a relaxase and DNA processing protein, responsible for the 

relaxosome, and for the coupling protein that links the relaxosome to the mating channel. MPF 

genes encode for the membrane–associated mating pair formation complex, a form of type 4 

secretion system (T4SS) that provides the mating channel (Smillie et al., 2010). 
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Figure 1.6 Mechanisms of horizontal gene transfer include transformation, 

conjugation and transduction. Adapted from http://guardianlv.com/wp-

content/uploads/2013/10/Mechnisms-of-horizontal-gene-transfer.jpg 
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The first step in the conjugation process is the mating pair formation, whereby the donor and 

recipient connect physically. The second step involves relaxase-mediated nicking of the plasmid 

at oriT and formation of the relaxosome (coupling of single-stranded DNA and a protein 

complex). The relaxosome docks to the coupling protein that helps mediate transport through the 

T4SS into the recipient cell, followed by the establishment and replication of plasmids in the 

recipient (Grohmann et al., 2003). Mobilizable plasmids lack functions that enable cells to 

couple (MPF) before DNA transfer, but usually encode the MOB functions needed specifically 

for the transfer of their own DNA. Transfer can happen if a conjugative element supplies the 

MPF genes in trans (Smillie et al., 2010). The simplest mobilizable plasmids contain only the 

oriT and will need both MOB and MPF genes supplied in trans to be mobilized (Snyder and 

Champness 2003). 

1.8. Heavy Metals. 

  1.8.1. Introduction. 

          Microbial resistance to heavy metals is a global problem in humans. Heavy metal 

pollutants spread widely and because they don’t decompose, they are forever present in the 

environment. Heavy metals are used in various industries from which effluents are consistently 

discharged into the environment (Nanda et al., 2011) and not only cause health hazards, but 

disturb the environmental status of the biota (Moore et al., 1984).  

           Many heavy metals like zinc, chromium, cobalt, nickel, manganese, and iron are 

necessary for living organisms and are known trace elements (Bruins et al., 2000) at a particular 

concentration level. On the other hand, other heavy metals have no biological role and the 

organisms need them even at low concentrations (cadmium, mercury, lead etc.) (Laila et al., 

2011). These metals play a vital role in some enzyme activities and cofactors (Amalesh et al., 

2012); they are stabilizers of protein structures and play a role in protecting the osmotic balance 

(Bruins et al., 2000). However, these metals can become toxic for bacteria at high concentrations 

(Amalesh et al., 2012) by binding to enzymes and DNA (Lopez-Maury et al., 2002; Morozzi et 

al., 1982), damaging the DNA (Bruins et al., 2000), inhibiting   enzyme activity (Nweke et al., 

2007) and reducing diversity of microbial populations (Anne et al., 1999). Heavy metals have 

been used in water treatment, in clinical hospitals (medication and hygiene), in dental amalgams 

and in antimicrobial products (Torres-Urquidy and Bright 2012). 
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          Bacteria have adapted to heavy metals by a variety of chromosome-, plasmid- and 

transposon- mediated resistance mechanisms (Said et al., 1991). Essential metal resistance 

systems are usually chromosome-based and more complicated than plasmid encoded systems. 

However, plasmid-encoded systems are usually toxic-ion efflux mechanisms. This suggests that 

ion efflux mechanisms are more likely to be mobilized to other organisms (Bruins et al., 2000). 

Bacterial resistance to heavy metals is common and frequencies range from a few per cent in 

“clean” environments to as much as 100% in heavily contaminated environments (Silver and 

Phung 1996). 

          The MIC is defined as the minimum concentration of a heavy metal at which microbial 

growth is completely inhibited (Yilmaz 2003). However, a problem remains in defining the 

concentrations that distinguish metal-resistant from metal-sensitive bacteria. Media ingredients, 

pH and culture conditions can affect heavy metal ion activity. Metal ions and media components 

may react antagonistically, which makes it difficult to prove the toxic effect of metals to bacteria 

(Margesin and Schinner 1996). 

           Resistance to mercury, silver, copper and arsenic metals were selected in this thesis. 

1.8.2. Plasmid-mediated heavy metal resistance in Enterobacteriaceae. 

                As described, bacterial plasmids have genes that provide extra functions for the cell, 

among this is resistance to heavy metals. Numerous bacteria have heavy metal resistance 

mechanisms to metals such as Cu2+, Ag+, AsO2
_, Cd2+, Ni2+, Pb3+, Zn2+, Cr2+ etc. (Silver and 

Misra 1988). These resistance systems are often found on plasmids and transposons (Rajini and 

Mahadevan 1989), with a few exceptions being reported on the chromosome (Wang et al., 

1987). The same mechanisms of resistance occur in bacteria isolated from soil, water and clinical 

and industrial waste (Silver and Misra 1984). Plasmids mediating resistance to heavy metals also 

carry other genes encoding for, for example, antimicrobial resistance (Rajini and Mahadevan 

1993; Karbasizaed et al., 2003). 

          In one study, 25 heavy metal resistant isolates were isolated from the Alzahra Hospital of 

Isfahan, Iran. 15/ 25 were E. coli and K. pneumoniae. Most of these bacteria demonstrated 

resistance to four heavy metals (Hg, Cu, Pb and Cd) and, in most of the 25 isolates, plasmids of 

different molecular size were observed carrying specific mechanisms of heavy metal resistance 

(Karbasizaed et al., 2003, Zolgharnein et al., 2007).  
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1.8.3 Mercury (Hg). 

          Mercury is the heavy metal most toxic to bacteria because it binds to sulfhydryl groups 

and inhibits enzyme activity (Foster 1983). Mercury is found in the environment in diverse forms 

such as Hg0 (elemental), Hg2
2+

 and Hg2+ (inorganic salt), organic (alkylated) or sulfidic 

(cinnabar). 

          Mercury resistance is one of the most sophisticated and well- known bacterial heavy metal 

resistant mechanisms in Gram-positive (S. aureus, Bacillus sp.) and Gram-negative bacteria (E. 

coli, P. aeruginosa, S. marcescens, and Thiobacillus ferrooxidans) (Pan-Hou et al., 1981). 

Bacteria may respond to Hg2+exposure using distinct strategies, e.g., reduced uptake of Hg2+ 

(Pan-Hou et al., 1981), conversion to insoluble mercuric sulphide (Pan-Hou et al., 1981) or 

dimethylmercury sulphide (Baldi et al., 1993), and reduction to elemental Hg (Barkay et al., 

2003). The enzymatic reduction of Hg2+ to Hg0 is the most descriptive and widespread 

mechanism of resistance in many bacteria (Osborn et al., 1997). The enzymatic reduction of 

Hg2+ is catalyzed by products of the mer operon (Figure 1.7). The mercury resistance operon 

system has several genes, merRTPA, with or without accessory genes (merB, C, D, E and G) 

(Barkay et al. 2003).  The mer system is illustrated in Figure 1.7 and includes uptake and 

transportation of Hg2+ by the periplasmic protein, MerP, and the inner membrane protein MerT. 

MerE is a membrane protein that probably acts as a broad mercury transporter mediating the 

transport of methylmercury and Hg2+ (Kiyono et al., 2009). The cytosolic mercuric reductase 

MerA reduces Hg2+ to less toxic elemental mercury (Barkay et al., 2003). MerB encodes an 

organomercurial lyase that catalyses the protonolytic cleavage of carbon-mercury bonds (Misra 

1992). MerG encodes the cellular permeability to organomercurial compounds reduction 

(Kiyono et al., 1999). MerD acts as a distal co-repressor of transcriptional activation (Champier 

et al., 2004). MerR is the activator or repressor of the transcription of mer genes in the presence 

or absence of mercury ions, respectively (Ni’Bhriain et al., 1983; Permina et al., 2006). Mercury 

stresses the transcriptional activator MerR and then triggers expression of the structural mer 

genes (Brown et al., 2003). The first description of transposon (Tn)-associated resistance was 

Tn501. Tn501 mer operon was first isolated from the plasmid pVS1 from a P. aeruginosa strain 

isolated in Australia (Barrineau et al., 1984). This mer operon has five genes: merR, merD, 

merT, merP and merA. In addition, Tn21 has the same genes but with the transport gene, merC, 

that was originally isolated from plasmid NR1 from S. flexneri in Japan (Nakaya et al., 1960). S. 
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marcescens has plasmid pDU1358 and carries the lyase gene, merB, which differs from the 

above two mer operons (Griffin et al., 1987). 
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Figure 1.7 The mer system. (A) A basic mer operon with genes in parentheses 

describes those that are present in some, but not the majority of, operons. (B) The 

mer-encoded mercury detoxification mechanisms in bacterial cells. The cell outer 

layer is illustrated by a broken line showing that not all bacteria have an outer 

membrane; broken line arrows represent diffusion; solid line arrows indicate 

transporter transformations; L= ligand with subscripts denoting the ligand type. 

The colours of various Mer proteins correspond with the colours of the genes that 

encode for these proteins in (A). Adapted from (Lin et al., 2012) 
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1.8.4. Copper (Cu). 

          The oldest recorded medical use of copper was to sterilize wounds and drinking water 

(Dollwet et al., 1985), in the treatment of such diseases as headaches, ear infection, burns and 

intestinal worms, and in hygiene (Grass et al., 2011). Using copper in medicine became 

widespread in France in 1832, to treat cholera and then to treat tubercular infections, syphilis, 

eczema, and lupus (Dollwet et al. 1985).  Copper continued to be used as an antimicrobial agent 

even after the introduction of antibiotics in 1932. 

           At low concentrations, microorganisms require copper ion as co-factors for metallo 

proteins, but are highly toxic to living cells when present in high concentrations (Souli et al., 

2012). Bacterial resistance to copper (Cu) was observed as early as 1983 (Andersen et al., 1991). 

These resistant mechanisms are: 1) Sequestration of copper ions out of cells, 2) Relative 

impermeability of the outer and inner bacterial membranes to copper ions, 3) Metallothionein- 

like copper-scavenging proteins in the cytoplasm and periplasm and 4) Active extrusion of 

copper from the cell (Grass et al., 2011). 

          Bacterial copper resistance has been detected on plasmids (E. coli and P. syringae) and on 

the chromosome (Xantomonas campestris). The mechanism of resistance in E. coli and 

Pseudomonas is the same but for the differences in the nomenclature of the genes. In E. coli, a 

plasmid carries the copper resistance locus consisting of four genes called pcoA, pcoB, pcoC and 

pcoD, and in Pseudomonas, it consists of copA, copB, copC, and copD (Silver and Ji 1994). 

           Many studies have confirmed that the ATPase efflux mechanism exists for the copper ion 

Cu (II) in Gram-positive and in Gram-negative bacteria (Bruins et al., 2000; Rademacher and 

Masepohl 2012). One of the best studied copper resistance and transport systems is found in the 

Gram-positive enteric bacterium, Enterococcus hirae (Streptococcus feacalis) (Solioz et al., 

2010). In this system cop operon consists of four genes: copA, copB, copZ and copY (Solioz and 

Odermatt 1995) (Figure 1.8). CopA is responsible for encoding a copper uptake ATPase and 

copB responsible for detoxification and a P-type efflux ATPase. CopZ and copY genes both 

encode a P-type ATPase and both regulate the cop operon (Burins et al., 2000; Silver 1996). 

          The copper resistance system in E. coli consists of pcoABCDE and pcoRS genes. This 

resistance system is based on an efflux mechanism. The pco operon in E. coli is closely related to 

the cop operon in Pseudomonas, (copABCD and copRS) (Silver 1996). PcoR is the DNA-
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binding responder protein and PcoS the sensor protein. PcoD is found in the inner membrane, 

PcoB is located in the outer membrane and PcoA and PcoC are found in the periplasm. The 

storage of excess copper in the periplasmic membrane protects cells from copper toxicity. Efflux 

proteins are often encoded by plasmid-carried pco genes, which in turn are dependent on the 

expression of the chromosomal cut gene (cutABCDEF) (Cooksey 1993). Cooksey (1993) also 

explains that most bacterial species in the environment have acquired at least one of the 

management systems of copper, and that the development of copper resistance may have come 

about by the modification of copper uptake genes found on chromosomes. 
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Figure 1.8 Copper homeostasis in Enterococcus hirae. Copper enters cells via 

copA or unknown channels. Excess copper is picked up by the copZ chaperone and 

delivered to copB for secretion. The copY is repressor for induction of the cop 

operon. Excess copZ is proteolyzed. At low copper, Zn(II)copY is bound to the 

promoter and transcription of the cop operon is rejected, while at high copper, if 

copper is excessive, Cu(I) copZ donates copper to Zn(II) copY repressor, which 

then loses the bound zinc and dissociates from the DNA, allowing transcription to 

proceed. To prevent cell damage, the level of Cu (I), copZ, is not allowed to rise 

beyond a certain level and excess Cu (I) copZ is degraded by a copper- activated 

protease. Adapted from (Solioz et al., 2010) 
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1.8.5. Arsenic (Ars). 

          Arsenic is commonly found in the environment and is toxic to bacteria as it inhibits 

enzymes such as kinases (Foster 1983). Arsenic has two soluble inorganic forms, arsenite3+ and 

arsenate5+. These compounds can enter drinking water from natural sources and have caused 

poisoning in Taiwan, Chile, Argentina, Bangladesh and West Bengal. Furthermore, arsenic 

poisoning has been detected in Cambodia, Vietnam, Nepal, China, Bolivia and Mexico 

(Anyanwu and Ugwu 2010). 

          Arsenic uptake by bacteria is mediated by phosphate transporters and is pumped back out 

of cells by an efflux pump (Nies and Silver 1995). Several arsenic resistance mechanisms have 

been characterized. The plasmid-mediated systems of arsenate and arsenite efflux have been 

determined in Gram-negative bacteria (Chen et al., 1986).  Although arsenic is toxic to most 

microorganisms, some of them have evolved mechanisms to get energy by either oxidizing or 

reducing arsenic (Anyanwu and Ugwu 2010). The arsenic operon has been found on 

transmissible plasmids and on the chromosomes in Gram-negative and Gram-positive bacteria 

(Silver 1998). 

          The Ars operon consists of either arsRDABC or arsRBC genes (Ji and Silver 1995). The 

five genes, arsR, arsD, arsA, arsB and arsC are found on E. coli plasmid R773, whilst the S. 

aureus plasmid can have three genes, arsR, arsB, and arsC (Figure 1.9) (Jareonmit et al., 2010; 

Silver and Ji 1994). ArsR encodes a transacting repressor protein and can be induced in vivo by 

arsenate, arsenite and bismuth (Ji and Silver 1995). ArsB encodes ArsB proteins giving partial 

resistance to arsenate and arsenite, where the high-level of resistance occurs with arsA and arsB. 

The last gene is arsC, which encodes a reductase that converts As (V) to As (III) (Jareonmit et 

al., 2010). The arsR, arsB and arsC could be present on the chromosomes of E. coli and P. 

aeruginosa. 
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Figure 1.9 A basic arsenic operon in E. coli and Staphylococcus aureus. 

Adapted from (Silver and Ji 1994) 
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1.8.6. Silver (Ag). 

          Silver, in soluble form, is highly toxic which is reduced when the silver complexes with 

chloride, sulfide or phosphates. Silver kills bacteria by exerting a toxic effect on cell surface 

compounds (Belliveau et al., 1987), inhibiting respiration (Bragg and Rainnie, 1974) and 

uncoupling adenosine triphosphate synthesis (Chappell and Greville 1954; Feng et al., 2000). 

Before the beginning of antibiotic treatment, silver was used in antiseptics to treat infections in 

open wounds and burns (Rai et al., 2012). Recently, silver has been used in different hospital 

practices such as catheters, surgical apparatuses, and surgical masks (Wright et al., 2012). 

           Use of silver compounds has predictably led to bacterial resistance. This has been 

observed in burn infections treated with silver salts and in hospitals that use silver-coated 

catheters (Wright et al., 2012). There are several types of silver compounds that have been  used 

as antimicrobial for  hundreds of years  and include silver nitrate (AgNO3), silver sulfadiazine 

(AgSD), silver zeolite, silver powder, silver oxide, silver chloride and silver cadmium powder 

(Rai et al., 2012). 

          Resistance to AgNO3 is dependent upon whether the halide ions exist. Susceptible cells 

can extract Ag2+ from an AgCl2 precipitate, whereas resistant cells cannot. Thus, silver resistance 

appears to be due to a function which is probably located at the cell surface and which prevents 

cells from extracting silver, which is in an insoluble state (Foster 1983). The first silver 

resistance encoded by plasmids was reported by McHugh et al., in S. typhimurium pMG101 

which contained seven genes and two open reading frames of unknown function (McHugh et al., 

1975). The first gene in the silver operon (Figure 1.10) is silE; a periplasmic metal- binding 

protein. SilS and SilR are a two component membrane sensor kinase and a transcriptional 

regulatory/responder protein. SilCBA protein complex consists of SilA, an inner- membrane 

proton/cation antiporter; SilB, a membrane protein and SilC, an outer membrane protein. The 

last gene, silP, encodes a P-type ATPase (Chopra 2007). 
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Figure 1.10 A basic silver operon. The first model for proteins and functions 

of the plasmid silver resistance determinant. Adapted from (Silver 1998) 
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1.8.7. Antibiotic and heavy metals resistant bacteria. 

          Co-resistance to both antibiotics and heavy metal are an increasing problem today in 

clinical and environmental bacterial populations. The increased use of antibiotics and heavy 

metal in health care and industries create selective pressure for bacteria in polluted 

environments.  

          In 1997, a study showed that heavy metals tend to target multiple sites on or within the 

bacterial cells and have broad-spectrum activity, where antibiotics tend to target specific sites on 

or within a bacterial cell and have a narrower spectrum of activity (Davies 1997).  Nakahara et 

al., (1978), studied resistance to heavy metals and antibiotics in 746 clinical isolates of 

Enterobacteriaceae isolated from hospitals in Japan. Most of these isolates were multiple-metal-

resistant and drug-resistant, and approx. 30% of total isolates were heavy metal-resistant but 

drug-sensitive, whereas the frequency of metal-sensitive and antibiotic-resistant was 0%.    

           A growing body of evidence indicates that heavy metal and antibiotic resistance are often 

found together in many clinical isolates and that metal and antibiotic resistance are closely 

associated (Timoney et al., 1978; Hassen et al., 1998). Because heavy metal and antibiotic 

resistance genes are often found on the same mobile genetic element, heavy metal contamination 

can promote the emergence of antibiotic resistances in exposed bacteria (Knapp et al., 2011). 

          Since the 1970s, several studies have reported that antibiotic resistant bacteria may arise 

through co-resistance (genetically) or cross-resistance (physiologically) to metals (Seiler and 

Berendonk 2012). 

          Cross-resistance occurs when the genes specifying resistant phenotypes are located 

together on the same genetic element such as plasmids, transposons or integrons (Chapman 

2003). The methicillin resistant S. aureus (MRSA), for example, is considered MDR for the 

accumulation of resistance mechanisms to, among others, β-lactams, aminoglycosides or 

fluoroquinolones. In addition MRSA exhibits cross-resistance within specific antibiotic classes, 

such as cross-resistance to all fluoroquinolones for the mutations in the topoisomerases genes 

(parC) and/or gyrA) or macrolides owing to presence different erm, mef or mrs genes (Winston 

and Chambers 2009). 

          Several studies demonstrated that metal and antibiotic resistance genes are linked, 

particularly on plasmids, as shown by transformation, plasmid curing and plasmid sequencing 
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(Chapman 1998). However, other studies have shown that increasing heavy metal levels lead to a 

decrease in antibiotic resistance (Holzel et al., 2012). 

1.9. Toxin – Antitoxin Systems 

  1.9.1. Discovery and Function of Toxin-Antitoxin Systems. 

          The Toxin-Antitoxin system is abbreviated as the TA system. TA systems were first 

identified on prokaryotic plasmids involved in the prevention of post segregation plasmid loss 

(Gerdes et al. 1986). TA systems are found on many bacterial/archael chromosomes (Pandey and 

Gerdes 2005), and have been linked to the response of bacteria to antibiotics (Agarwal et al., 

2010; Christensen-Dalsgaard et al., 2010). TA systems play a pivotal role in bacteria, including 

programmed cell death (Hazan et al., 2004), stress response (Christensen et al., 2001), bacterial 

persistence (Rotem et al., 2010), regulation of biofilm formation (Wang and Wood, 2011) and 

protection from bacteriophages (phages) (Fineran et al., 2009). Therefore, the main role 

suggested for TA systems is the control of growth under stress conditions (Gerdes 2005). In all 

types of TA systems, the cells are “addicted” to the antitoxin, since its production is important 

for cell survival. Consequently, these systems are also called addiction modules (Syed and 

Lévesque 2012). Wagner and Unoson have found that chromosomal TA systems play a role in 

the persister formation (Wagner and Unoson 2012). Type II TA systems seem to be widely 

spread by horizontal gene transfer (Mruk and Kobayashi 2014). 

          Bacterial genomes contain small genetic modules encoding two genes; a stable toxin and 

unstable antitoxin. These modules are called toxin–antitoxin (TA) systems (Syed and Lévesque 

2012; Ren et al., 2012). The TA operons are regulated by the binding of the antitoxin to an 

operator region located nearby or within the promoter of the operon. The antitoxin by itself binds 

poorly to its DNA target, but the TA complex, generated by antitoxin–toxin interactions, 

increases the strength of binding leading to efficient self-regulation of its cognate operon 

(Moreno-Co´rdoba et al., 2012). 

          TA systems are classified into five types or classes. Type I (class I) is where the toxin gene 

expression is regulated by antisense RNA transcribed from the toxin gene, but in the reverse 

direction (Fozo et al., 2008; Gerdes and Wagner 2007) (Figure 1.11, a). Type I TA systems (e.g., 

hok/sok, bsrG/SR4, tisB/ IstR1 and shoB/OhsC) have been discovered in Gram-negative and 
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Gram-positive bacteria. The first and best studied type I system is hok/sok of E. coli pR1, which 

was detected by Kenn Gerdes and Molin in 1986, and then found to be also encoded in the 

genomes of several Enterobacteriaceae (Gerdes and Molin 1986). Moreover, chromosomally 

encoded Type I systems are often present in multiple copies (Wagner and Unoson 2012); Type II 

is where the toxin is neutralized by forming a complex with its cognate antitoxin (Yamaguchi 

and Inouye 2009). The genetic organization of a type II TA is represented in Figure 1.11. Type 

III, is where the antitoxin is an RNA molecule that binds to the toxin (Fineran et al., 2009) 

(Figure 1.11, c). The type I and II TA systems are often located on plasmids, prophages and 

integrons (Mruk and Kobayashi 2014). Furthermore, both type I and II systems were originally 

recognized through their role in plasmid maintenance by post segregation killing (Fozo et al., 

2010; Leplae et al., 2011; Mruk and Kobayashi, 2013). TA systems of Types IV and V contain a 

small proteinacious antitoxin that can render the toxin inactive by either protein-protein 

interaction, by cleavage of toxin mRNA, or by binding to the toxin’s target structure (Schuster et 

al., 2013). 
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Figure 1.11 Genetic organization and components of a typical type I, II and 

III TA locus. In general, the antitoxic gene (orange) precedes the toxin gene (cyan), as part of 

two genes operon. (a) In type I TA systems, the short antisense antitoxic RNA forms a duplex 

with a short region of the full-length mRNA. This duplex prevents translation of the toxin gene 

and promotes degradation by a cellular RNase such as RNase III. (b) In type II TA systems, the 

protein antitoxin forms a complex with the protein toxin. Either as a complex or by itself the 

antitoxic protein often negatively regulates transcription of the operon. Cellular proteases such as 

Lon and Clp degrade the antitoxin, releasing the toxin. (c) In Type III TA systems, a 

proteinaceous toxin interacts with an antitoxic RNA generated from a tandem array of repeated 

sequence. A transcriptional terminator (black stem-loop) between the antitoxin and toxin genes 

regulates transcript levels. As yet unidentified cellular factor(s) are predicted to either, degrade 

the antitoxic RNA, decrease the level of transcription from the locus, or release the toxin, 

allowing the toxin to take effect in each case. Adapted from (Blower et al., 2011) 
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1.9.2. CcdB toxin family. 

          Ccd (coupled cell division) family has been found only in Gram-negative bacteria. Most 

extensively studied ccd toxin is located on the F sex factor plasmids of E. coli. F plasmid 

encompasses a pair of genes, ccdA and ccdB, whose protein gene products are involved in 

plasmid maintenance (Bernard and Couturier 1992).  Recently, it has been shown that different 

bacterial strains also contain ccd homologues in their chromosomes. The organization of 

ccdAF/BF genes in an operon includes the antitoxin ccdAF gene located upstream of the toxin 

ccdBF gene. CcdAF antitoxin prevents CcdBF toxicity by creating a close CcdAF–CcdBF complex 

(Afif et al. 2001). 

          CcdBF toxin inhibits DNA replication by DNA gyrase poisoning (Bernard and Couturier 

1992). The discovery of chromosomal ccd genes has led some study groups recommending that 

chromosomal TA systems can selectively advantage their host in post segregational killing 

conditions. However, in an E. coli strain containing the ccdABEch genes inserted into its 

chromosome, no post segregational killing was observed upon the loss of plasmids carrying 

CcdABF TA system (Wilbaux et al., 2007). Subsequently, chromosomal TA systems were 

hypothesized to act as anti-addiction modules. 

 1.9.3. ParE toxin family. 

          ParE toxin family is common in both Gram-positive and Gram-negative bacteria. It has 

been discovered on plasmid RK2 (Roberts and Helinski 1992). The parE gene encodes a toxin 

and parD encodes an antitoxin. The ParE toxins inhibit bacterial cell division and reduce 

viability, presumably because of their capacity to damage DNA (Jiang et al. 2002). The plasmid-

borne ParDE TA system has been involved in plasmid maintenance by inhibiting the growth of 

plasmid-free cells. Correspondingly, it has been suggested that chromosomal par TA systems 

may be stabilizers of genomic regions to prevent their loss during evolution (Syed and Lévesque 

2012).   

1.9.4. RelE toxin family. 

          RelBE systems are extensively distributed in archaea, gram negative bacteria (E. coli and 

Caulobacter crescentus) and Gram-positive bacteria (M. tuberculosis, Streptococcus 

pneumoniae, and S. aureus) (Fiebig et al. 2010; Francuski and Saenger 2009), Furthermore, they 

are commonly chromosomal toxins. The RelEB family contains the RelE toxin, which is stable 
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and the RelB antitoxin, which is unstable (Overgaard et al., 2009). In E. coli, RelBEF system has 

three genes: relE gene encodes a cytotoxin lethal or inhibitory to host cells, while relB gene 

encodes its cognate antitoxin auto regulated (Gotfredsen and Gerdes 1998). The relF is an 

operon. RelE is an endoribonuclease that inhibits protein synthesis by cleaving mRNA through 

its association with the ribosome (Pedersen et al., 2003). The RelBE chromosomal TA system is 

hypothesized to modulate cell growth to cope with stress and survive adverse environmental 

conditions. When protein synthesis is inhibited, RelE toxin stimulates a dormant state (stasis). 

On returning to proper conditions, production of RelB antitoxin continues, resulting in a reversal 

of RelE-induced translation blockade (Syed and Lévesque 2012).   

1.9.5. Doc toxin family. 

          Phd–doc TA system is responsible for stable inheritance of the plasmid prophage of 

bacteriophage P1 in E. coli and represents the archetype of a very small family of TA modules 

(Gerdes et al., 2005).  The doc operon encodes the Doc toxin (death on curing) and Phd antitoxin 

(prevent host death). When the plasmid prophage is lost, the unstable phd antitoxin is rapidly 

degraded by the host-encoded ClpXP protease (Lehnherr and Yarmolinsky 1995). Doc toxin 

targets the translation process during the inhibition of the elongation step by associating with the 

30S ribosomal subunit, causing cell growth arrest on curing (Liu et al. 2008). Chromosomal 

homologues of the phd/doc family are found in Gram-negative and Gram–positive bacteria and a 

few archaea (Gerdes et al., 2005). 

1.9.6. HigB toxin family. 

          The HigB (host inhibition of growth) toxin family has been found in both Gram-positive 

and Gram-negative bacteria. It has been found on chromosomes in different pathogenic bacteria, 

including: V. cholerae, S. pneumoniae, E. coli CFT073 and E. coli O157:H7 strains (Pandey and 

Gerdes 2005). Christensen-Dalsgaard and Gerdes (2006) reported that the presence of the HigBA 

systems in V. cholerae could play a role in stabilization of chromosomes (Christensen-Dalsgaard 

and Gerdes 2006). The HigBA operon has been initially identified in Rts1 plasmid of P. vulgaris 

(Tian et al., 1996) and stabilizes plasmids by inhibiting the growth of plasmid-free cells (Gerdes 

et al., 2005). 
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1.9.7. HipA toxin family. 

          HipA (high persister) gene is one of the several TA modules present in bacteria. Both hipB 

and hipA are organized in an operon with the gene encoding the antitoxin, hipB, is located 

upstream of hipA, the toxin gene (Schumacher et al. 2009). The hipA gene was the first gene 

related to persistence (Moyed and Bertrand 1983). Persisters are cells that neither grow nor die in 

the presence of the antimicrobial drugs. Persisters’ cells are not mutants, but phenotypic variants 

of regular cells that form randomly in microbial populations (Lewis 2010). In E. coli, HipA is 

suggested to be responsible for persisted state in which bacteria tentatively stop growing and 

thus avoid the killing effects of antimicrobial drugs that block cell wall synthesis (Silvaggi et al., 

2005). 

1.9.8. MazF toxin family 

          MazF toxin is a chromosomal TA system. The mazEF operon encodes two proteins MazE 

and MazF that form a stable complex under normal conditions, but under stress (e.g., amino acid 

starvation, DNA damage, oxidative stress, and antibiotics), degradation of MazE antitoxin 

occurs.  MazEF TA has been involved in bacterial programmed cell death (PCD). PCD can be 

defined as any cell death mediated by a genetically regulated intracellular death program (Lewis 

2010). Chromosomally encoded T-AT systems are believed to be advantageous to cell survival 

by being part of global stress response system (Syed and Lévesque 2012). In E. coli 

chromosome, MazF toxins inhibit protein synthesis by inducing cleavage of translated mRNAs 

during nutrient starvation (Christensen et al., 2003). 

1.9.9. VapC toxin family. 

           The TA has been named vap for virulence associated protein (Katz et al., 1994). The first 

VapBC TA module has been identified in Gram-negative bacteria, Dichelobacter nodosus. It has 

been found as part of a transmissible genetic element. The vap genes are recognized as a part of 

pathogenicity islands (PAI), a group of laterally-transferred genes in the bacterial genome, which 

help the organism explore and adapt to new environmental niches (Ren et al., 2012). The VapBC 

toxin family is the largest family of TA systems and has been identified in archaea and Gram-

positive bacteria. M. tuberculosis has several VapBC homologues, more than any other 

prokaryote (Makarova et al., 2009). VapC protein acts to inhibit translation, presumably by its 
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ability to cleave mRNA.  The chromosomal vapBC genes encode the VapC toxin preceded by 

the VapB antitoxin, which has a transcription factor domain (Robson et al., 2009). 

1.9.10. HicA toxin family. 

          HicAB TA family has been found in bacteria and archaea. The hicAB locus has been 

described first as an insertion sequence in several strains of H. influenzae (Syed and Gilsdorf 

2007). 

1.9.11. Zeta toxin family. 

          Zeta toxin family has been so far found only in Gram-positive bacteria. The first omega–

epsilon–zeta (ω-ε-ξ) TA family was initially discovered in the pSM19035 plasmid of S. pyogenes 

and is the only TA family that consists of three components. The omega–epsilon–zeta operon is 

a novel plasmid addiction system in which the epsilon and zeta genes encode an antitoxin and 

toxin, respectively, while omega plays an autoregulatory function. The ξ gene was determined to 

be a cytotoxin by its toxic activity in B. subtillis, E. coli, and Saccharomyces cerevisiae 

(Zielenkiewicz and Ceglowski 2005). The ω gene regulates transcription of the entire locus as it 

encodes for an autorepressor. The ω gene product strictly regulates the ω-ε-ξ locus, and it is not 

directly involved in the killing-anti-killing mechanism (De la Hoz et al., 2000). 

1.9.12. Post Segregational Killing system (PSK). 

          RelE and ParE proteins of E. coli were the first model proteins to investigate the role of 

TA systems. These proteins were among the functionally best characterized toxins of the post-

segregational killing system (PSK). This is a widespread mechanism that helps low copy number 

plasmids to be maintained in their bacterial hosts (Yarmolinsky 1995). In PSK system, when a 

TA plasmid producing both the toxin and antitoxin is lost from the cell, the unstable antitoxin is 

quickly degraded, whereas the stable toxin persists long enough to kill the new plasmid-free cell 

(Pedersen and Gerdes 1999; Mruk and Kobayashi 2014). Plasmid-borne TA system is often 

responsible for the post segregation. These types of systems, also known as “addiction modules,” 

confirm that only cells that have a plasmid are maintained in the population (Silvaggi et al., 

2005). This regulated killing is, in all cases, based on a toxin-antitoxin principle. 
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1.10. Hypothesis and the aim of study. 

          Enterobacteriaceae harbouring NDM-1 genes have been recovered from many clinical and 

environmental isolates. Hitherto, it is unknown whether antibiotic resistance is solely driven by 

the consumption of antibiotics. Particularly in South Asia, there may be other factors that drive 

the spread of resistance genes on the plasmids they are carried on. Therefore, the hypothesis “Is 

the acquisition and stability of the NDM-1 gene related to the presence of other resistance genes 

and other systems such as toxin –antitoxin system?” Is valid and worthy of examination.  

        Given the emergence of Enterobacteriaceae as a major clinical pathogen with high degrees 

of genomic plasticity and diversity, I aimed to study Enterobacteriaceae from Indian and UK 

isolates to determine some of the genetic characteristics present in isolates from these two 

countries.  

The main aims of the thesis were: 

    To determine and complete the structure of the nucleotide sequence in an unusual class 

1 integron carrying MBLs, embedded in Tn402- like transposon in two different 

Pseudomonas species, and to detect whether  VIM-2  is located on a plasmid or 

chromosome.  

    To evaluate the stability of blaNDM-1 in several clinical isolates (parents and 

transconjugants) from India. 

    To determine the molecular background of the resistance phenotype for heavy metals, 

in such as copA, silC, arsA, and merA genes, and to evaluate the prevalence of heavy 

metals among clinical isolates and determine the mechanism of their resistance. 

    To ascertain the prevalence of the usual type of toxin –antitoxin systems among 

clinical isolates of Enterobacteriaceae from India and the UK. 
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2. Materials and methods 

2.1. Clinical bacterial strains 

         2.1.1 Bacterial isolates were collected from Haryana, (K. pneumonia, n=5, symbolized K) 

and Chennai (K. pneumoniae n=11; K. oxytoca n=1 and E. coli n=5; Enterobacter cloacae n=4 

and Protuse rettgeri n=2, all symbolised IR (Appendix A, Table A-1) from the northern and 

southern Indian subcontinents, respectively. All isolates were NDM-1 positive strains and 

collected for the study by Kumaarasamy et al., 2010.The isolates were derived from the Appollo 

hospital and the Jagadhri District Hospital, respectively. Clinical information was limited, 

although these isolates were from human sources, and from blood stream, lower respiratory or 

urinary tract infections. In our study, I referred to these isolates as Group 1. 

         2.1.2 The UK NDM-1 positive isolates were recovered from Public Health England 

Reference Laboratory, Colindale (K. pneumoniae n=15; E. coli n=6; Citrobacter sp. n=2; 

Enterobacter sp. n=2; Acinetobacter baumanii n=3; K. oxytoca n=1 and Enterobacter cloacae 

n=3) all symbolised N (Appendix A, Table A-1). The isolates from the UK reference Laboratory 

were from various hospitals and cities. I also referred to this collection as Group 1. 

         2.1.3 ESBL positive strains were random isolates of burns, blood or urine clinical isolates 

collected from different Indian cities (Haryana, Delhi, Mumbai, Kerala and Vellore) in1998. 

These isolates are K. pneumoniae n=17; E. coli n=14; Salmonella sp. n=4; Enterobacter sp. n=3; 

P. stuanti n=1 (Appendix A, Table A-1).I referred to this collection as Group 2. 

         2.1.4 The UK isolates were recovered from Cardiff Central Laboratory, Public Health 

Wales (2010). These strains, K. pneumoniae n=10 and E. coli n=10 (symbolized FF) (Appendix 

A, Table A-1), are susceptible/sensitive to all tested antimicrobials. I referred to this collection as 

Group 3. 

         2.1.5 VIM-2 positive P. aeruginosa (301-5473) was isolated in France in 2007 and P. 

fluoresces (43-14926) was isolated in Chile in 2002 (Appendix A, Table A-1). 

All isolates were kept as stocks at -80ºC and all have antibiotic- resistant plasmids.  
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2.2. Laboratory bacterial strains used  

          The laboratory strain E. coli J53 AziR (Nordman, A.et al., 2008) was used as a recipient 

cell in conjugation experiments. K. pneumoniae Kp-05-506 was used as positive control for the 

NDM-1 gene. E. coli ATCC 25922 (Nordman et al., 2008), which is commonly used in antibiotic 

sensitivity testing, was used as a control. 

2.3 Ethical Considerations 

          Given the nature of our study, and the limited amount of patient information required for 

each clinical isolate, ethical approval was not deemed necessary. 

2.4 Safety considerations 

          Regulation and safety were undertaken according to the Ionizing Radiation Regulations, 

1999.  

2.5 Chemicals reagents. 

           All common chemicals were purchased from Sigma Chemical Co. or BDH Chemical Ltd. 

All media were purchased from either Oxoid Laboratories or Fisher Scientific Laboratories. 

Radiolabelled Phosphorus 32P was purchased from PerkinElmer, Boston, MA02118, and United 

States of America (USA). Lambda Ladder PFGE Marker was obtained from New England Bio-

labs Inc., PCR Master Mix was purchased from Thermo Fisher Scientific, AB Gene House, 

Blenheim Road, Epsom, and Surrey, UK.  

2.6 Enzymes and commercially prepared kits 

          All restriction endonucleases were purchased from Ferments Life Sciences.  QiaGen 

Miniprep kit and PCR Gel extraction Kit were supplied from QIAGEN GmbH, D- 40724 Hilden, 

and North Manchester. Random Primer Labelling kits were purchased from Agilent Stratagene 

Products, USA.  

 

2.7 Media 

         All media were prepared and autoclaved by autoclaving at 0.7kg cm-2 for 20min at 120⁰C 

before use. The used growth media as following were: 
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2.7.1. Luria Bertani Broth (L.B. broth) was made up according to the manufacturer’s instructions 

(Fisher Scientific Ltd). 

2.7.2. Luria Bertani Agar (L.B. agar) was made up according to the manufacturer’s instructions 

(Fisher Scientific Ltd). 

2.7.3 Mueller-Hinton Agar (M.H. agar) was made up according to the manufacturer’s 

instructions (Oxoid Laboratory). 

2.7.4 Mueller-Hinton broth (M.H. broth) was made up according to the manufacturer’s 

instructions (Oxoid Laboratory). 

2.7.5. UTI media (Brilliance TM UTI Clarity Agar, CM110) was made up according to the 

manufacturer’s instructions (Oxoid). 

2.7.6 Nutrient Broth media (N.B.) was made up according to the manufacturer’s instructions 

(Oxoid). 

2.7.7 Chromogenic agar was made up according to the manufacturer’s instructions (Oxoid). 

 

2.8 Cultivation of bacteria 

          All cultivation of bacteria was carried out using enriched agar and/or liquid media. All 

cultures of bacteria were incubated overnight at 37ºC unless otherwise stated. 

 

2.9 Solutions and buffers. 

           Sterile molecular grade water and buffers were purchased from Sigma Aldrich, Poole, 

UK. 

 

2.10 Determination of antimicrobial susceptibility. 

           The MIC is defined as the lowest concentration of an agent that completely inhibits 

growth of the bacteria. The MICs were determined according to the Clinical Laboratory 

Standards Institute (CLSI, USA) by the Phoenix 100 (Becton Dickinson) and by Micro-Titer (for 

heavy metals). The antibiotics used in this experiment are recorded in Appendix A, Table A-2and 

the heavy metals used in Appendix A, Table A-3.  

 

2.10.1 Determination of the MICs by Phoenix 100 

         The Phoenix 100 determines which antimicrobials will be most effective in treating an 

organism. The organism is tested against various concentrations of antimicrobials, determining 

the organism's resistance (ineffective) or susceptibility (effective) to the antimicrobials. The 
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antibiotics used include; Amikacin, Amoxicillin-Clavulanate, Ampicillin, Aztreonam, 

Cefotaxime, Ceftazidime, Cefuroxime, Cephalexin, Ciprofloxacin, Colistin, Ertapenem, 

Fosfomycin, Gentamicin, Imipenem, Meropenem, Ntrofurantion, Piperacillin-Tazobactam, 

Tobramycin, Trimethoprim, and Trimethprim-Sulfamethoxazole. 

 

2.10.2 Determination of the MICs by Micro titer 

         All Enterobacteriaceae strains (recipient, donor and mated strains) were grown in 20 ml of 

NB with shaking at 150 rpm for 5 hrs. at37ºC. All isolates were tested to determine the MICs of 

four heavy metals. The MICs of heavy metals were tested by serial dilution in MH broth. Stock 

solutions (100mg/ml) of heavy metals salts, such as HgCL2 (Sigma-Aldrich), Cl2Cu.2H2O 

Sigma, life science), AgCL (Sigma-Aldrich) and NaAsO2.7H2O (Sigma, life science,) were 

prepared in molecular-grade water and sterilized by filtration. The stock solutions for As and Cu 

were diluted at 1/10(used concentrations were 5, 10, 20, 40, 80, 160, 320, 625, 1250, 2500 and 

5000 µl/ml); Sil and Mer  at 1/100 (used concentrations were 0.5, 1, 2, 4, 8, 16, 32, 64, 125, 250 

and 500 µl/ml).75µl of MH  broth was transferred separately in a 96-well micro titer plate, then 

75µl of each heavy metals solution was transferred by using serial dilutions. Finally, to each well 

of the 96-well plate, 20µl of a bacterial suspension, with a turbidity equivalent to 1/10 of 0.5 

McFarland Standard was added. Plates were incubated at 37ºC overnight. MH broth without 

heavy metals was used as a control. After overnight incubation, the MIC of heavy metals against 

the isolates was determined. 

 

2.11 Molecular Analysis 

2.11.1. Isolation of genomic DNA from bacterial cells 

         Separate methods were used for the large-scale isolation of genomic DNA from bacterial 

cells, while a QiaGen Miniprep kit (QIAGEN GmbH, D- 40724 Hilden, Skelton House, Lloyds 

Street, North Manchester, M15 65K, UK) was used for small-scale isolation of DNA from 

bacterial cells. 

 

2.11.1.1. Large scale isolation of bacterial genomic DNA 

 A lawn of bacteria was grown on an agar plate. About half of a confluent plate was 

scraped and suspended in 9.5ml of TE buffer (pH8) in a 50 ml Falcon tube. 0.5mL SDS (10%) 

and 50µl of 20mg/ml proteinase K was added, mixed and incubated for one hour at 37ºC. 1.8ml 

of 5M NaCl was added, mixed thoroughly and left for five to ten mins at 65ºC. An equal volume 
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of (24:1 v/v) phenol-chloroform-isoamyl alcohol was added and left on a rotary mixer for at least 

30 mins. Centrifugation at 5000rpm was carried out for about 30 mins until two distinct layers 

with a protein interface were seen. The aqueous layer (top layer) was transferred to a clean tube 

and approximately the same volume of propanol was added to the new tube and mixed gently 

until the DNA precipitated. The DNA precipitate was transferred to 1 ml of 70% ethanol for 

washing. The ethanol was removed and discarded and the tube then left open in an incubator for 

20 mins to evaporate the remainder. 1ml of water was added to dissolve the dried DNA. 

Genomic DNA was stored at -80 ºC. 

 

2.11.1.2 Isolation of plasmid DNAs. 

         The plasmids DNAs were isolated from the Enterobacteriaceae strains by a minipreparation 

method using the QiaGen Miniprep kit (QIAGEN GmbH, D- 40724 Hilden, Skelton House, 

Lloyds Street, North Manchester M15 65K, UK. 

 

2.11.2 Polymerase Chain Reaction analysis  

         The polymerase chain reaction was used to amplify genes from tested strains. For this 

method it was first necessary to design oligonucleotide primers corresponding to published 

genes. The following sections outline the design of primers and the setting up of PCR. 

2.11.2.1 Criteria for the design of oligonucleotide primers 

As outlined by Sambrook et al., 1989, the following criteria were considered: 

1. The length of each primer was at least 18 bases to allow for specific binding to the 

template. 

2. The primers contained no self-complementary regions and were not complementary to 

each other. 

3. The base composition was chosen such that the primer pairs had similar annealing 

temperatures. 
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2.11.2.2 Designing of primers for polymerase chain reaction (PCR) 

          Oligonucleotide primers were designed using a primer designing program (Primer 3) from 

Geneious Pro 5.5.6 (Biometric Inc., San Francisco, USA). Primer sequences are given in 

Appendix A, Table A-4. 

         All primers were commercially synthesized by Invitrogen (Life Technologies, UK) with 

cartridge purification. All primers were obtained as a dried primer and were resuspended in 

sterile dH2O and stored at 4 ºC. 

2.11.2.3 Preparation of DNA template. 

         Plasmid extraction was carried out using a QiaGen Miniprep kit (QIAGEN GmbH, D- 

40724 Hilden, North Manchester, UK) from all tested strains. 

 

2.11.3.4. Polymerase Chain Reaction protocol. 

         Each mixture for PCR analysis contained 5µl of a 2x working concentration of Extensor 

Hi- Fidelity PCR Master Mix (Thermo Fisher Scientific ABgene House, Blenheim Road, Epsom, 

Surrey, UK) containing dNTPs, MgCl2 and Taq DNA polymerase, 1µl of strain’s plasmid as 

template, 0.5µl each of the forward and reverse primers, and made up to 10µl final volume with 

molecular biology grade water. The PCR tube was then placed in a G-Storm PCR machine 

(Gene Technologies). PCR program reactions were performed under differing conditions 

depending on the primers used (See Appendix A, Table A-5). A negative control, without a 

template, was used. 

2 .12 Agarose Gel Electrophoresis 

         Agarose gel electrophoresis was used to detect the PCR product size (DNA fragments). Hi- 

Res Standard Agarose (Gene flow, AGTC Bio products, Paul Fisher House, Elmhurst Business 

Park, Elmhurst Lichfield, Staffordshire, UK) was used at 1% (w/v) in 1XTBE buffer (900ml 

autoclaved water and 100ml 10XTBE buffer (Tris108g, Boric acid54g, NaEDTA7.44g, water to 

1 litre), autoclaved before use). 1µl/ml Ethidium bromide (Et Br) (Fisher Bio reagents) was 

added.5µl of loading buffer (10X) was added to 10µl of each sample of DNA and the mixture 

loaded into the agarose gel. 5µl of  Smart ladder MW 1700-02 (0.25g/l  Bromophenol blue,0.25 

g/l  Xylene cyanol, 25g/l Ficoll 400, 1g/l Sodium Azide, 1/1000 Chloroform and TE (Tris 
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10mM, EDTA 1mM, pH 8, Eurogentec) was loaded alongside the samples on the agarose  gel 

for size comparison. Gels were run at 250 V for 25-30 min in 1X TBE buffer (above).DNA 

patterns were visualized by UV illumination and recorded photographically by UVP-Gel-Doc-

ITTM Imaging system (Bio-Rad House, Maxted Road, Hemel Hempstead, and Hertfordshire) and 

the images saved for analysis.  

2.13 Purification of DNA patterns from agarose gel. 

         PCR products (DNA patterns) were excised from the gel and purified using a QIAquick 

Gel Extraction Kit (250) QiaGen (QIAGEN GmbH, D- 40724 Hilden, Skelton House, Lloyds 

Street, North Manchester, UK) according to the manufacturer’s instructions.   

2.14 DNA Sequencing 

          DNA sequencing of purified PCR products was done by DNA Sequencing Core, Cardiff 

University, UK. 10µl PCR product (200 ng) and 1µl primer were added to 19µl molecular grade 

water. Sequences were analyzed using NCBI BLAST option on the website 

http://www.ncbi.nlm.nih.gov/BLAST.cgi. 

2.15 PCR-based replicons typing. 

         PCR- based replicon typing was undertaken to identify the plasmids’ origin of replication 

as described by Carattoli et al., 2005. This protocol is used to classify the main known 

incompatible plasmid groups FIA, FIB, FIC, HI1, HI2, I1, Iᵧ, L/M, N, P, W, T, A/C, K, B/O,X, 

Y, F and FIIA. A positive control was used to compare plasmid size. Primers sequences are 

given in Appendix A, Table A-6. The PCR conditions used were as follows; 94ºC for 5min, 94ºC 

for 1min, 60ºC for 30s (for F simplex PCR the annealing temperature was 50ºC for 30sec), 72ºC 

for 1min and 72ºC for 5min.The total number of cycles was 35.  

2.16 Conjugation experiments 

          Conjugation assays were performed using E. coli J53AZR as a recipient. Fresh colonies of 

parent and recipient strains were grown individually in LB broth media (Luria Bertani Broth, 

Fisher Scientific, USA Products) in 50 ml Falcon tubes and incubated overnight at 37⁰C. Mating 

assays were undertaken in 2ml volumes.108 colony- forming units of the donor strain and 107 

colony- forming units of the recipient E. coli J53wereadded to 2ml of fresh LB broth media and 

incubated overnight at 37ºC in a shaking incubator. After overnight incubation, the mating 

http://www.ncbi.nlm.nih.gov/BLAST.cgi
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suspension was diluted in normal saline (10-5) and plated on UTI agar (Oxoid) to confirm purity. 

For selection assays, transconjugants were selected by plating 100µl on UTI media (BrillanceTM 

UTI Clarity Agar, CM1106, Oxoid) containing sodium azide (100µg/ml) and Ceftazidime 

(30µg/ml). Plates were incubated overnight at 37ºC.Toconfirm that conjugation had taken place 

in E coli J53AZR; PCR analysis was performed to test the presence of the MBL gene in 

transconjugants. The PCR was performed using the forward and reverse primers from Appendix 

A, Table A-4. The transconjugants were stored at -80ºC for further analysis. 

 

2.17 Plasmid Stability  

          Ten parents and 8 transconjugants from NDM-1-producing clinical isolates containing 

plasmids carrying blaNDM-1 of different sizes were used. A single colony from the strains was 

grown overnight in 1ml of nutrient broth (NB) without antibiotic selection and incubated at 

37ºC. Serial passaging daily was carried out in the absence of antibiotic selection by transferring 

1ml of overnight culture to 4ml of fresh NB and reincubating. This procedure was performed for 

fourteen days. For each daily sub culturing, 10μl of overnight culture was taken and plated on 

chromogenic agar to test for purity and 1ml of each sample was taken and genomic DNA 

extracted as described in section 2.12.1.2. PCR analysis was performed to verify the presence of 

the NDM-1 gene and to verify the rep region of the plasmid backbone. The forward and reverse 

primers were used from Appendix A, Table A-4. In addition, PFGE was performed to establish 

the location of the NDM-1 gene, whether on plasmids, chromosomes or both. 

 

2.18 Pulsed field gel electrophoresis (PFGE) Analysis 

         The PFGE technique uses molecular scissors, so-called restriction enzymes. These 

enzymes cut whole genomic bacterial DNA at certain sites known as restriction sites. These 

molecular cutters are selected to create a small number of DNA pieces that can be separated 

based on size and used to discriminate between strains. Typically these DNA fragments are large 

and require be specially treating and separating to generate a DNA fingerprint. 
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2.18.1 Determination of chromosomal and plasmid mediated resistance genes. 

2.18.1.1 Genomic DNA preparation 

          PFGE analysis is used to separate large DNA fragments created by digestion of total 

genomic DNA with restriction endonuclease enzymes that cut DNA infrequently. Bacterial 

genomic DNA was used to prepare plugs by taking one loop of a fresh overnight growth of 

colonies on an agar plate and suspended in 3ml of sterile normal saline.1ml of  the bacterial 

suspension was transferred to a cuvette to  measure the optical density at  600nm (OD600) of 

each strain. The OD600 formula was used (1.5/measured OD multiplied by 300) to adjust the 

volume of cells to equivalent of 300µl in accordance to the OD600 .The suspension was 

transferred to an Eppendorf tube and centrifuged at 13,000 rpm for 30secs using a mini-

centrifuge (Minispin centrifuge, Hamburg, Germany). The supernatant was removed using a 

pipette and the pellet resuspended in 300µl of sterile normal saline. The cell suspension tube was 

incubated at 50ºC in the block heater in preparation for the lysis step. 

 

2.18.1.2 Lysis of cells in agarose plugs 

          The cell suspension was lysed by adding 2-4 drops of 25mg/ml lysozyme. 300µl of Low 

Melting Agarose 2.5%(w/v)  was heated and stored in a 54ºC water bath and was quickly added 

to the pre-heated tube and gently mixed and dispensed into disposable moulds and then allowed 

to solidify at 4ºC for 10min. The agarose plugs were then transferred into 2mls of  lysis buffer 

(50 mM NaCl, 0.2% sodium deoxycholate,10 mM Tris-HCl, pH 7.2, 0.5% N-

Lauroylsarcosine)supplemented with 80µl of 25mg/ml lysozyme and the plugs incubated at 37ºC 

for 1.5hrs. After incubation, the plugs were washed with 2ml of 1XTE buffer(10mM Tris-HCl, 

50 mM EDTA, pH 8.0, Bio-Rad) for 30min at 37ºC with shaking. The 1X TE buffer was 

replaced with 2mls of proteolysis buffer (100 mM EDTA, pH 8.0, 0.2% sodium deoxycholate, 

1% N-Lauroylsarcosine; Bio-Rad House, Maxted Road, Hemel Hempstead, Hertfordshire, HP2 

7DX) supplemented with 10µl of 20mg/ml of Proteinase K and incubated for 18hrs at 50ºC. 

After further incubation, the plugs were washed five times for 30min each wash with 1XTE 

buffer in a shaking incubator at 37ºC.Plugs were stored in 1XTE buffer at 4ºC or digested 

immediately. 
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2.18.1.3 Plug Digestion. 

          Digestion of DNA in plugs was performed using the S1 nuclease enzyme according to the 

manufacturer’s instructions. One plug of each strain was washed with 1ml of 0.1X TE buffer for 

30min at 37ºC. The plugs were then separately washed twice with 300µl of 2XS1 buffer 

(Ferments, Sheriff Houtton Industrial Park, York, UK) for 15min at 4ºC and at room 

temperature. The buffers were removed and replaced with 300µl of 1X S1 buffer at 4ºC and at 

room temperature. Subsequently, the 1XS1 buffer was removed and 1µl of 2U of S1 

endonuclease (Promega, USA) was added and incubated for a further 4hr at 4ºC.  

2.18.2 Pulsed Field Gel Electrophoresis (PFGE). 

          Whole genomic DNA of the NDM-1 positive strains (from Group1; G1) was used to 

prepare plugs, as in section 2.18.1.1, then the plugs were lysed as in section2.18.1.2. Digestion 

was performed using the Xba1 endonuclease enzyme according to the manufacturer’s 

instructions. One plug of each strain was washed with 1ml of 0.1X TE buffer for 30min at 37ºC. 

The plugs were then separately washed twice with 300µl of 2XXba1 fast digest buffers 

(Ferments, Sheriff Houtton Industrial Park, and York, UK) for 15min at 4ºC and at room 

temperature. The buffers were removed and replaced with 300µl of 1XXba1 fast digest buffer for 

15min at room temperature. The 1XXba1 buffer was removed and 2.5µl of Xba1 enzyme added 

in 100µl of 1XXba1 buffer, then incubated overnight at 37ºC. 

2.19 Electrophoresis conditions  

          Once digestion was completed, separation of Xba1 and S1 digested DNA was performed 

by using PFGE apparatus (CHEF-DRIII system, Bio-Rad Laboratories, Bio-Rad House, Maxted 

Road, Hemel Hempstead, Hertfordshire, HP2 7DX).PFGE gels were prepared as follows; 0.88% 

(w/v) agarose in 0.5X TBE buffer (45 mM Tris-base, 45 mM boric acid, 1 mM EDTA, pH 

8.0;Bio-RadHouse, Maxted Road, Hemel Hempstead, Hertfordshire, HP2 7DX) plus 20µl of 

Ethidium bromide was added to stain the gels. Plugs were loaded into the PFGE gel and the gels 

run in the PFGE tank (Bio-Rad CHEF-DRIII, Bio-Rad House, Maxted Road, Hemel Hempstead, 

Hertfordshire, HP2 7DX), using TBE buffer (0.5X Tris borate, 0.5 mM EDTA), for 20hrs at 120º 

angle, 6.0volt/centime gradient and linear ramp factor. The cooler was set for 14ºC and initial 
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and final switches were set to 5 and 45 seconds respectively. Lambda marker DNA was used as a 

marker to establish DNA size. 

2.20 Gel Visualization 

          The resultant PFGE gels were photographed on a gel doc machine and dried overnight at 

50ºC on a Whatman filter paper (15 cm X 15 cm) blotting paper; the gels were then re- hydrated 

using autoclaved water for 30min, denatured using denaturing solution (0.5Msolution NaOH, 

1.5M NaCl) for 30min at room temperature (RT), and subsequently neutralized using a 

neutralizing solution (0.5M Tris-HCl, pH 7.5, 1.5M NaCl) for 30min at RT. The gels were 

transferred to a hybridization tube containing pre-hybridization solution(20XSSC 6mls,5%Ficoll 

400µl, Polyvinylpyrrolidone400(PVP) 400µl, Herring testes DNA 300µl,UHT milk 400 

µl,10%SDS1mls, water11.5mls) at 65ºC. 

2.21 Southern blot hybridization and 32P labelling 

          Pulsed-field gels were photographed and dried on blotting paper (Whatman GB004) 

overnight at 50°C. The gel was then re-hydrated, denatured (0.5 M NaOH, 1.5 M NaCl, 30 min) 

and neutralized (0.5 M Tris–HCl, pH 7.5, 1.5 M NaCl, 30 min) before incubation overnight at 

65°C in pre-hybridization solution and probed with DNA probes. The probes were prepared by 

PCR with custom-designed primers (for example ArsA, MerA, PcoA and SilC genes), and 

labelled with 32P dCTP (Redivue, GE Healthcare, Amersham, UK) using a Prime-it II Random 

Primer Labelling Kit (Stratagene, Amsterdam, Netherlands). Gels were hybridized overnight at 

65°C, washed with 2X SSC/0.1% SDS and then 0.1X SSC/0.1% SDS for 1hr before 

autoradiography. 
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Chapter Three 
 

Completion of the nucleotide sequence of an 

unusual class 1 integron carrying blaVIM-2 

embedded in complete Tn402- like 

transposon in Pseudomonas aeruginosa and 

P. fluorescens 
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3.1 Introduction 

          MBL mediated carbapenem resistance has been increasingly described in Pseudomonas 

and other Gram-negative bacilli (GNB) in several countries (Samuelsen et al., 2010). 

          The genus Pseudomonas contains non-fermenting Gram-negative bacteria that are unable 

to ferment sugars to generate energy for cell functioning. Members of this group are 

opportunistic pathogens and they cause diseases in hospitalized patients; primarily pneumonia, 

urinary tract infections (UTI) and skin and soft tissue infections (Sacha et al., 2008; McGowan et 

al., 2006). 

          Non-fermenting bacteria colonize in nature (water and soil); also they may be isolated 

from ventilator machines, mattresses and other equipment, as well as from the skin of healthcare 

staff (McGowan et al., 2006). MBL positive Pseudomonas clinical strains, resistant to most β-

lactams, have been proposed to act as likely reservoirs of MBL genes (Almuzara et al., 2007; 

Lee et al., 2002). The VIM- type MBL family was first described in a P. aeruginosa isolate in 

Verona (Italy) in 1997 and the dominant type of VIM (VIM-2) has been isolated from strains in 

most countries within Europe (Toleman et al., 2005). The first isolates reported to carry the 

blaVIM-2 gene were from Portugal in 1995 (Cardoso et al., 2002) and from France in 1996 (Poirel 

et al., 2000). 

        P. aeruginosa is amongst the most notorious nosocomial pathogens, often causing severe 

infections in immunocompromised and critically ill patients, due to its ubiquitous nature, ability 

to colonize and persist in hospital reservoirs, and noteworthy intrinsic antibiotic resistance 

(Viedma et al., 2013). Furthermore, P. aeruginosa can also acquire antibiotic resistance 

mechanisms through horizontal transfer of genetic elements (integrons, transposons, and 

plasmids) that carry resistance genes as well as mutational resistance (e.g. mutation in DNA 

topoisomerases) (Lin et al., 2012). 

          Despite the fact that mutational events contribute to the bacterial adaptation, and hence 

antibiotic resistance, horizontal gene transfer is the main cause of the rapid proliferation of 

antibiotic-resistance genes across a wide diversity of bacteria, not least P. aeruginosa. In the case 

of non-fermenting bacteria, many of the horizontal gene transfers have been shown to occur in 

the environment (Stalder et al., 2012). 
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          P. fluorescens is a highly heterogeneous species and saprophytic member. It is found in 

large numbers in the main natural environments and forms associations with plants. Remarkably, 

P. fluorescens includes some strains suspected to be opportunistic human pathogens. Recently, 

several studies highlighted the infectious potential of some P. fluorescens clinical strains 

(Sperandio et al., 2012). 

          Hitherto, six types of MBL genes have been reported amongst P. aeruginosa (IMP, VIM, 

SPM, GIM AIM and NDM-1).SPM, GIM and AIM have scarcely been detected beyond their 

region of first detection, i.e. the propagation of SPM types is restricted to Brazil, while GIM and 

AIM types are scarce and limited to Germany and Australia respectively. However, VIM and 

IMP genes display a worldwide dissemination and continue to be detected at increasing rates 

worldwide and NDM positive P. aeruginosa is present all across Southern Asia.VIM-2 

producing P. aeruginosa has been responsible for clonal spread and nosocomial outbreaks (Van 

der Bij et al., 2011; Livermore et al., 2012). 

          To date, there are 37 documented diverse VIM- types (www.lahey.org). The blaVIM-2 

represents the most distributed MBL gene worldwide and is commonly present in class 1 

integrons (Hawkey et al., 2009; Toleman et al., 2007).Class 1 integron plays a key role in the 

spread of antibiotic resistance genes (Labbate et al., 2008).Class 1 integron commonly exists 

either on plasmids or transposons, or on both, and is transferred along with them (Wei et al., 

2011). Most class 1 integrons recovered from clinical isolates are linked to a transposon, i.e. 

Tn21 or Tn402. Tn402 consists of four adjacent genes comprising a set of transposition genes 

(tniR, -Q, -B, and -A; also called tni or tniC module) (Labbate et al., 2008, Post et al., 2007). 

Numerous class 1 integrons have the tni module of Tn402 but with a vast variety of gene 

cassettes (Post et al., 2007). 

         This chapter describes the nucleotide sequence in an unusual class 1 integron embedded in 

a complete Tn402- like transposon. It was identified in P. aeruginosa 301-5473 isolated in 

France, in 2007, and in P. fluorescens 43-14926, isolated in Chile in 2002.  

 

http://www.lahey.org/
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3.2 Nucleotide sequence of an unusual class 1 integron carrying blaVIM-2 

embedded in completeTn402- like transposon in P. aeruginosa strain 301-

5473, isolated in France 2009.  

3.2.1-Results 

3.2.1.1 Antimicrobial susceptibility testing 

          MICs were carried out by Phoenix 100 assay. Resistance results to carbapenems show that 

the MICs of imipenem and meropenem were high (Table 3.1). The higher MICs were noted for 

aztreonam whereas the lowest were for gentamicin, tobramycin and cefazolin (Table 3.1).In the 

case of aminoglycosides, P. aeruginosa 301-5473 showed resistance to amikacin. Moreover, it 

showed resistance to ertapenem, ceftazidime, cefotaxime, trimethoprim and trimethoprim-

sulfamethoxazole.  

3.2.2 PCR experiments  

          PCR amplification of P. aeruginosa 301-5473 DNA was carried out by using primers 

(Appendix A, Table A-5) to fill unknown nucleotide sequence between blaVIM-2 and tniC genes. 

The blaVIM-2 and tniC genes had been previously identified. The 2.5kb product was separated by 

agarose gel electrophoresis, purified and sequenced. 

3.2.3 Conjugation assay 

          A conjugation experiment between P. aeruginosa and azide-resistant E. coli J53 was 

unsuccessful. A search for plasmid DNA in this isolate failed. The blaVIM-2 gene was considered 

likely to be chromosomally located. 
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Table 3.1 Antimicrobial susceptibility profiles of the blaVIM-2 - producing P. aeruginosa 

Antimicrobial agent MIC (µg/ml) P.  aeruginosa 

Cefazolin >4 

Aztreonam 16 

Cefuroxime >8 

Ceftazidime >8 

Imipenem >8 

Meropenem >8 

Amikacin >16 

Gentamicin >4 

Tobramycin >4 

Nitrofurantoin >64 

Trimethoprim- Sulfamethoxazole >4/76 

Trimethoprim >4 

Piperacillin-tazobactam >16/4 

Amoxicillin-Clavulanate >8/2 

Cefotaxime >4 

Cephalexin >16 

Colistin < =1 

Ertapenem >1 

Fosfomycin >64 

Ampicillin >8 

Ciprofloxacin >1 
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3.2.4 DNA Sequencing Analysis 

          The nucleotide and amino acid sequences were analyzed using Geneious Pro5.6.5 

software. Sequence analysis showed that downstream of blaVIM-2 gene there were four cassette 

genes (Figure 3.1).The first gene, a blaOXA-2, was identified encoding a narrow-spectrum 

oxacillinase, which had a G+C content of 50.9%. The blaOXA-2 displayed 100% identity 

withblaOXA-2 from P. aeruginosa strain 4122(Accession no.AY507153) (see Appendix B.1), S. 

enterica subsp. enterica serovar Typhimurium (Accession no.AM237806) and P. aeruginosa 

(Accession no.EF184216). The blaOXA-2 had 828 nucleotides encoding 286 amino acids. The 

OXA-2 showed 100% amino acid identity with OXA-2 from P. aeruginosa (Accession 

no.AY507153) (see Appendix B.2). 

          The second gene, anaacA4, encoded an AAC (b`)Ib type aminoglycoside acetyl 

transferase, which had a G+C content of 54.2%. The aacA4 gene displayed 100%nucleotide 

identitywithaacA4 gene from P. aeruginosa strain 4122 (Accession no.AY507153) (see 

Appendix B.3& B.4). 

          The third gene, an aadB, encoded an aminoglycoside-modifying enzyme (aminoglycoside-

2''-adenyltransferase) conferring resistance to gentamicin and tobramycin, which had a G+C 

content of 57.7% (see Appendix B.5 & B.6).  

          The last gene cassette, a qacG gene, showed 100% identity nucleotide sequence with qacG 

from P. aeruginosa strain 4122 (Accession no.AY507153) (see Appendix B.7). The qacG 

encoded quaternary ammonium compound resistance. Moreover, qacG gene had a G+C content 

of 47.5%.qacG gene, specifically, encoded resistance to benzalkonium chloride (Heir et al., 

1999). The qacG gene had 324 nucleotides encoding108amino acids (See Appendix B.8).
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                                                                            Unknown nucleotide sequences 

 

 

 

 
 

 

                    IntI               blaVIM-2                   blaOXA-2                     aacA4                aadB                   qacG                       tniC        tniQ         tniB       tniA     

 

 

Figure 3.1 Schematic representation of genetic map of unusual class 1 integron carrying blaVIM-2 embedded in a 

complete Tn402- like transposon in P. aeruginosa 301-5473. IntI is identified by a yellow arrow, genes cassettes are 

represented by orange arrows and TniC module genes are designated green arrows. 
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3.3-Completion of the nucleotide sequence of an unusual class 1 integron 

carrying blaVIM-2 embedded in a complete Tn402- like transposon in P. 

fluorescens 43-14926 

3.3.1 Results 

3.3.1.1 Antimicrobial susceptibility testing  

         P. fluorescens 43-14926 was obtained from Latin American medical centres in Chile. 

MBL phenotyping was carried out by the disk approximation method (imipenem, meropenem 

and ceftazidime) and E-test MBLs strips. Antimicrobial susceptibility testing of multidrug 

resistant P. fluorescens 43-14926, an isolate recovered from a blood culture in December 

2002, showed that it was resistant to ceftazidime (MICs>16 µg/ml), cefepime (MICs, 16 

µg/ml), tobramycin (MICs>16 µg/ml), imipenem (MICs>8 µg/ml), meropenem (MICs>8 

µg/ml) and amikacin (MICs, 8 µg/ml) (Table 3.2). 

3.3.3 Conjugation assay              

          Experiments in conjugation between the clinical isolate 43-14926 and E. coli J53 did 

not yield any transconjugants. These data imply that blaVIM-2 is probably located on the 

chromosome. 

3.3.4 PCR and DNA sequencing analysis 

           The nucleotide sequences of P. fluorescens (43-14926) integrons were determined by 

PCR with specific primers to amplify the gaps downstream of blaVIM-2 and upstream of the 

tniC genes. The use of blaVIM-2-FF and tniC-R primers, followed by sequencing, revealed 

that an aacA5 gene, encoding an AAC (6`)-Ib type aminoglycoside acetyltransferase, was 

located immediately adjacent to the blaVIM-2 gene (Figure 3.2). The sequence of aacA5 gene 

in P. fluorescens showed 99.8% nucleotide identity withaacA5 from P. aeruginosa 

(Accession no.AJ515707) (Figure 3.3). The aacA5 gene sequence in P. fluorescens 43-14926, 

showed difference in one nucleotide compared to P. aeruginosa (Accession no.AJ515707); 
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AT (512). Similarly, aacA5 showed 99.4 % identity with aacA5 from P. aeruginosa 

(Accession no.AJ515707), Furthermore, there is difference in one substitution; Asp 171 Val 

(Figure 3.4). 

              To our knowledge, this is the first report on the dissemination of blaVIM-2, aacA5 

embedded in Tn402- like transposon from a P. fluorescens isolate. 

  Table 3.2Antimicrobial susceptibility profiles of the blaVIM-2- producing   P. fluorescens 

43-14926 isolate. 

Antimicrobial agent MIC(µg/ml) 

P. fluorescens 43-14926 

Cefazolin >16 

Cefoxitin >32 

Aztreonam >16 

Cefuroxime >16 

Ceftriaxone >32 

Ceftazidime >16 

Cefepime 16 

Imipenem >8 

Meropenem >8 

Amikacin 8 

Tobramycin >16 

Gentamicin >8 

Netilmicin >32 
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                                        Unknown nucleotide sequences 

 

 

 

 

 

   

 

 

                   IntI               blaVIM-2            aacA5               tniC            tniQ              tniB              tniA 

 

 

Figure 3.2 Schematic representation of the genetic map for class 1 integron carrying blaVIM-2 embedded in a 

complete Tn402- like transposon in P. fluorescens 43-14926. IntI is identified by a yellow arrow, genes cassettes are 

represented by orange arrows and tniC module genes are designated green arrows 
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Figure 3.3 Nucleotide alignment of aacA5 gene of P. fluorescens 43-14926 (1) to aacA5 gene from P. aeruginosa (Accession No. AJ515707) (2), 

Length: 519 bp, identical sites: 518 bp (99.8% identity).  
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Figure 3.4 Protein alignment of aacA5 gene of P. fluorescens 43-14926 (1) to aacA5 gene from P. aeruginosa (Accession No. AJ515707) 

(2), Length: 173 AA, identical sites: 172 AA (99.4% identity). 
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3.4. Discussion 

          The variety of mobile genetic elements, described by several studies (Wozniak and 

Waldor 2010; Bertels and Rainey 2011), displays those, beyond HTG, the loss and 

acquisition of functional modules play a major part in the processes of rapid bacterial 

adaptation and development of resistance. Integrons are some of the most common 

genetic elements involved in this adaptation of bacteria (Stalder et al., 2012). The 

essential components of an integron include three key elements: the intI gene, a specific 

recombination site attI, and a promoter, Pc, which promotes the expression of any 

suitably integrated gene(s) (Hall and Collis 1995; Boucher et al., 2007). 

          Class 1 integrons are a major medical problem in clinical bacteria. Most clinical-

type class 1 integrons are descendants of a class 1 integron that is associated with a 

specific transposon, Tn402/Tn5090 is characterized by the presence of a transposition 

module comprising a set of four genes (tniR, tniQ, tniB, and tniA) (Labbate et al., 2008; 

Tato et al., 2012). The integron/transposon is structurally related to the functional 

ancestor, Tn402, which was first reported in 1994 (Rådstrom et al., 1994).  

          Presence of resistance genes on transposons provides a platform for moving from 

one plasmid to another and, once presents on a plasmid, can rapidly spread from one 

bacterium to another. Additionally, if the plasmid has the ability to be transferred to, and 

maintained in, more than one bacterial species, and rapid antibiotic resistance could 

happen (Hall 1997).             

          Many antibiotic-resistant bacteria and resistance genes’ mobile structures have 

been detected in many environmental samples, such as hospital wastewater, sewage, 

domestic wastewater and rivers polluted with contaminated water. Wastewater which is 

being discharged from hospitals can be dangerous to public
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health and the ecological balance since it may contain many kinds of deleterious waste such 

as radioactive, chemical and medication wastes and, not least, MDR pathogenic bacteria 

(Sharpe 2003). 

          Several studies have demonstrated that hospital wastewaters are highly selective 

environments and that they contribute to the high degrees of resistant bacteria, particularly 

Pseudomonas spp, that are being discharged into the natural environment (Fuentefria et al., 

2011). 

          In this study, I have analyzed the nucleotide sequence of an unusual class 1 

integron,harbouringblaVIM-2thatis associated with a complete Tn402-like transposon ina 

carbapenem resistant P. aeruginosa clinical isolate (301-5473) from France and in P. 

fluorescens, a clinical isolate (43-14926) from Chile. The horizontal transfer of genetic 

material within and among different microbial species has been involved in the emergence of 

antibiotic resistance genes (Juan et al., 2010).MBL-producing P. aeruginosa strains have 

been responsible for large occurrences in many hospitals worldwide (Queenan et al., 2007). 

Horizontally acquired MBLs were first described in the early 1990s and presently contain 

nine groups of enzymes (IMP, VIM, SPM, SIM, GIM, DIM, AIM, KHM and NDM) (Juan et 

al., 2010). Rapid and prevalent emergence of resistance, and more significantly similar 

patterns of resistance, has been encountered in phylogenetically diverse Gram-negative 

clinical isolates on an increasing scale (Weldhagen 2004).  

          Several studies have been reported recently showing that the Tn402 class 1 cassette 

array includes a diverse gene cassette. These examples were found in clinical environments. 

They include the cassettes aacC7, blaVIM-2, dfrB5 and aacC6-II from an Indian P. aeruginosa 

isolate, and aacA7, blaVIM-2, and dfrB5 from P. aeruginosa isolates from the United States 

and Russia (Labbate et al., 2008, Samuelsen et al., 2010). Thus, the occurrence of the tniC-

like transposon in P. aeruginosa isolates from different geographic locations suggests that the 

transposon is itself transferable and also responsible for the spread of blaVIM-2. 

          Furthermore, the clinical isolates highlight the fact that MDR class 1 integrons also 

have transposon functionality that may spread these structures rapidly (Toleman et al., 2007). 

The results show the unusual class 1 integron in isolate 43-14926to have blaVIM-2 and aacA4 

gene cassette accompanied by complete tniC gene, to our knowledge the first report of such 

an arrangement in P. fluorescens. However, the gene cassette array of blaVIM-2and aacA5, as 
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well as a complete tniC module, has been described recently in P. putida clinical strains 

isolated in the Balearic Islands, Spain ( Juan et al., 2010),  and in P. aeruginosa strain isolated 

in Argentina ( Marchiaro et al., 2010).These results suggest that these elements (integrons and 

transposons) are used as natural genetic vehicles, enabling the efficient spread between 

bacterial individuals of similar or diverse species (Cambray et al., 2010).The majority of 

MBL genes are located on the chromosome (Samuelsen et al., 2010 and Lauretti et al., 1999). 

Furthermore, acquired MBL genes in P. aeruginosa are often carried on plasmids and are not 

usually transferred by conjugation, at least, to E. coli (Jeong et al., 2009) 

          Class 1 integrons are most widespread and clinically important. They are detectable in 

22% to 59% of Gram-negative clinical isolates (Labbate et al. 2009) and they have been 

occasionally detected in Gram-positive bacteria (Martin et al. 2013, Nandi et al., 2004, 

Nesvera et al., 1998, Shih et al., 2006). They are associated with functional and non-

functional transposons derived from Tn402 which can be further inserted in larger 

transposons, for instance Tn21. A recent study of the complete sequence of Tn402 (Radstrom 

et al., 1994) revealed that this transposon is a class 1 integron. In addition to the integrase 

module and three integrated cassettes, Tn402 includes a set of four putative transposition 

genes that are required for transposition (Kholodii 1995). 
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4.1 Introduction 
          Plasmids play an important role in spreading carbapenem resistance, specifically VIM, 

IMP, and NDM (MBL). Plasmids act as vehicles that acquire mobile genetic elements 

(insertion sequences, transposons) that subsequently mobilize antimicrobial resistance genes 

(Carattoli 2013). 

         NDM-1-mediated resistance to carbapenems is increasingly reported internationally. 

Although the Indian subcontinent is considered a reservoir of NDM-1 producers, blaNDM-1 

has been reported in the United Kingdom. Moreover, Balkan states and the Middle East 

regions could also be potential reservoirs (Poirel et al., 2011).The NDM-1 gene was later 

detected in the United States, Europe and Canada (Nazir et al., 2012). 

        The NDM-1 gene is mostly located on plasmids and on different plasmid types such as 

IncL/M, IncA/C, IncF, IncHI, IncN and IncHI1 NDM-1. These different plasmids can 

distribute blaNDM-1 gene in non-clonally related Enterobacteriaceae. Nevertheless, two 

plasmids types, IncA/C and IncHI1, are more commonly associated with blaNDM-1 (Carattoli, 

2013). 

          Many reports show that the majority of bacteria carryblaNDM-1 on different sizes of 

plasmids (Yong et al., 2009; Kumarasamy et al., 2010). Enterobacteriaceae, K. pneumoniae 

and E. coli are the most frequent host species to the NDM-1 gene, but it can also be found in 

K. oxytoca, C. freundii, E. cloacae, Morganella morganii, Proteus spp. and Providencia spp 

(Struelens et al., 2010). 

         Several natural plasmids are maintained at their original copy number in the growing 

bacterial population, controlling their concentration and regulating their replication rate 

(Nordstrom 2005). Replicons are regions of DNA or RNA that replicate from a single origin 

of replication; contain the ori but also the genes encoding particular replication initiator 

proteins (Rep) that bind to the ori and their regulating factors (Nordstrom2006). 

          Plasmid stability is determined by genetic and environmental factors. Genetic factors 

include; 1) Plasmid DNA sequence effects (point mutation, deletion, insertion or 

rearrangement in the plasmid DNA); 2) Plasmid copy number; 3) replication patterns; and 4) 
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host background. Environmental factors involve; 1) Culture formulation; 2) Dissolved oxygen 

tension; 3) Temperature; and 4) Dilution rate (Silva et al., 2012). 

          Plasmid instability is the tendency for plasmids in transformed cells to lose their 

properties owing to structural changes in the plasmid, or loss of plasmids or co-integration 

between plasmids. Plasmid instability can take on two forms: structural instability and 

segregational instability. Structural instability is caused by deletion, insertion, or 

rearrangement of DNA. Segregational instability is caused by defective partitioning of 

plasmids between the daughter cells during cell division (Primrose et al., 1981; Kumar et al., 

1991; Silva et al., 2012). Genetic instability in combination with environmental factors (i.e. 

no selective pressure) can lead to loss of plasmids. During culture, cells lacking the plasmid 

appear which can often coexist and compete with the plasmid-containing population (Zhang 

et al., 2011). 

         The analysis of structural instabilities is important to understand the spread of AR and 

some methods are reported. When all daughter cells get at least one plasmid during cell 

division, the population is segregationally stable (Friehs 2004).   

         This chapter studies the characteristics and stability of plasmids bearing the blaNDM-1 

gene in Enterobacteriaceae. 
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4.2 Results 

4.2.1 Antibiotic susceptibility 

          All isolates producing NDM-1 were resistant to several antibiotic classes (Table4.1). 

Ten isolates from Chennai and Haryana were similarly resistant to all β-lactam antibiotics, 

fluoroquinolones, and aminoglycosides. All isolates were resistant to aztreonam, cefepime, 

ceftazidime, and amikacin (MIC≥ 64 µg/ml), ciprofloxacin (>8 µg/ml), gentamicin (>32 

µg/ml), imipenem (8-64µg/ml) and meropenem (16->32µg/ml), piperacillin (>64 µgm/l) and 

piperacillinetazobactam (>64 µg/ml). K .pneumoniae IR25 was resistant to tigecycline (MIC 8 

µg/ml) and colistin (MIC >32 µg/ml) (Table 4.1); however, other NDM-1 positive strains 

were sensitive (MICs>1µg/ml). Minocycline MICs for the Haryana isolates, 

KpneumoniaeK15 and KpneumoniaeK7, were 1 and 2 µg/ml respectively. Tigecycline MICs 

for eight isolates isolated in Chennai, were <= 0.25- 8µg/ml. 

4.2.2 Confirmation of the NDM-1 gene and others in Enterobacteriaceae 

isolates. 

          Preliminary screening forblaNDM-1 positive K. pneumoniae (K15, K7, IR18K, and 

IR28K isolates),K. oxytoca (IR61) and E. coli (IR5, IR22, IR26 and IR29) was performed by 

PCR amplification with primers NDM-1 FR and NDM-1RE specific to the NDM-1(section 

2.11.2). In all isolates, NDM-1 gene size was 800 bp. In addition, PCR was used with specific 

primers to detect ESBL gene such asblaCTX-M-15and the genes repA and repB. All blaNDM-1 – 

positive isolates harboured the blaCTX-M-15 gene. Moreover, repA and repB genes were 

screened for in K pneumoniae K15 during the first and the sixth days through the passaging 

experiment.  

4.2.3 PCR mapping of the blaNDM-1 surrounding sequences 

          To determine the genetic structure surrounding the blaNDM-1 gene, DNA of NDM-1 

positive strains was used as a template for PCR with primers designed from the blaNDM-1 gene 

sequence (Appendix A, Table A- 4). E. coli IR5, E. coli IR22, E. coliIR26, E. coli IR29, K. 

pneumoniae K15, K. pneumoniae K7, K. pneumoniae IR28K and K. oxytoca IR61 all showed 

part of ISAba125, an IS element that was present upstream of blaNDM-1. We also identified a 
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gene named bleMBL, which encoded resistance to bleomycin, immediately downstream of the 

blaNDM-1 gene. However, the IS26element identified in K. pneumoniae IR18 and K. 

pneumoniae IR25 (Figure 4.2) was present upstream of blaNDM-1. The diversity of genetic 

features associated with the blaNDM-1 gene may explain its current high rates of spread 

worldwide. 
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Table 4.1 Susceptibility profile of clinical NDM-1 producers isolated from Indian subcontinent 

 Character/strains IR22 IR25 IR26 IR61 IR5 IR18K IR29 K7 K15 IR28K 

Ampicillin >64 >64 >64 >64 >64 >64 >64 >64 >64 > 64 

Aztreonam >64 >64 >64 >64 >64 >64 >64 >64 >64 >64 

Cefotaxime >256 >256 >256 >256 >256 >256 >256 >256 >256 >256 

Ceftazidime >256 >256 >256 >256 >256 >256 >256 >256 >256 >256 

Cefpirome >64 >64 >64 >64 >64 >64 >64 >64 >64 >64 

Imipenem 16 8 32 16 32 16 16 64 64 16 

Meropenem 32 16 >32 16 >32 32 >32 >32 >32 32 

Ertapenem >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 

Ciprofloxacin >8 >8 >8 >8 >8 >8 >8 >8 >8 >8 

Tobramycin >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

Amikacin >64 >64 >64 >64 >64 >64 >64 >64 >64 >64 

Gentamicin >32 >32 >32 32 >32 >32 >32 >32 >32 >32 

Minocycline 4 >32 4 2 32 >32 0.25 16 8 >32 

Tigecycline 1 8 0. 5 0.5 1 2 <=0.250 2 1 2 

Colistin <=0.5 >32 <=0. 5 <=0.5 <=0.5 <=0.5 <=0.5 1 <=0.5 <=0.5 
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         Figure 4.1 Schematic drawing showing the blaNDM-1-associated genetic structures 
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E. coli JF714412.2 
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Table 4.2 Genetic features associated with the blaNDM-1 gene  

Strains City of isolation 
Plasmid type carrying 

blaNDM-1 
size Kb blaCTX-M-15 IS bleMBL blaNDM-1 

K. pneumoniae K15  Haryana IncX 

Inc F 

60Kb 

150Kb 

+ +  

(ISAb125) 

+ + 

K. pneumoniae K7 Haryana untypeable - + + 

(ISAb125) 

+ + 

K. pneumoniae IR18K Chennai Inc AC 

Inc F 

incF 

200Kb 

110kb 

90kb 

+ + (IS26) + + 

K. pneumoniae IR28K Chennai untypeable - + + 

(ISAb125) 

+ + 

K. pneumoniae IR25 Chennai untypeable - + + 

 (IS26) 

+ + 

E. coli IR5 Chennai untypeable - + + 

(ISAb125) 

+ + 

E. coli IR22 Chennai untypeable - + + 

(ISAb125) 

+ + 

E. coli IR26 Chennai untypeable - + +(ISAb125) + + 
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4.2.4 Plasmid typing 

          Plasmid incompatibility groups were assigned by using the PCR–based replicon 

typing method (Carattoli et al., 2005). One plasmid (Kp pk7) carrying the blaNDM-1 gene, 

from Haryana, could not be typed but two other plasmids, carrying the NDM-1 gene isolated 

from K. pneumoniae K15, were incX and incF.  NDM-1 positive K. pneumoniae IR18K and 

K. oxytoca IR61 were carrying IncA/C. Moreover, NDM-1 positive K. pneumoniae IR18K 

carried IncF plasmid (Table 4.2). 

4.2.5 Stability of plasmid bearing NDM-1 gene in the Enterobacteriaceae  

          Measurement of plasmid stability is the number of cells subsequently capable of 

forming colonies on a non-selective medium. The blaNDM-1 gene stability in K pneumoniae 

K15, K pneumoniae K7, K pneumoniae IR18K, K pneumoniae IR28K, K pneumoniae IR25, 

K. oxytoca IR61, E coli IR5, E coli IR22, E coli IR26, and E coli IR29 was studied in 

absence of antibiotic selection. It was found that the genetic structural integrity of blaNDM-1 

was stable in most isolates in the absence of antibiotic selection. This observation was 

confirmed at least twice in each case. 

4.2.7 Plasmid analysis and back probing with blaNDM-1  

          NDM-1plasmidstability in Enterobacteriaceae was studied by serial passaging in 

liquid culture. To determine the genomic location of the NDM-1 gene, S1 digests and 

probing with NDM-1 radio- labelled blaNDM-1 Probe DNA fragments was carried out using 

the protocol outlined in section 2.21.The movement and stability of blaNDM-1 gene between 

plasmids and chromosome were detected during the time of the experiment, which was for 

14 days. 

4.2.7.1 Detection of chromosomal and plasmid mediated blaNDM-1 stability 

for K. pneumoniae 

          S1-PFGE and probing results revealed that K. pneumoniae K15and K. pneumonia 

IR25havemore than one plasmid carrying blaNDM-1.Isolate K15 was found to carry blaNDM-1 

on 60 kb and 100kb plasmids (Figure 4.2) and isolate 1R25 was found to carry blaNDM-1 on 
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100 kb and 300 kb plasmids (Figure 4.3). However, isolates IR18K and K7were found to 

carryblaNDM-1 on a100 kb plasmid, (Figure 4.4), and K. Pneumoniae IR28K has just one 300 

kb NDM-1 plasmid (Figure 4.5). Chromosomal bands in the autoradiograph suggest blaNDM-

1is located on the chromosome of K. pneumoniae IR25 and K. pneumoniae IR28K strains 

(Figure 4.3 and Figure 4.5).  

          PFGE analysis over 14 days used Xba1 restriction enzyme to detect the number of 

NDM-1genes among strains producing NDM-1. A more complicated picture is observed in 

K. pneumoniae K15, which was grown at 37⁰C without antibiotic pressure (Figure 4.6), 

where it was found to have five copies of the NDM-1 gene on <50 kb, 50 kb, 60kb, 120 kb 

and 220 kb plasmids. Isolate IR18K, digested with Xab1 enzyme, has three copies of the 

NDM-1 gene at 20 kb, 50 kb, and 100 kb (Figure 4.7).  

           Overall, blaNDM-1 was stable in all K. pneumoniae isolates (except isolate K15), and 

was located on plasmids and chromosomes with differing plasmid sizes and number of 

copies. 
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Figure 4.2 Pulsed-field gel of genomic DNA from K. pneumoniae K15. (A) Plasmid size differentiation by digestion with S1 nuclease. 

(B). Hybridization of gel A with blaNDM-1gene probe. Lane 1, lambda ladder pulsed-field gel marker; Lane 2=D1 (day one); Lane 3= D2; 

Lane 4= D3; Lane 5=D4; Lane 6=D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10=D9; Lane11=D10; Lane12=D11; Lane13=D12; 

Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base pairs. 
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Figure 4.3 Pulsed-field gel of genomic DNA from K. pneumoniae IR25 strain (A) Plasmid size differentiation by digestion with S1 

nuclease. (B) Hybridization of gel A with blaNDM-1 gene probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2=D1 (day one); 

lane 3=D2; Lane 4= D3; Lane 5= D4; Lane 6=D5; lane 7=D6; Lane 8= D7; Lane9=D8; Lane10=D9; Lane11= D10; Lane12= D11; 

Lane13= D12; Lane 14=D13 and Lane 15= D14. C= chromosome. Kb= kilo base pairs. 
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Figure 4.4 Pulsed-field gel of genomic DNA from K. pneumoniae IR18K strain. (A) Plasmid size differentiation by digestion with S1 

nuclease. (B) Hybridization of gel A with blaNDM-1 gene probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2=D1 (day one); 

Lane 3= D2; Lane 4= D3; Lane 5= D4; Lane 6=D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11= D10; Lane12= D11; 

Lane13=D12; Lane 14= D13 and Lane 15= D14 C= chromosome. Kb= kilo base pairs. 
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Figure 4.5 Pulsed-field gel of genomic DNA from K. pneumoniae IR28K strain. (A) Plasmid size differentiation by digestion with S1 

nuclease. (B) Hybridization of gel A with blaNDM-1 gene probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2=D1(day one); 

Lane 3= D2; Lane 4= D3; Lane 5= D4; Lane 6=D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11= D10; Lane12= D11; 

Lane13= D12; Lane 14= D13 and Lane 15,=D14. C= Chromosome. Kb= kilo base pairs. 
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Figure 4.6 Pulsed-field gel of genomic DNA from K. pneumoniae K15 strain.(A) Gel digestion with Xbal restriction enzyme. (B) 

Hybridization of gel A with blaNDM-1 gene probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= D1(day one); Lane 3= D2; 

Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11= D10; Lane12= D11; Lane13= D12; 

Lane 14= D13 and Lane 15= D14.C= chromosome. Kb= kilo base pairs. 
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Figure 4.7 Pulsed-field gel of genomic DNA from K. pneumoniae IR18K strain.(A) Gel digestion with Xbal restriction enzyme. (B) 

Hybridization of gel A with blaNDM-1 gene probe.  Lane 1, lambda ladder pulsed-field gel marker; Lane 2=D1(day one); Lane 3= D2; 

Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11= D10; Lane12= D11; Lane13= D12; 

Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base pairs. 
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4.2.7.2 Detection of chromosomal and plasmid carrying blaNDM-1 stability 

for E. coli 

          To determine the genomic location of the blaNDM1 genes, S1 digests and probing with 

radio-labelled blaNDM-1 DNA fragments were carried out by using the protocol outlined in 

section. 2.22. The E. coli IR5isolatewas found to carry blaNDM-1 on 80 kb and 90 kb 

plasmids. However, isolate IR29 has four NDM-1 plasmids; 150 kb, 250 kb, 300 kb and 350 

kb (Figure 4.8). Furthermore, S1 results for isolate IR29 suggest that the blaNDM-1 gene is 

present on the chromosome. Isolate IR29 displayed rearrangement of the blaNDM-1 plasmid 

from 250 kb to 300 kb on the fourth day (Figure 4-8). The blaNDM-1 gene was identified on 

100 kb and 150 kb in isolates IR26 and IR22, respectively.  

          Xba1 digests were carried out on E. coli isolates IR26, IR5, and IR22. Xba1 results for 

isolate IR26 show two blaNDM-1gene copies (100 and 150kp (Figure 4.9); IR5 has two copies 

of NDM-1 (140 kb and 150 kb) (Figure 4-10); IR22 carries two copies of NDM-1 at ≥ 

150kb. Isolate IR29 has four copies of NDM-1 gene of different sizes.  

              Generally, NDM-1 gene was stable through E. coli isolates and the NDM-1 genes 

carried were of different sizes. Only in one isolate, IR29, the NDM-1 gene was not stable 

and, in addition, harboured the NDM-1 gene on the chromosome. 

 

4.2.6.3 Detection of chromosomal and plasmid harbouring blaNDM-1 stability for 

K. oxytoca. 

          K. oxytoca IR61 isolate was found to carry blaNDM-1 on 150 kb (Figure 4-11). Genomic 

DNA of K. oxytoca IR61 was digested with Xba1 to detect the blaNDM-1copy. Xba1- PFGE 

gel result of K. oxytoca IR61 is shown in Figure 4.12 .This result shows that isolate IR61 has 

three copies of blaNDM-1 at 25 kb, 40 kb, and 140 kb. K. oxytoca IR61’s plasmid bearing 

blaNDM-1 gene was stable during the course of passaging. 
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Figure 4.8 Pulsed-field gel of genomic DNA from E. coli IR29 strain. (A) Plasmid size differentiation by digestion  

             with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 gene probe. Lanes 1&6 =lambda ladder pulsed-field gel  

marker; Lane 2,=D0 (day zero); Lane 3= D4; Lane 4= D8; Lane 5= D12. C= chromosome. Kb= kilo base pairs. 

C 

150kb 

350kb 

300kb 

C 

350kb 
250 

kb 

300kb 



 

95 

 

           A                                                                                                               B 

 

Figure 4.9 Pulsed-field gel of genomic DNA from E. coli IR26 strain. (A) Gel digestion with Xbal restriction enzyme. (B) Hybridization 

of gel A with blaNDM-1 gene probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= D1 (day one); Lane 3= D2; Lane 4= D3; 

Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane 9= D8; Lane10= D9; Lane11= D10; Lane12= D11; Lane13= D12; and Lane 

14= D13. (Note, the plug is lost in day 14).C= chromosome. Kb= kilo base pairs. 

     1     2    3     4     5     6    7     8     9    10    11   12   13   14    

150kb 

100kb 

  1    2     3      4     5      6      7      8      9    10     11    12     13    14    

150kb 

100kb 

 

C 



 

96 

 

           A                                                                                                                B 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Pulsed-field gel of genomic DNA from E. coli IR5 strain. (A) Gel digestion with Xbal restriction enzyme. (B) Hybridization 

of gel A with blaNDM-1 gene probe.  Lane 1= lambda ladder pulsed-field gel marker; Lane 2= D1(day one); Lane 3= D2; Lane 4= D3; 

Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane 9= D8; Lane10= D9; Lane11= D10; Lane12= D11; Lane13= D12; Lane 14= 

D13 and Lane 15= D14. C= chromosome. Kb= kilo base pairs. 

 

 

C 

150kb 

 

>150kb 

140kb 

 1      2     3     4    5     6     7     8     9    10   11   12   13   14   15    1    2     3    4     5    6       7    8      9     10   11   12   13   14   15 



 

97 

 

           A                                                                                                                    B 

 

Figure 4.11 Pulsed-field gel of genomic DNA from K. oxytoca IR61 strain. (A) Plasmid size differentiation by digestion with S1 nuclease. 

(B) Hybridization of gel A with blaNDM-1 gene probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= D1(day one); Lane 3= 

D2; Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane 9= D8; Lane10= D9; Lane11= D10; Lane12= D11; Lane13= 

D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base pairs. 
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Figure 4.12 Pulsed-field gel of genomic DNA from K. oxytoca IR61 strain. (A) Gel digested with Xba1 restriction enzyme. (B) 

Hybridization of gel A with blaNDM-1 gene probe.   Lane 1= lambda ladder pulsed-field gel marker; Lane 2= D1(day one); Lane 3= D2; 

Lane 4= D3; Lane 5= D4; Lane 6=D5; Lane 7= D6; Lane 8= D7; Lane 9= D8; Lane10= D9; Lane11= D10; Lane12= D11; Lane13= D12; 

Lane 14= D13 and Lane 15= D14.C= chromosome. Kb= kilo base pairs. 
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4.3 Discussions 

          Most NDM-1 positive isolates used were susceptible to colistin, minocycline and 

tigecycline. This result agrees with Kumarasamy`s results (Kumarasamy et al., 2010). 

However, some Indian isolates are described as being colistin and tigecycline resistant, 

leading to being pan-resistant isolates (Walsh 2010). Our results showed that most isolates 

had resistance to carbapenems, fluoroquinolones and aminoglycosides.  

          Plasmid incompatibility groups were determined by using the PCR-based replicon 

typing method (Carattoli 2005) and classifying different plasmid scaffolds carrying the 

blaNDM-1 gene. These results indicated that, except for three strains, K pneumoniae K15, K 

pneumoniae IR18K and K oxytoca IR61, the typing method failed to identify plasmid 

scaffolds in other strains, whereas, IncX, IncF, and IncA/C were common in Indian isolates. 

The results were consistent with Kumarasamy and his team and Walsh and his colleagues 

(Walsh et al., 2011; Kumarasamy et al., 2010). These data show that the current spread of 

blaNDM-1 is not associated with a single plasmid. Numerous plasmids had a narrow host 

range, such as the IncF plasmids, and thus able to spread among Enterobacteriaceae only; 

others were of broad host range, such as the IncA/C types, and were able to replicate in 

Acinetobacter and Pseudomonas species (Poirel et al., 2011). 

          Genetic structures surrounding blaNDM-1 showed that remnants of insertion sequence 

ISAba125 were systematically present upstream of the blaNDM-1 gene. ISAba125 is an 

element belonging to the IS30 family (Poirel et al., 2011). ISAba125 has only been 

designated in Acinetobacter spp and has not been found to be linked to blaNDM-1 before, 

suggesting that horizontal transfer between Acinetobacter and Enterobacteriaceae has 

occurred (Sole et al., 2011). Furthermore, IS26 was identified in K. pneumoniae IR18 and K. 

pneumoniae IR25 (Figure 4.1). The IS26 element, belonging to the IS6 family, is common 

among Enterobacteriaceae plasmids. It has been reported in the immediate region of the 

blaCTX-M, blaOXA and blaSHV classes of β-lactamases that were part of a transposon-like 

structure in various plasmids. Among E. coli isolates in Germany, integration of the blaCTX-

M/IS26 transposon-like structure in plasmids of different replicon types has been described 

and also chromosomal integration of CTX-M-3 with two IS26 elements (Cullik et al., 2011). 
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          Downstream of blaNDM-1, the bleMBL gene was identified in most of the isolates. This 

would suggest that an ISAba125-related initial mobilization mechanism had been 

responsible for the joint acquisition of both the blaNDM-1 and bleMBL genes. It also suggests 

that both genes originated from the same progenitor (Poirel et al., 2011). 

          Since blaNDM-1 is flanked by IS insertion elements, we cannot neglect the possibility of 

integration of the gene into a plasmid and subsequent horizontal spread. The plasticity of the 

genetic structure surrounding blaNDM-1, with DNA seemingly originating from both 

Enterobacteriaceae and A. Baumannii explains the observed, rapid spread of this gene within 

many Gram-negative bacteria species and across genera (Pfeifer et al., 2011). 

          Replication locus rep genes of bacteria have been associated with stability during 

replication of the inherent plasmid (Zhang et al., 1996). The replication (rep) and 

partitioning (par) systems are often located and regulated separately in plasmid genomes 

(Pappas and Winans 2003; Pappas 2008). RepA, B and C plasmids, commonly found in α-

proteobacteria, are categorized by the existence of a repA, B or C operon, which carries all 

the elements required for plasmid replication and segregation. Generally, repA, B, and C 

operons consist of three protein-encoding genes, an antisense RNA gene, and at least one 

centromere-like region (Cervantes-Rivera 2010).In 1984, Futcher and Cox showed that 

plasmids containing both rep loci are considerably more stable than those lacking one or 

both loci (Zhang et al., 2011).     

          TheS1 PFGE results showed that blaNDM-1 itself is unusually mobile and moves 

between different plasmids. In this study, Enterobacteriaceae carried different sized 

plasmids bearing blaNDM-1. However, another recent study showed that the NDM-1 positive 

Enterobacteriaceae harboured similarly sized plasmids (Walsh et al., 2011). The Indian 

strains had a diverse range of blaNDM-1 harbouring plasmid sizes (from 25kb to>400kb). 

Three isolates; K. pneumonia IR28K, K. pneumonia IR25 and E. coli IR29 carried blaNDM-1 

upon the chromosome which has seldom been reported. In most isolates blaNDM-1 was 

located on more than one plasmid. 
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          Plasmid stability was studied in our isolates by using serial dilution. The S1 PFGE 

results showed that the blaNDM-1 gene was stable in most isolates. 

          Stability of the plasmid is mediated by several factors such as; 1) Plasmid load; 2) 

Plasmid copy number; 3) Replication systems; 4) Substrate type; 5) Medium composition; 

6) Host background; 7) Culture conditions; 8) Temperature of culture; 9) Plasmid isoform; 

and 10) antibiotic concentration (Silva et al., 2012). Also, there are other factors affecting 

plasmid structural stability such as plasmid size (Ertl and Thomsen 2003), direct repeats 

(Hadj et al., 2008), inverted repeats (Bi and Liu, 1996) and insertion sequences (Valesova et 

al., 2005). All these factors can elevate the rate of spontaneous point mutations or promote 

recombinations between intergenomic or directly repeated sequences (Oliveira et al., 2009). 

          Culture conditions such as dissolved oxygen concentration and pH can affect plasmid 

stability. A decrease in the dissolved oxygen concentration level in growth medium could be 

harmful to plasmid maintenance (Goyal et al., 2009; Krishna et al., 2008) since sufficient 

dissolved oxygen is essential for maintaining plasmid stability. Furthermore, a low pH 

medium may cause stress to the bacterial cells resulting in plasmid loss from the high-

density cultures (Chen et al., 1992). The composition of the media may also impact on 

plasmid segregational stability (O'Kennedy and Patching 1997). However, it was shown that 

the use of complex nitrogen sources such as yeast extract or tryptone did not decrease 

plasmid stability (Goyal et al., 2009).Some studies suggest that use of these nitrogen sources 

resulted in increased plasmid stability (Matsui et al., 1990). 

           Other factors, such as the antibiotic resistance gene and plasmid copy number, can 

also affect plasmid segregational stability. With regard to plasmid copy number, use of high 

copy plasmids is believed to induce a higher metabolic burden on the host strain, causing a 

decrease in plasmid DNA productivity due to reduced cell growth (Jones et al., 2000). With 

respect to antibiotic resistance, in the presence of selective pressure, e.g. kanamycin, 

resistant plasmids are more stable than ampicillin resistant plasmids (French and Ward, 

1995). There is an additional stability system required in the bacteria, such as the 

toxin/antitoxin (TA) system (Diago-Navarro et al., 2010). This system will be shown and 

discussed in chapter seven. 

           Plasmid instability is generally originated from either structural instability caused by 

changes in plasmid itself, for instance point mutation, deletion, insertion or rearrangement in 
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the plasmid DNA, or segregational instability caused by defective partitioning of plasmids 

between the daughter cells during cell division (Silva et al., 2012). Structural plasmid 

instability could arise from the increased expression of mobile and recombinogenic DNA 

such as transposons, IS elements and phage-related genes (Haddadin and Harcum 2005). 

Plasmid structural instability can be seen as a result of the mutations and other genetic 

divergences caused by these mobile DNA sequences in plasmid carrying cells (Haddadin 

and Harcum 2005). 
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Chapter Five 

The study of transfer of plasmid- 

harboured blaNDM-1 gene in 

Enterobacteriaceae. 
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5.1 Introduction 

          DNA plasmids can confer resistance to major classes of antibiotics such as 

aminoglycosides, tetracyclines, chloramphenicol, sulphonamides, trimethoprim, macrolides 

and quinolones (Carattoli 2009) and they acquire mobile genetic elements that mobilize the 

antibiotic resistance genes. Plasmids play a significant role in horizontal transfer of 

resistance determinants among bacteria (different species, genera and kingdoms) depending 

on their narrow or broad host range, conjugative properties and efficiency of conjugation 

(Thomas and Nielsen 2005; Carattoli 2013). 

          Conjugation is a very important phenomena and an efficient method for intra- or inter- 

species genetic transfer. The first discovery of the conjugation process was in 1946 by 

Lederberg and Tatum in E. coli K-12 (Lederberg and Tatum 1946). Conjugal plasmid 

transfer, in both Gram- negative and Gram –positive bacteria, has been well documented 

(Possoz et al., 2001). 

          The rapid spread of NDM-1-producing Gram-negative species has been highlighted in 

many reports published in the last two years (Nordmann et al., 2012). In Enterobacteriaceae, 

blaNDM-1 has been shown to be carried by a range of diverse plasmids, typeable and non-

typeable (Nordmann et al., 2011b; Poirel et al., 2011). 

The aim of the study was to determine whether different plasmids harbouring the blaNDM-1 

gene could be transferred by conjugation to E. coli J53 and also to assess the stability of 

plasmids carrying blaNDM-1. 
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5.2 Results 

5.2.1 Plasmid bearing blaNDM-1 gene transfer by conjugation  

          Conjugation experiments were performed, as described in section 2.17, with NDM-1 

producers as donors (K. pneumoniae K15, K7, IR25, IR18K and IR28K; K. oxytoca IR61 

and E. coli IR5, IR22, IR26 and IR29) and azide- resistant E. coli J53 as a recipient using a 

selection based on ceftazidime (30mg/ml) and azide (100 mg/ml). Except for two strains (K. 

pneumoniae IR18K and IR28K), most of the isolates gave transconjugants. Some donors 

have more than one plasmid carrying blaNDM-1 but only one plasmid has been transferred to 

the recipient strain by conjugation suggesting that several blaNDM-1 plasmids were not self–

conjugative and/or required a helper plasmid for their mobilization. Where conjugation 

failed in some donors it is likely that either 1) the plasmids carrying NDM-1 are located on 

large size plasmids, including (toxic) DNA, which can lead the cell machinery to degrade it 

or; 2) the plasmid may be broken during conjugation and may not be able to re-circularize, 

which once again leads to DNA degradation. Despite the fact the conjugation experiment 

failed under laboratory conditions, since the NDM-1 gene is located on a plasmid, it can, 

theoretically, promote its dissemination. In its natural environment, exchange of DNA 

between bacteria can occur when appropriate conditions in the surroundings are achieved. 

Under laboratory limitations, those conditions are not always easy to emulate.  

5.2.2 Molecular characterization of transconjugant 

          All 8 transconjugants; K. pneumonia pK15, pK7, and pIR25 transconjugants; K. 

oxytoca pIR61 transconjugant; and E. coli pIR5, pIR22, pIR26, and pIR29 transconjugants 

were checked for the presence of blaNDM-1 gene by using the PCR method described in 

section 2.11.2. All were positive for the blaNDM-1 gene. The transconjugant product size of 

the blaNDM-1 gene was 800bp. 
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5.2.3 Stability of the plasmid- borne NDM-1 gene in transconjugants 

          The plasmid stability determines the proportion of cells maintaining the plasmid. I 

studied the stability of plasmids carrying blaNDM-1 at 37ºC without selective antibiotic 

pressure. The stability of plasmids in K. pneumonia pK15, pK7, and pIR25 transconjugants, 

K. oxytoca pIR61 transconjugant and E. coli pIR5, pIR26, pIR22 and pIR29 transconjugants 

was studied by using serial passaging in liquid culture.  

          Passaging over two weeks in liquid media without antibiotics showed that most of the 

transconjugants had one NDM-1 plasmid. This observation was repeated at least twice in 

each case to verify previous results. However, in the E. coli IR22 transconjugant the two 

plasmids were either integrated or one of them was lost.  

5.2.4 Investigation of transconjugant genomic DNA and back probing with 

blaNDM-1  

          To determine the genomic location of the NDM-1 genes, plasmids from K. 

pneumoniae (pK15, pK7, pIR25) transconjugants, E. coli (pIR5, pIR22, pIR26, pIR29) 

transconjugants and K. oxytoca pIR61 transconjugant were isolated and digested with S1 

nuclease, then probed with NDM-1-radio-labelled blaNDM-1. Probe DNA fragments using the 

protocols outlined in section 2.22. 

          In K. pneumoniae pK15, pIR25, pK7, K. oxytoca IR61 and E. coli IR5, IR26 

transconjugants, blaNDM-1 was seen on the same sized plasmid construct as in the 

corresponding parent. This is evidence of the conventional conjugation process of a 

resistance plasmid transferring the resistant determinant between cells. 

          The data clearly show that a plasmid was demonstrated in most transconjugants, while 

E. coli pIR22 transconjugant showed two plasmids. In K. pneumoniae pK15, the 

transconjugant had a 60 kb plasmid carrying blaNDM-1 (Figure 5.1). However, E. coli pIR5 

and pIR26 transconjugants and K. oxytoca pIR61 transconjugant possessed 150 kb plasmids 

carrying blaNDM-1 (Figure 5.2; 5.3 and 5.4).  
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          The blaNDM-1 in E. coli IR29 and K. pneumoniae K7 transconjugants were found upon 

the 100 kb plasmid identified in Figures5.5 and 5.6, respectively.  

          The chromosomal bands in the autoradiograph gels displayed the blaNDM-1 gene 

present upon the chromosomes of K. pneumoniae IR25 (Figure 5.7) and E. coli IR26 (Figure 

5.3). This highlights the genetic plasticity of blaNDM-1 during conjugation.   

          Interestingly, the E. coli pIR22 transconjugant showed that two plasmids were 

transferred, with very little difference in size (≥ 150 kb), between day one and day seven, 

but after the eighth day, the NDM-1 plasmid appeared to be lost and / or included in the 

appearance of a smaller plasmid at 40 kb (Figure 5.8 highlighted in yellow). This small 

plasmid does not carry blaNDM-1 (Figure 5.8). Therefore, one copy of blaNDM-1 was lost in a 

deletion event creating the new 40 kb plasmid. This 40 kb plasmid also appears at a higher 

copy number than the original 150 kb plasmid as observed in the intensely stained band in 

Figure 5.8 A.  
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Figure 5.1 Pulsed-field gel of genomic DNA from K. pneumoniae transconjugant (pK15) isolate. (A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= 

D1; Lane 3= D2; Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane 9= D8; Lane10= D9; Lane11= D10; Lane12= 

D11; Lane13= D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base.  
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Figure 5.2 Pulsed-field gel of genomic DNA from E. coli transconjugant (pIR5) isolate. (A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2=D1; Lane 

3= D2; Lane 4= D3; Lane 5= D4; Lane 6=D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11,=D10; Lane12= D11; 

Lane13= D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base. 
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Figure 5.3 Pulsed-field gel of genomic DNA from E. coli transconjugant (pIR26) isolate. (A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= D1; Lane 

3= D2; Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11= D10; Lane12= D11; 

Lane13= D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base. 

   1      2     3    4      5     6       7    8     9     10   11   12    13   14   15 

150kb 

 

150kb 

  1      2    3      4     5      6     7      8     9     10   11    12   13    14    15 

C C 



 

111 

 

                 A                                                                                                         B   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Pulsed-field gel of genomic DNA from K. oxytoca transconjugant (pIR61) isolate.(A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1, lambda ladder pulsed-field gel marker; Lane 

2,D1; lane 3, D2; lane 4, D3; lane 5, D4; lane 6,D5; lane 7, D6; lane 8, D7; lane9, D8; lane10, D9; lane11, D10; lane12, D11; lane13, 

D12; lane 14, D13 and lane 15, D14.C= chromosome. kb= kilo base. 
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Figure 5.5 Pulsed-field gel of genomic DNA from E. coli transconjugant (p IR29) isolate. (A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= D1; Lane 

3= D2; Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11= D10; Lane12= D11; 

Lane13= D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base. 
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Figure 5.6 Pulsed-field gel of genomic DNA from K. pneumoniae transconjugant (pK7) isolate.(A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= 

D1; Lane 3= D2; Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane9= D8; Lane10= D9; Lane11= D10; Lane12 

D11; Lane13= D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base. 
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Figure 5.7 Pulsed-field gel of genomic DNA from K. pneumoniae transconjugant (pIR25) isolate. (A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2= 

D1; Lane 3= D2; Lane 4= D3; Lane 5, D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane 9= D8; Lane10= D9; Lane11= D10; Lane12= 

D11; Lane13= D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base. 
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Figure 5.8 Pulsed-field gel of genomic DNA from E. coli transconjugant (pIR22) isolate. (A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with blaNDM-1 probe. Lane 1= lambda ladder pulsed-field gel marker; Lane 2=D1; Lane 

3= D2; Lane 4= D3; Lane 5= D4; Lane 6= D5; Lane 7= D6; Lane 8= D7; Lane 9= D8; Lane10= D9; Lane11= D10; Lane12= D11; 

Lane13= D12; Lane 14= D13 and Lane 15= D14. C= chromosome. Kb= kilo base.
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5.3 Discussion 

          The ease of dissemination of the plasmid-borneblaNDM-1 gene was apparent by the ability 

to obtain transconjugants for most clinical donor isolates. Similar findings onblaNDM-1 plasmid 

transmissibility has been noted (Poirel et al., 2011; Walsh et al, 2011). Transconjugants were 

obtained from eight clinical isolates, indicating that the blaNDM-1 gene was located on a 

conjugative plasmid.  

          In some isolates, the transmission of plasmids harbouring NDM-1 gene failed and could 

be explained by unsuccessful conjugation in these isolates (K. pneumoniae IR18K and IR28K). 

Either the antibiotic used in the selection was not appropriate to these plasmids, or the NDM-1 

gene was located on a non-transferable plasmid, and/or the NDM-1 gene was located on a very 

large size plasmid. It could also be that these plasmids need a helper/facilitator plasmid to 

transfer the plasmid carrying blaNDM-1from donor cells to the recipient. In addition, it might be 

noted that temperature could lead to failure of plasmid transfer (Stoughton et al., 2013). 

Temperature sensitive conjugative plasmids have been described previously (Sherburne et al., 

2000). In this study, the NDM-1 plasmid transferred to E. coli J53 was of a high frequency at 

37ºC. These results are inconsistent with the Walsh et al. study, where the transfer of the 

NDM-1 plasmid was highest at 30ºC (Walsh TR., et al., 2011). Potron et al., (2011) noted that 

a temperature of 30°C appeared to enhance conjugation for three of the five studied plasmids 

as shown with other clinical isolates (Walsh et al., 2011). 30°C corresponds to the natural 

temperature reached in several places in India (Potron et al., 2011). Aside from temperature, 

other factors such as; organic solvents, pH shift, starvation and ⁄ or restriction in carbon 

availability have been reported to impact on the ability of donor and recipient cells to receive 

plasmids in inter and intra species transfers (Mc Mahon et al., 2007). Mc Mahon et al. reported 

that low pH, high salt and low temperatures increase the rates of horizontal transmission of 

selected plasmids between E. coli strains, and between E. coli and S. typhimurium DT104 

strains (Mc Mahon et al., 2007). 

          Muela et al. (1994) described the finding that environmental stress, such as starvation, 

affects the ability of donor cells to transfer plasmids, but does not affect the ability of recipient 



 

117 

 

cells to accept plasmids. However, it is suggested that environmental stresses such as heat, 

organic solvents, pH changes or detergents, increase the fertility of recipient cells while having 

little effect on the donor cells (Schafer et al., 1994). 

          Most of the transconjugants proved to be stable, meaning that these isolates showed no 

plasmid loss over the time of our experiment. However, other studies have revealed that the 

stability of some plasmids can be changed by different selection pressures such as antibiotics 

and temperature (Wong et al., 2010).  

 

          Previous studies revealed that the genes encoding NDM-1 were mostly located on 

plasmids, usually adjacent to insertion elements, which may facilitate the intra- or interspecific 

transmission of blaNDM-1 (Kumarasamy et al., 2010; Poirel et al., 2010).  In this present study, I 

have confirmed that the blaNDM-1 genes of each transconjugant were located on various 

plasmids that ranged from >50 to 300 kb in size. Most of the transconjugants carried similarly 

sized (150 kb) plasmids, corresponding to the size reported for the blaNDM-1 plasmid by other 

studies (Kumarasamy et al., 2010). Several studies revealed that the NDM-1 gene is widely 

disseminated in environmental (in water for drinking and food preparation and seepage 

samples) as well as clinical isolates in New Delhi (Walsh et al., 2011).  

           Plasmid stability was assessed by serial passage of NDM-1–positive isolates on 

antibiotic-free media and showed that the blaNDM-1 gene was stable in most transconjugants. 

There are several factors that could have a role in the stability of the plasmid, for example, 

plasmid load, plasmid copy number, replication systems, medium composition, host 

background, culture conditions and antibiotic concentration (Silva et al., 2012). Also, there are 

other factors affecting plasmid structural stability such as plasmid size (Ertl and Thomsen, 

2003), direct repeats (Hadj Kacem et al., 2008), inverted repeats (Bi and Liu, 1996) and 

insertion sequences (Valesova et al., 2005).   

           Plasmid instability is commonly caused by changes in the plasmid itself; for instance, 

point mutation, deletion, insertion, or segregational instability caused by defective partitioning 

of plasmids between the daughter cells during cell division (Silva et al., 2012).  
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          Plasmid structural instability could also arise due to the increased expression of mobile 

and recombinogenic DNA such as; transposons, IS elements and phage-related genes 

(Haddadin and Harcum, 2005). Plasmid structural instability can be seen as a result of the 

mutations and other genetic divergences caused by these mobile DNA sequences carried on 

either the chromosome and/ or on other plasmids (Haddadin and Harcum, 2005). 

               Overall, the NDM-1 plasmids were conjugative transferring their resistance to the E. 

coli J53. Furthermore, in most transconjugants the blaNDM-1 gene remained located upon the 

same plasmid as its parent’s and was stable. 
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Chapter Six 

Characterization of heavy metals genes in 

Enterobacteriaceae carrying MBLs plasmids 
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6.1 Introduction 

          Antibiotic sensitive and resistant bacteria are both ubiquitously present in the 

environment. The population of bacteria in hospital environments and nature are not only 

selected in the presence of antibiotics, but also in the presence of other antimicrobial agents; e. 

g. resistance to heavy metals (Chattopadhyay et al., 2011). Many metals, like zinc, chromium, 

cobalt, nickel, manganese, and iron, are necessary for living organisms and are known trace 

elements (Bruins 2000) because of their necessary requirement at small concentrations 

cadmium, mercury, lead etc. (Laila et al., 2011). These metals play a vital role in enzyme 

activities and act as cofactors (Amalesh et al., 2012). However, these metals can become toxic 

at high concentration levels (Amalesh et al., 2012), due to binding to enzymes and DNA 

(Lopez-Maury et al., 2002), and thus have detrimental effects on bacteria. Such effects might 

be; increasing lag-phase (Morozzi et al., 1982); damaging the DNA structure (Bruins et al., 

2000); inhibiting the enzyme activity (Nweke et al., 2007) and reducing the diversity of the 

microbial population (Anne et al., 1999). 

          During the last decade, several researches reported that antibiotic resistant bacteria may 

arise through co- or cross-resistance to metals (McArthur and Tuckfield 2000; Berg et al., 

2005; Akinbowale et al., 2007). Cross- resistance can occur when different antimicrobial 

agents (antibiotics and heavy metals) attack the same target, initiate a common pathway to cell 

death or share a common route of access to their respective targets e.g. efflux and/or outer 

membrane porins. Also, co-resistance mechanisms can occur when the genes specifying 

resistant phenotypes are located together on the same genetic element, such as a plasmid, 

transposon or integron (Chapman 2003). Several studies have demonstrated that metal- and 

antibiotic resistance genes are linked, particularly on plasmids. The evidence for co-resistance 

as a mechanism of antibiotic–metal co-selection originated from studies that used 

transformation, plasmid curing and plasmid sequencing approaches (Chapman 1998). These 

studies in environmental isolates showed metal concentrations correlate with increased 

phenotypic or genotypic antibiotic resistance. However, some studies showed that increasing 

concentrations of heavy metals lead to a decrease of antibiotic resistance (Holzel et al., 2012). 
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          Resistance to an antimicrobial agent (antibiotic and heavy metal) can occur either by 

‘intrinsic’ or ‘acquired’ mechanisms. Acquired resistance can arise by either mutation or 

acquiring various types of genetic material. Intrinsic resistance is a phenotype shown in 

bacteria before the use of an antimicrobial agent, i.e. a natural resistance property of bacterium 

(McDonnell et al., 1999). Resistance to antibiotics and heavy metals can be conferred by 

chromosomal or mobile genetic elements (e.g. plasmids and transposons) (Silver 1996; 

Krulwich et al. 2005). 

          A 1997 study showed that heavy metals tend to target multiple sites on or within 

microbial cells and have broad-spectrum activity, whereas antibiotics tend to target specific 

sites on or within a microbial cell and have a narrower spectrum of activity (Davies 1997). 

Bacteria having to face and to survive heavy metal pressure, have evolved several mechanisms 

including: 1. enzymatic detoxification; 2. converting a more toxic substance to a less toxic one, 

or less available metal ion species; efflux 'pumping' out from the cells of toxic ions; and 3. 

bioaccumulation (binding of toxic metal ions to bacterial proteins or polypeptides (Ji and Silver 

1995). The most important mechanism of such systems is efflux pumps. Resistance 

mechanisms to antibiotics include; reduction of membrane permeability to antibiotics; drug 

inactivation; rapid efflux of the antibiotic; and mutation of cellular target(s) (Krulwich et al., 

2005). 

          This study was performed to determine heavy metal- resistant bacteria and to detect the 

genetic location of heavy metal genes in clinical Enterobacteriaceae isolated in the UK and in 

India. 
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6.2 Results 

6.2.1 Determination of minimum inhibitory concentration (MIC) 

          The isolates showed different levels of MICs to the heavy metals; MICs of Cu2+, Ag2+, 

Hg 2+ and As2+for bacterial isolates are shown in Figure 6.1. All isolates of Enterobacteriaceae 

and E. coli 25922(control strain) showed high MICs to arsenic and copper, displaying growth 

up to >5000µg/ml and 2500µg/ml, respectively. The MICs of mercury and silver fluctuated 

between <1- 63 µg/ml. ESBL positive E. coli isolates (group 2) results showed that the MICs 

were sensitive to mercury and silver compared with tested isolates in group 1 and group 3.  Out 

of 102 isolates, 100 (98%) showed high MICs to arsenic, and 102 (100%) showed high MICs 

to copper. The pattern of MICs was in the order:  Cu2+> As 2+ > Hg2+ > Ag2+. 

          The MICs were also studied for all transconjugants. A total of 19 transconjugants had 

high MICs to arsenic and copper. All transconjugants which had high MICs to arsenic and 

copper exhibited MICs of 5000µg/ml and 1250µg/ml, respectively. For the other metals, Ag 

and Hg, the MIC values were more variable. With the exception of TCIR25, all transconjugants 

had low MICs to mercury. 16 out of 19 transconjugants had low MICs to silver. E. coli 25922 

gave a different MIC value. 

 

 

 

 

 



 

123 

 

 

 

Figure 6.1- The MICs of heavy metals. A- for  NDM-1 producing 

Enterobacteriaceae; B- for ESBL producing Enterobacteriaceae: Ars= 

313- >5000 µg/ml; R: Cu=625- 2500 µg/ml;  R:Ag= 32- 500µg/ml; R: 

Hg= 32-63µg/ml; S: ars-0 µg/ml, S: Cu=0µg/ml; S: Ag= 1-8 µg/ml; S: 

Hg= 2-8 µg/ml; I: Ars=0µg/ml; I: Cu=0 µg/ml; I: Ag= 16 µg/ml; I: Hg= 

16µg/ml. R:Resistant; S:Sensitive; I:Intermediate. 
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6.2.2 Molecular investigation of copper, mercury, silver and arsenic 

genes 

          Presence of metal resistance-encoding genes pcoA, silC, arsA and merA was 

determined by PCR using specific primers. Positive amplification bands were obtained 

for pcoA, silC, arsA and merA genes in most isolates.  PCR results of silC and merA 

gene detection showed that in NDM-1 positive isolates (group1), 29 out of 39 have both 

genes; furthermore, 4 out of 20 of sensitive isolates from Cardiff (group 3) gave PCR 

positive results for both genes (silC and merA genes). All metals were detected among 

ESBL- positive clinical isolates (group 2) dating back to 1997 and isolated from India, 

but less frequently in NDM-1 positive clinical isolates (group 1). The arsA gene was 

less prevalent in ESBL positive strains (group 2); however, merA gene had a low 

incidence in sensitive strains (group 3). Many strains gave negative results for the 

prevalent of heavy metal genes, however, were resistant to some ions (such as, ars and 

Cu) (according to MICs results). Our findings showed that the heavy metal genes were 

widely disseminated in the NDM-1–producing Enterobacteriaceae (group 1). 

          To determine and confirm the homology of our amplicons to published sequences 

arsA, merA, pcoA, and silC genes, gene sequences were selected for the alignment of 

nucleotide and translated amino acid sequences (Table-6.1).   

          The arsA gene in E. coli N14, K. pneumoniae IR18K, and E. coli IR5 displayed 

100% nucleotide identity with the arsA gene from K. pneumoniae plasmid pKN-LS6 

(Accession No.JX442974), Acidiphilium multivorum pKW301 (Accession No. 

AB004659), and K. pneumoniae strain ST258 pKPN-IT (Accession No.JN233704), 

respectively (Table 6.1; see Appendix B.9, B. 11, B.13). 

           The merA gene sequence from E. coli N14 and K. pneumoniae E5/14 revealed 

100% nucleotide identity with the merA gene from reference strains from the database 

(Table 6.1) (see Appendix B.15). 

           The pcoA genes from E. cloacae N4, Citrobacter freundii N13, K .pneumoniae 

K15, K. oxytoca IR61, and E. coli IR22, are closely related (99.7%, 100%, 100%, 

100%, 100%) to the pcoA gene in E. cloacae NCTC9394 (Accession No.FP929040), K. 
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pneumoniae plasmid pKN-LS6 (Accession No.JX442974), K. pneumoniae KPX 

plasmid pKPX-1 (Accession No AP012055), K. pneumoniae subsp. pneumoniae MGH 

78578 (Accession No AP006726), and K. pneumoniae subsp. pneumoniae MGH 78578 

(Accession No CP000648), respectively. The sequence of the pcoA gene in E. cloacae 

N4 showed difference in two nucleotide compared with E. cloacae NCTC9394 

(Accession No.FP929040); AG (393), and AG (555) (see Appendix B 17). There 

was no difference in protein sequences indicating silent mutations (see Appendix B. 

18). 

          The sequence of silC gene from K. pneumonia N9 displayed 99.3% nucleotide 

identity with silC from E. coli 55989 (Accession no CU928145) (see Appendix B19). 

Similarly, SilC protein showed 99.6% identity with SilC protein from E. coli 55989. In 

addition, there is difference in one substitution; Glu154 Gln (see Appendix B .18). 

However, the silC genes from E. coli N15 and K. pneumoniae N21 are closely related 

(100%, 100%) to the silC gene from E. cloacae subsp. cloacae ATCC13047 (Accession 

no CP001918), and Cronobacter turicensis z3032 (Accession No.FN543096), 

respectively (see Appendix B.21, B.22, B.23 and B. 24). 

          Generally, the high level of the similarity in the nucleotide and amino acid 

sequences was shown in most of heavy metal genes (Table 6.1). 
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Table 6.1 Types of heavy metal genes and similarity to sequences reported in the 

literature. 

H. M gene Isolate 

ClustalW & X results 

Most closely related 

H.M 

Identities (%) Sequence 

ID DNA A. A 

ArsA E. coliN14 100 100 JX442974 
Klebsiella pneumoniae 

plasmid pKN-LS6 

 
K. pneumoniae 

IR18K 
100 100 AB004659 

Acidiphilium multivorum 

pkw301 

 E. coli IR5 100 100 JN233704 
K. pneumoniae strain ST258 

Pkpn-IT 

MerA K. pneumoniae N2 100 100 CP006056.1 

Salmonella enterica subsp. 

enterica serovar Cubana str 

CFSAN002050 

 E. coli N14 100 100 CP006056.1 

Salmonella enterica subsp. 

enterica serovar Cubana 

strCFSAN002050 

 K. pneumoniae E5/14 100 100 KC405622.1 K. pneumoniae Pkpc-lk30 

PcoA 
Enterobacter cloacae 

N4 
99.7 100 FP929040 

Enterobacter cloacae 

NCTC9394 

 

 
Citrobacter freundii 

N13 
100 100 JX442974 

Klebsiella pneumoniae 

plasmid pKN-LS6 

 K. pneumoniae K15 100 100 AP012055 
K. pneumoniae KPX plasmid 

Pkpx-1 

 K. oxytoca IR61 100 100 AP006726 K. pneumoniae NTUH-K2044 

 E. coli IR22 100 100 CP000648 
Klebsiella pneumoniae subsp. 

pneumoniae MGH 78578 

SilC K. pneumoniae N9 99.3 99.6 CU928145 E. coli 55989 

 E. coli N15 100 100 CP001918 
Enterobacter cloacae subsp. 

cloacae ATCC13047 

 K. pneumoniae N21 100 100 FN543096 Cronobacter turicensis Z3032 
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6.2.3 Conjugation experiments 

        Conjugations were performed. The NDM-1 plasmids were selected in the basis of 

ceftazidium resistance and then transconjugants were examined to see if they harbour 

heavy metals genes. 

          The results showed that transfer of NDM-1 plasmids successful in 5 out of 26 

strains. To verify that transferred NDM-1 plasmid encodes merA, arsA, pcoA and silC 

genes, PCR experiments were performed (see section 2.12.2 and Appendix A-2). The 

PCR results for transconjugants TCIR25, TCIR36, and TCIR21 were positive for merA 

gene, TCIR3 was positive for arsA gene and TCIR44 was positive for silC gene. 

6.2.4 Rate of recurrence of heavy metals among Enterobacteriaceae  

          Presence of the dissimilar numbers of heavy metals in isolates is shown in Table 

6.2. NDM-1 positive isolates (group 1) have four heavy metals genes (arsA, pcoA, 

merA, silC) more than the other groups 2 and 3. In the first group, the percentage of 

isolates which harboured one metal was 12.8% and three metals 15.3%. Out of 41, 10 

(24.3%) ESBL positive isolates (group 2) harboured one metal. Furthermore, the 

numbers of isolates that carry two or three metals are equal. 

          In group 3, unlike the other groups, the results did not show any isolate having a 

heavy metal. Presence of metals in the third group is almost non-existent. Overall, the 

NDM-1 positive isolates possessed more heavy metals. 
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          Table 6.2 Frequency of double or multi-resistance to heavy metals between Enterobacteriaceae  

 

NO. Of HM 

No. of resistant strains in microbial groups 

G1 N=39 G2 N=41 G3 N=20 

1 5(12.8%) 10(24.3%) 0 

2 9(23%) 6(14.6%) 4(20%) 

3 6(15.3%) 6(14.6%) 1(5%) 

4 16(41%) 3(7.3%) 1(5%) 

 

              G1=NDM-1 positive strains, The UK& India, G2= ESBL positive strains, India, G3= sensitive strains, Cardiff, UK 
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6.2.5 Detection of chromosomal and plasmid mediated arsA, merA, pcoA 

and silC genes in Enterobacteriaceae 

          S1-PFGE results revealed the presence of differences in the molecular weight of 

plasmids, ranging from 50 kb to >450 kb, in all isolates carrying heavy metal genes. 

          In addition, there is diversity between the metals’ gene locations between 

chromosomes and plasmids (Table 6.3). ArsA and merA genes were found on plasmids in 

large numbers of isolates; where plasmids sizes fluctuate from 50 kb and 550 kb. 

          The group 1 isolates, K. pneumonia (N1, N11, N18, N27, IR25 and IR28K) and 

Enterobacter sp N26 were found to carry arsA gene on the large plasmids, ranging from 200 

kb to 300 kb (see Figure 6.2, Figure 6.3, and Figure 6.4 highlighted in green). PFGE and 

Southern blot analyses indicated that the arsA gene was located on different sizes of plasmid 

per bacterium, K. pneumoniae N21 and E. coli N14 have three different size plasmids 

carrying arsA gene and K. pneumoniae N17 and N16 have two (Figure 6.2 and Figure 6.3 

highlighted in blue).Chromosomal bands in the autoradiograph show arsA gene is present 

upon the chromosome of 19 out of 39 NDM-1 positive isolates; K. pneumoniae N7, N8, 

N11, N21, IR25, IR18K, IR28K, E. coli N14, IR29, and C. freundii N13 (see Figure 6.2, 6.3, 

6.4 highlighted in yellow). 

          In group 2, ESBL resistant K. pneumonia, the PFGE and Southern blot analyses 

indicated that the arsA gene was located on one plasmid per bacterium, such as in K. 

pneumoniakpC5/7, KpA5/7, and KpD5/12 (225 kb, 190 kb, 500 kb) (see figure 6.5 

highlighted in white). With regard to the chromosomal locations of arsA gene in group 2, the 

arsA was detected in KpD5/12 (Figure 6.5 highlighted in yellow).  

          In group3, K. pneumoniae FF160, FF296, and FF101 were found to carry arsA on 

different sized plasmids (Data not shown).  
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            Table 6.3 Summary of position of heavy metals genes on genomic DNA in tested strains 

 

Gene 

Location of  heavy metals genes in microbial groups 

(PFGE and hybridizations results) 

Group 1        n=43 Group 2     n=41 Group 3       n=20 

P C P C P C 

ArsA 22 19 6 2 2 0 

PcoA 17 11 12 3 5 0 

SilC 17 23 11 15 4 0 

MerA 28 18 13 5 2 0 
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Figure 6.2 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK. (A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with arsA gene probe. Lane 1: Marker. Lane 2= KpN1.Lane 3=KpN2. Lane 4= C. freundii N3. 

Lane 5= Ent. cloacae N4. Lane 6= Enterobacter sp. N5. Lane 7= E. coli N6. Lane 8= Kp N7. Lane 9= KpN8. Lane 10=KpN9. Lane 11= Kp 

N10. Lane12= KpN11. Lane13=Kp N12. Lane 14= C. freundii N13.Lane 15=E. coli N14. 

 1       2    3      4    5      6     7     8     9   10    11    12   13   14    15 
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Figure 6.3 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK.(A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with arsA gene probe. Lane 1: Marker. Lane 2:E.coli N15. Lane 3:KpN16. Lane 4:KpN17. 

Lane 5:KpN18. Lane 6:KpN19. Lane 7: E. coli N20. Lane 8:KpN21. Lane 9:KpN22. Lane 10:E.coliN23. Lane 11: Acinetobacter baumanii 

N24. Lane 12: Enterobacter sp.N26. Lane 13:Kp.N27. Lane 14:K. oxytoca N28. Lane 15:E.coliN29. Kp= K. pneumoniae. C=chromosome. 

Kb= kilo base

C 

   1   2    3    4     5      6      7     8     9     10    11    12   13   14    15   1   2     3     4     5      6      7      8      9    10     11     12    13   14   15 
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Figure 6.4 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from India.(A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with arsA gene probe. Lane 1= Marker. Lane 2= KpK15. Lane 3= KpK7. Lane 4= KpIR25. 

Lane 5= KpIR18K. Lane 6= KpIR28K. Lane 7= E. coli IR29. Lane 8= E. coli IR26. Lane 9= E. coli IR22. Lane 10= E. coli IR5. Lane 11= K. 

oxytoca IR61. Lane 12= Marker. Kp= K. pneumoniae. C= chromosome. Kb= kilo base 

C C 

   1       2       3      4        5      6      7       8        9     10    11     12      1       2      3        4       5       6         7       8      9       10     11     12 
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Figure 6.5 Pulsed-field gels of genomic DNA of ESBL- positive strains, isolated from India.(A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with arsA gene probe. Lane 1= Marker. Lane 2= KpA5/3. Lane 3=KpA5/7. Lane 4= KpA5/4. 

Lane 5= KpC5/8. Lane 6= KpC5/7. Lane 7= KpC5/5. Lane 8=KpD5/12. Lane 9= KpD5/4. Lane 10= KpE5/14. Lane 11= Kp E5/17. Lane 12= 

KpG5/2. Lane 13=KpG5/6. Lane 14=KpG5/11. Lane 15= KpI5/5. Kp= K. pneumoniae. C= chromosome. Kb= kilo.

  1    2      3    4      5     6     7     8     9    10    11   12   13   14    15    1    2      3    4      5     6     7     8     9    10    11   12   13   14    15  
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          S1 –PFGE showed that the merA gene was found on chromosomes and plasmids, in 

group 1 and 2; however, in group 3, merA was located on plasmids. The merA gene existed 

more in genomic DNA in the first group of isolates (63%).The largest plasmid carrying 

merA gene was found at 450 kb in isolate K. pneumoniae N7 and on 300 kb in K. 

pneumoniae N8 and E. coli N14 (Figure 6.6 highlighted in red ). 

          In group 1, the merA gene was located on more than one plasmid (Figure 6.6 

highlighted in red).E. coli N6 was carrying six plasmids with merA, ranging from 50 kb to 

250 kb, and a further four isolates (K. pneumoniae N2, N7, N8 E. coli N14) were carrying 

three plasmids, ranging from 50 kb to 400 kb, with the merA gene (see figure 6.6 

highlighted in red). Moreover, other isolates, K. pneumoniae IR18K, K. oxytoca IR61, and 

E. coli IR5, IR29 had three plasmids, ranging from 50 kb to 350 kb, with the merA gene 

(data not shown). The merA gene was identified on the chromosome in K. pneumoniae 

IR25, IR18K, IR28K, N7, N11, K. oxytoca IR61, E. coli IR29, IR5, N6, N14and C. freundii 

N13 (some data shown in Figure 6.6 highlighted in yellow). Also, the merA gene detected in 

group 2 was located in 51% of isolates. In this group (G2), the isolates, E. coli H4/5, 

Salmonella sp, and Enterobacter I2/5, I2/2, F/6 had the merA gene located on one or two 

plasmids ranging from 100 kb to 300 kb. In addition, merA was seen on the chromosome in 

Enterobacter I2/5 and I2/2 (data not shown). K. pneumoniae FF160 and FF11 (group 3) 

recorded the location of merA only on a plasmid. The group 1 isolates, K. pneumoniae N7, 

N8, N9 were to found to carry pcoA gene on 200 kb, 175 kb, and 210 kb respectively 

(Figure 6.7 highlighted in green). Isolate E. coli N6 had three plasmids carrying pcoA gene 

and isolates; E. cloacae N4 and E. coli N14 had two plasmids harbouring the pcoA gene 

(Figure 6.7 highlighted in white). Chromosomal bands in the probing gel showed the pcoA 

gene to be present upon the chromosome of 12 isolates from group one (Figure 6.7 and 

Figure 6.8 highlighted in yellow). Results obtained from S1- PFGE showed that the silC 

gene was located on the chromosome of most of the isolates in groups one and two (see 

Figure C.1and C.2, C.3, C.4 in Appendix C, highlighted in yellow). Furthermore, most 

isolates from the all three groups were found to carry silC gene on one plasmid, ranging 

from 50 kb to 300 kb (see Figure C.1 and C.2, in Appendix C, highlighted in red). Isolate, K. 

pneumoniae G5/2 was carrying the silC gene on three plasmids (Figure C.3, Appendix C 
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highlighted in white). In group 3, 5 isolates of K. pneumoniae were carrying silC gene, 2/5 

isolates on the chromosome (data not shown).
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Figure 6.6 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK.(A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with merA gene probe. Lane 1= Marker. Lane 2= KpN1. Lane 3=KpN2. Lane 4= C. freundii 

N3. Lane5= E. cloacae N4. Lane6= Enterobacter sp. N5. Lane7= E. coli N6. Lane8= KpN7. Lane 9=Kp N8. Lane10: KpN9. Lane11= Kp N10. 

Lane12= KpN11. Lane13= KpN12. Lane 14= C. freundii N13. Lane 15=E. coli N14. Kp= K. pneumoniae. C= chromosome. Kb= kilo. 
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Figure 6.7 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK. (A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with pcoA gene probe.  Lane 1= Marker. Lane 2= KpN1. Lane 3= KpN2. Lane 4= C. freundii 

N3. Lane 5= E. cloacaeN4. Lane 6= Enterobacter sp.N5. Lane7= E. coli N6. Lane 8=KpN7. Lane 9= KpN8. Lane10= KpN9. Lane11= KpN10. 

Lane12= KpN11. Lane13=KpN12. Lane 14= C. freundii N13. Lane 15:E. coli N14. Kp= K. pneumoniae. C= chromosome. Kb= kilo. 
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Figure 6.8 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK. (A) Plasmid size differentiation by digestion 

with S1 nuclease. (B) Hybridization of gel A with pcoA gene probe.  Lane 1= Marker. Lane 2= E. coli N15. Lane 3= KpN16. Lane 

4=KpN17. Lane 5= KpN18. Lane 6= KpN19. Lane 7= E. coli N20. Lane 8= KpN21. Lane 9= KpN22. Lane 10= E. coli N23. Lane 11= Acin. 

baumanii N24. Lane 12= Enterobacter sp.N26. Lane 13= Kp.N27. Lane 14= K. oxytoca N28. Lane 15= E. coli N29. Kp = K. pneumoniae. C= 

chromosome. Kb= kilo
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6.3 Discussion 

          The objectives of this study were to screen the resistance of Enterobacteriaceae to 

heavy metals, and highlight the presence of plasmid and chromosome-mediated heavy 

metal resistance. The study of resistance to four different heavy metals was investigated. 

The MIC value of copper ranged from 625-2500 µg/ml in all isolates. Moreover, the 

arsenic resistance was clear in all three groups, up to >5000µg/ml. In terms of, silver and 

mercury, the MICs fluctuated. This suggests that copper and silver resistance occurs 

possibly through a shared mechanism such as an efflux pump that is able to remove both 

metals ions from the cell (Torres-Urquidy et al., 2012). Not all isolates were resistant to 

both ions Ag and Mer, some isolates were sensitive. Another study reported high MICs of 

Cu+2 (1000µl/ml) and As+2 (800 µl/ml) in soil bacteria isolated from Egypt (Bahig et.al. 

2008). In India, about one hundred and eighty tons of mercury salts are discharged 

annually (Rani and Mahadevan 1993). Such pollutants would clearly lead to selection 

pressure of metal- resistance development in organisms (Hada and Sizemore 1981; Malik 

and Ahmed 1994). In this thesis, Enterobacteriaceae showed highest MICs for arsenic and 

copper, and also showed resistance to multiple metals ions. However, it is well known that 

there are no acceptable concentrations of heavy metals ions which can be used to 

distinguish metal resistant or sensitive bacteria (Malik and Jaiswal, 2000). Subsequently, 

the sensitive or resistant ranges of MIC have been determined on the basis of the control 

strains (standard strains) (Unaldi Coral et al., 2005). Therefore, when I used E. coli ATCC 

25922 as a standard control, all isolates were resistant for arsenic and copper. Multiple 

resistance and tolerance mechanisms are common phenomena among heavy metals 

resistant bacteria (Amalesh et al., 2012). I have observed that all isolates showed more 

resistance and sensitivity to four heavy metals ions; Cu, Ars, Hg and Ag. Both K. 

pneumoniae and E. coli strains have multiple resistance properties to Ars, Cu, Sil and Mer. 

In fact, resistance to arsenic and copper were frequently found in bacteria isolated before 

the antibiotic era (Hughes and Datta 1982). Analysis of heavy metal resistance profiles 

clearly showed higher occurrence of resistance among NDM-1 positive strains (G1) than 

ESBL positive strains (G2). Differences in metal resistance phenotype were observed 

among Enterobacteriaceae.  
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          Sequence analysis of heavy metal genes was performed in some isolates to detect 

similarity to merA, pcoA, silC and arsA genes in the published sequences in databases.     

          Nucleotide and protein alignments were performed with Geneious pro 5.6.5 

software. The majority of the sequenced merA, arsA, silC and pcoA genes were most 

similar at both nucleotide (99.3%-100%) and protein (99.6%- 100%) levels to reference 

strains in the databases.   

           Intensive use of antibiotics and heavy metals, in hospital and in the environment, is 

creating a powerful selective pressure favouring the acquisition and dissemination of these 

antimicrobial agents among bacterial populations. The multiple resistances to heavy metals 

were described in several studies. Silver (1996), referred to the metal resistance of the 

bacteria being interrelated to each other. In our results, Arsenic and copper resistant 

isolates were determined in groups 1, 2, and 3. The explanation for these results is that 

isolates from India (G2), or from those who came back from India (G1), have originated 

from contaminated sites, from medical waste or hospital wastewater, or from contaminated 

hospital equipment. Other studies have investigated the higher number of heavy metal 

resistant isolates in different sites attributed to selective pressure by heavy metals. Heavy 

metal resistance in bacteria could reflect the level of ecological contamination with toxic 

metals and/or is probably directly related to exposure of bacteria to heavy metals (Aiking 

et al., 1984). Furthermore, resistance to metals may be related to the products of capsular 

polysaccharides often present in some organisms which are able to combine with heavy 

metals to protect themselves from metal toxicity (Adarsh et al., 2007). Also, plasmid–

borne heavy metals resistance and transferable plasmids in nature leads to the spread of 

resistance among the sensitive bacteria including coliforms (Nyamboya et al. 2013). 

However, heavy metals resistant or sensitive bacteria may exist in uncontaminated 

environments (Unaldi Coral et al., 2005). Baath (1989) found that presence of heavy 

metals resistant bacteria, in environments never exposed to any concentration of heavy 

metals indicates that heavy metals tolerant species already exist in non-polluted habitats 

(Baath 1989). 

          In addition of Enterobacteriaceae were multiply metal resistant were also multiply 

antibiotic resistant. NDM-1 positive isolates, K. pneumoniae, E. coli, Enterobacter, 

Acinetobacter and Citrobacter from India and the UK have exhibited resistance to 
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antibiotics. In the previous study, NDM-1 positive strains exhibited highest resistance to 

carbapenems: Imipenem (16- 64mg/l), Ertapenem (>16mg/l) and Meropenem (16-

>32mg/l). In Group 2, the frequency of resistance to ESBL antibiotics was observed 

among Enterobacteriaceae (K. pneumoniae, E. coli, Enterobacter sp. and Salmonella sp.) 

from India. A high degree of heavy metals resistance associated with multiple antibiotic 

resistances was discovered in different sources of bacteria (Edward et al., 2009; Verma et 

al., 2001). Bacteria that are resistant to antibiotics and heavy metals have been isolated 

from nosocomial and burn wound infection cases (Calomiris et al., 1984; Poiata et al., 

2000). Observations made with respect to metal-antibiotic-double resistance were also 

reported by Berg et al., 2010.  Furthermore, our study revealed that some isolates did not 

have the genes for metal resistance, but they have the genes for antibiotics resistance; for 

example, ESBL- positive strains gave negative PCR results to arsA gene (85%, 35/41), to 

merA and pcoA genes (65.8%, 27/41), and to silC gene (56%, 23/41). In carbapenem 

resistant isolates (39 isolates from India and the UK) (G1) 16, 41% were negative for the 

arsA gene, 15, 38.7% were negative for pcoA gene, 12, 30.7% were negative for merA 

gene and 10, 25.6% were negative for silC gene. These results could prove the lack of 

relationship between antibiotic and heavy metal resistance and suggest that the two types 

of resistance are not-or only rarely, co-selected. These results agree with Ame`lie 

Deredjian and his team (2011). They have revealed that P. aeruginosa strains isolated from 

different sites (hospital and environmental sites) displayed strong resistance to antibiotics 

and were less resistant to heavy metals. This difference in response of isolates could be due 

to the selectivity of microbial culture techniques employed especially with regard to the 

nature and specificity of growth media (Nyamboya et al. 2013). In addition, difference in 

toxicity could be due to several factors; including bioavailability, chemical form, 

conditions of metabolic activity and other bacterial species related factors (Yue et al., 

2007). 

          Bacteria apply various resistance mechanisms in response to heavy metals (Edward 

et al., 2009). The mechanisms of resistance are: i) efflux pump mechanisms (remove toxic 

ions that entered the cell by transport systems), and ii) detoxification (converts a more 

toxic ions to less toxic or less available metallic ions species).The efflux pump mechanism 

uses either ATPase (as the arsenite ATPase of Gram negative bacteria), or chemiosmatic 

(as the divalent cation efflux system of Alcaligenes) (Ji and Silver 1995). This is evidence 
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that there is no general mechanism for resistance to heavy metals (Ji and Silver 1995). 

Bacterial resistance of diverse heavy metals is possibly encoded by genes located on 

transposons, plasmids or chromosomes (Silver and Phung 1996; Silver et al., 2000; Bruins 

et al., 2000; Laila 2011). I carried out PFGE and S1 digestion experiments to detect the 

heavy metal genes location. I found high frequency of heavy metal, arsA, pcoA, merA, 

and silC genes were located on plasmids and chromosomes, in group 1. Previous works 

reported that the resistance genes to heavy metals are frequently located on plasmids or 

transposons (Cervantes et al., 1991). Some bacteria, isolated from nosocomial infections 

harboured a conjugative plasmid encoding resistance to antibiotics and toxic heavy metal 

(Poiata et al., 2000). A similar study also revealed that S. abortus equi has transferable 

plasmids encoding resistance to heavy metals and antibiotics (Anjali et al., 2000). Most 

heavy metal resistance systems are found on plasmids and are transferred from cell to cell. 

Plasmids conferring resistance to antibiotics and heavy metals have been shown in 

Salmonella typhimurium isolated from burn wounds treated with silver nitrate solution 

(McHugh et al., 1975). Timoney et al., (1978) have demonstrated linkage between Hg2+, 

Cd2+, Zn2+ and ampicillin resistance. 
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7.1 Introduction. 

          Bacterial genomes can contain small genetic modules encoding two genes: a stable 

toxin and its unstable antitoxin. These modules are called toxin–antitoxin (TA) systems 

(Syed and Lévesque 2012; Ren et al., 2012). Bacterial TA systems are divided into three 

different types depending on the antitoxin nature and the mode of action of the antitoxin 

component (Blower et al. 2012). Although toxins are always proteins in type II and type III, 

antitoxins are either RNAs (types I and III) or proteins (type II) (Magnuson 2007). 

           In all types of TA systems, the cells are “addicted” to the antitoxin, since its 

production is critical for cell survival. Consequently, these systems are also called addiction 

modules (Syed and Lévesque 2012). 

           In Type I TA loci, the antitoxins are small antisense RNAs that inhibit translation of 

the toxin genes (Fozo et al., 2008; Gerdes and Wagner 2007). Moreover, type I TA systems 

seem to be less represented in microbial chromosomes than the mainly studied and 

characterized type II TA systems, where type II TA systems are thought to be part of the 

mobilome and to move through lateral gene transfer (Fozo et al. 2010; Koonin and Wolf 

2008). Furthermore, in type II loci, the antitoxins are proteins that combine with and 

neutralize the toxins (Gerdes et al., 2005). Type I and type II TA systems were first 

designated in the 1980s as addiction modules that contribute to plasmid maintenance, a 

mechanism called post segregational killing (Gerdes et al. 1986).Type III TA loci encode 

small RNAs that combine with, and neutralize, the toxins (Fineran et al., 2009). 

          TA systems are found on numerous bacterial/archael chromosomes (Pandey and 

Gerdes 2005). TA systems have been linked to antibiotic response, persistence and 

dormancy in pathogenic bacteria (Agarwal et al., 2010; Christensen-Dalsgaard et al., 2010). 

          TA systems play a pivotal physiological role in bacteria, including programmed cell 

death (Hazan et al., 2004), stress response (Christensen et al., 2001), bacterial persistence 

(Kim and Wood, 2009; Rotem et al., 2010), regulation of biofilm formation (Kim and Wood 

et al., 2009; Wang and Wood 2011) and protection from bacteriophages (phages) (Fineran et 

al., 2009). Therefore, the main role suggested for TA systems is the control of growth under 

stress conditions (Gerdes and Wagner 2007). 
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                This chapter describes the characterization of TA systems (Type I and II) and 

their location on bacterial genomes, in clinical strains of Enterobacteriaceae from the United 

Kingdom and India.  
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7.2 Results 

7.2.1 Presence of TA genes on Plasmids isolated from Enterobacteriaceae 

          In an attempt to define the prevalence of TA systems in clinical Enterobacteriaceae, 

a total of 109 different clinical isolates were initially tested by PCR amplification (Section 

2.12.2). Specialized primers were used, whereby each primer set would specifically amplify 

the genes of one TA systems (see appendix A-2). These include eight TA systems that 

represent the main TA systems in Gram negative bacteria (pemKI, ccdAB, relEB, vagCD, 

pndAC, parDE, hok/sok, and srnBC). The PCR results revealed that TA systems are 

ubiquitous in most of isolates. Altogether, 8 plasmid TA systems were detected among 

NDM-1 (Group1) and CTX-M-15 (Group 2) (Table 7-1). The two systems most prevalent in 

NDM-1 isolates (G1) isolated from the UK were vagCD (23/32, 71.5%) and relBE (14/32, 

43.75%), however, vagCD (7/10, 70%) and hok/sok (6/10, 60%) were more prevalent in the 

Indian isolates. In group 2, the hok/sok (24/41, 58.5%) and pemKI (18/41, 43.9%) genes 

were most frequently found. In addition, parDE (1/42, 2.43%) occurred less among the 

CTX-M-15 producing Indian isolates (G2). SrnBC system was not detected in K. 

pneumoniae or K. oxytoca group 1. 

          Sequencing was used to confirm the homology of our amplicons to TA systems, a 

subgroup of PCR amplicons were selected for DNA sequencing and amino acid variation 

(ClustalW) (Table 7.2). DNA sequencing of the pemKI operon amplicon revealed that 

pemK toxin and pemI antitoxin genes were identified in K. pneumoniae N7, K15, E. coli 

IR26 transconjugant, Enterobacter I2/5 and E. coli G4/12 and the identity was 100% with 

other genes from reference strains (see Table 7.2) (See  an example in Appendix D.1, D.2). 

ccdAB in E. coli I4/3 and Kp E5/19 display 100% identity with the ccdAB genes of E. coli 

025b:ST131 Str.JIE186p (Accession no.JX077110) (see Appendix D.3, D.4) and 

uncultured bacterium (Accession no.JX127248), respectively.  

          The pndC gene of E. coli I4/13 was identified and comprises 26 amino acid and 

displays 94.1% amino acid identity with the PndC protein encoded by plasmid pEC_ 

Bactec, characterised from E. coli strain (Accession no. GU371927). There is variation 

between amino acid sequences of E. coli I4/13 and E. coli plasmid pEC_ Bactec reference. 
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E. coliI4/13 has the substitutions Ser, Leu, and Arg at residues 6, 16, 17, respectively (see 

Appendix D. 5, D.6). 

          The vagC genes in K. pneumoniae N1 displayed 100% identity with the vagC gene 

from K. pneumoniae pKPC-LK30 (Accession no. KC405622), however, in K. pneumoniae 

N9 showed (98.7%) identity with the vagCD genes on the IncI1 plasmid from S. enterica 

subsp. enterica serovar typhimurium (Accession no. EF141186). The encoded vagC gene 

shows 96.1% identity with the VagC protein encoded by the vagC gene from IncI1 plasmid 

isolated from S. enterica subsp. enterica serovar typhimurium strain (Accession no. 

EF141186). There is variation in these substitutions: Thr-34 instead of Met-34 sequence 

and Ile-39 instead of Ser-39 (see appendix D.7, D8). 

          The hok gene in K. pneumoniae A5/3 displays 99.3% nucleotide identity with the 

hok gene in E. coli NMI5428/11 plasmid pMC-NDM (Accession no. GU595196). The Hok 

protein shows 96.1% identity with Hok protein in E. coli strain (Table 7.2). The mok/sok 

genes in TCECIR29 have 100% identity with the mok / sok genes found in E. coli 

ApECO1-CoIBM (Accession no. DQ381420). For Type-I, srnBC system, only srnB toxin 

gene was detected in E. coli N20 and TCECIR22 producing NDM-1 by using DNA 

analysis (Table 7.2)  
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Table 7.1 PCR results for T-AT genes in Enterobacteriaceae 

Code Isolate Organism T-AT system 

N1 K. pneumoniae VagC/D 

N2 K. pneumoniae Pemk,ccdA/b, VagC/D 

N3 C. freundii Pemk, VagC/D 

N4 E. cloacae CcdA/B, VagC/D 

N5 Enterobacter sp RelE 

N6 E. coli Pemk, relE, VagCD, Hok/Sok 

N7 K. pneumoniae Pemk, relE, VagCD, Hok/Sok 

N8 K. pneumoniae VagCD, Hok/Sok 

N9 K. pneumoniae Neg. 

N10 K.  pneumoniae VagCD 

N11 K. pneumoniae VagCD 

N12 K. pneumoniae VagCD 

N13 C. freundii VagCD, Hok/Sok 

N14 E. coli Neg. 

N15 E. coli Pemk, ccdAB, relE, Hok/sok, SrnBC 

N16 K. pneumoniae Pemk, relE, VagC/D, 

N17 K. pneumoniae VagCD 

N18 K. pneumoniae RelE 

N19 K. pneumoniae RelE, VagCD 

N20 E. coli Pemk ,ccdAB, relE, VagCD, SrnBC 

N21 K. pneumoniae Pemk, relE, VagCD, Hok/Sok 

N22 K. pneumoniae Pemk 

N23 E. coli Pemk, relE, VagCD, SrnBC 

N24 A. baumanii ParDE 

N25 A. baumanii Neg. 
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Table 7.1 PCR results for T-AT genes in Enterobacteriaceae 

Code Isolate Organism TA systems 

N26 Enterobacter sp RelE,ParD/E,VagC/D 

Code  isolates  Organism TA Systems 

N27 K. pneumoniae RelE, VagCD 

N28 K. oxytoca Pemk, vagCD 

N29 E. coli Pemk, vagCD, pndCA, SrnBC 

N30 A. baumanii Neg. 

N31 E. cloacae RelE, VagC/D 

N32 E. cloacae RelE, parDE, VagCD 

K15 K. pneumoniae RelE, VagCD, pemKI 

K7 K. pneumoniae RelE, VagCD 

IR25 K. pneumoniae  VagCD, Hok/sok 

IR18k K. pneumoniae Pemk, ccdAB, relE, ParDE, VagCD 

IR28k K. pneumoniae ParDE, hok/sok 

IR29 E. coli CcdAB, hok/sok 

IR26 E. coli Pemk, ccdAB, VagCD, hok/sok, srnBC 

IR22 E. coli Pemk, ccdAB, VagCD, hok/sok, srnBC 

IR5 E. coli Pemk, ccdAB, VagCD, hok/sok, pndCA, srnBC 

IR61 K. oxytoca ParD/E 

TC-IR25 K. pneumoniae: J53 Hok/sok 

TC- K15 K. pneumoniae: J53 Neg. 

TC- IR29 E. coli:J53 hok/sok 

TC- IR26 E. coli:J53 PemKI, ccdA, hok/sok, srnB 

TC- IR22 E. coli:J53 PemKI, ccdA, hok/sok, srnB 

TC- IR5 E. coli:J53 PemKI, ccdA, vagCD, hok/sok, pndCA, srnBC 

TC- IR8 K. pneumoniae:J53 Neg. 

TC-IR34 SC1 K. pneumoniae:J53 Neg. 

TC- IR57  Pr. rettgeri:J53 CcdA, hok, srnB 
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Table 7.1 PCR results for T-AT genes in Enterobacteriaceae 

Code isolate Organism TA systems 

TC-IR57 SC1 Pr. rettgeri:J53 CcdA, hok 

TC- K3  K. pneumoniae:J53 CcdA, hok 

TC- 20K K. pneumoniae:J53 Pemk,ccdA, hok 

TC- IR44  E. cloacae:J53 CcdA, hok, pndAC, srnB 

TC- IR8  K. pneumoniae:J53 Hok 

TC- IR19K  K. pneumoniae:J53 PemkI, CcdA, hok, pndAC, srnB 

TC- K6 K. pneumoniae:J53 Neg. 

TC- IR21  K. pneumoniae:J53 PemK, hok, pndC 

TC- HR5 E. coli:J53 CcdA, pndC 

TC- IR21 K. pneumoniae:J53 PemKI, hok 

TC- IR3 K. pneumoniae:J53 PemK, hok, pndC 

TC- IR12 E. coli:J53  PemKI, ccdA, parD, pndC, srnB 

TC- IR91 E. coli:J53 PemKI, ccdA, pndC 

TC- IR3 K. pneumoniae:J53 pndC 

TC- IR36 E. cloacae:J53 pndC 

TC- IR38 E. cloacae:J53 PndC, srnB 

TC-IR44 E.cloacae:J53 Neg. 

Kp A5/3 K. pneumoniae Pemk, Hok/sok 

Kp A5/7 K. pneumoniae Pemk, Hok/sok 

Kp A5/4 K. pneumoniae VagC/D 

Kp C5/8 K. pneumoniae Pemk ,ccdA/B, hok/sok, 

Kp C5/7 K. pneumoniae VagC/D 

Kp C5/5 K.  pneumoniae Pemk, ccdA/B, hok/sok, 

Kp D5/12 K. pneumoniae Pemk, VagC/D, Hok/Sok 

Kp D5/4 K. pneumoniae VagC/D 

Kp E5/14 K. pneumoniae VagC/D, Hok/Sok 

Kp E5/17 K. pneumoniae VagC/D 

Kp G5/2 K. pneumoniae Pemk ,hok/sok 
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Table 7.1 PCR results for ESBLs and T-AT genes in Enterobacteriaceae 

Code a isolate Organism TA systems 

Kp G5/6 K. pneumoniae Neg. 

Kp G5/11 K. pneumoniae VagCD 

Kp. I5/5 K. pneumoniae Pemk, relE, vagCD 

Kp. F5/6 K. pneumoniae Pemk, hok/sok 

Kp B6/1 K. pneumoniae PndCA, ccdA 

Kb. E5/19 K. pneumoniae VagCD, ccdA 

Kp. B5/11 K. pneumoniae CcdA, Hok/sok ,pndCA, SrnBC 

E coli A4/8 E. coli  Pemk, hok/sok 

E coli F4/3 E. coli  ccdAB, hok/sok 

E coli B4/6 E. coli  ccdAB, SrnBC 

E coli A4/11 E. coli  Pemk ,ccdAB VagCD, Hok/Sok, SrnBC 

E coli C4/3 E. coli  Hok/sok ,pndCA 

E coli E4/4 E. coli   Hok/sok, pndCA 

E coli D4/12 E. coli  Pemk, hok/sok, srnBC 

E coli C4/12 E. coli CcdA, pndCA 

E coli G4/12 E. coli  Pemk, ccdAB, , hok/sok ,pndCA, srnBC 

E coli I4/9 E. coli  Pemk, ccdAB, hok/sok, srnBC 

E coli I4/3 E. coli  Pemk, ccdAB, Hok/Sok, SrnBC 

E coli I4/13 E. coli  Pemk ,ccdAB, VagCD 

E. coli H4/5 E. coli  Pemk, VagC/D ,Hok/Sok 

Salmo.H6/20 Salmonella sp. RelE, VagC/D ,Hok/sok 

Salmo. G6/9 Salmonella sp. CcdA/B, VagC/D, Hok/sok 

Salmo.G6/13 Salmonella sp. Neg.  

Enterobacter I 

2/5 

Enterobacter  Pemk, vagC/D, Hok/sok 

Enterobacter I 

2/2 

Enterobacter  VagC/D, Hok/sok 

Enterobacter 

F2/6 

Enterobacter  Neg. 

Salmonella sp Salmonella sp Neg. 

P. stuarti B1/10 P. stuarti Neg. 

Salmonella sp Salmonella sp Neg.  

E. coli E. coli  PemK, ccdA , parD, VagC/D,HOK/SOK 
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Table 7- 2 Types of Toxin-Antitoxin systems and similarity to sequences reported in the literature. 

 

Family/ 

type 

TA 

system 
Toxin Antitoxin Isolates 

ClustalW & X 

Results 

Identities % 
Sequences 

ID 

Most closely related 

TA systems 

  DNA AA 

MazEF/ 

T-II 

PemK/I PemK PemI TC E.coliIR26 100 100 CU928148 E. coli Strain UMNO26plasmidp1ESCUM 

  PemK PemI KpK15 100 100 CP001856 E. coli O83:H1 str. NRG857C 

  PemK PemI EnterobacterI2/5 100 100 FJ876827 K. pneumoniae 

  PemK PemI KpN7 100 100 JF274991 Salmonella enterica subsp. enterica serovair 

typhimurium 

  PemK PemI EcG4/12 100 100 KC788405 E. coli 

CcdAB/

T 

CcdAB ccdB ccdA KpC5/8 100 

 

100 

 

AB364141 

 

S. pombe expression vector pDUAL-HFG21C 

 

  ccdB ccdA EcI4/3 100 100 JX077110 E. coli 025b:ST131 Str.JIE186p 

  ccdB ccdA KpE5/19 100 100 JX127248 Uncultured Bactirum 

         

VagCD/T

-II 

vagCD - vagC KpN1 100 100 KC405622 K. pneumoniae p kPC-LK30 

TA=Toxin-Antitoxin gene; pemkI= plasmid emergency maintenance; ccdAB= coupled cell division; relBE= relaxed control of stable RNA synthesis; 

parDE= plasmid maintenance; vagCD= virulence-associated protein; hok/sok= host-killing; pndCA= promotion of nucleic acid degradation; srnBC= stable 

RNA. AA= amino acid. Kp= K. pneumoniae. Ec= E. coli.  
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Table 7-2 Types of Toxin-Antitoxin systems and similarity to sequences reported in the literature. 

 

Family/ 

Type 

TA 

system 
Toxin Antitoxin Isolates 

ClustalW & X 

Results 

Identities % 

Sequences 

ID 
Most closely related TA systems 

DNA AA 

VagCD/ 

T-II 

vagCD vagD vagC KpN9 98.7 96.1 EF141186 IncI1 plasmid source Salmonella 

enterica subsp. enterica serovar 

typhimurium 

  - vagC TCECIR5 100 100 GU595196 K. pneumoniae strain pKpQIL 

Hok/sok 

or 

Hok/mok 

T-I 

Hok/sok 

or 

Hok/mok 

hok 
 

- KpA5/3 99.3 96.1 GU371929 E. coli p EC_ L46 

 

  hok - KpN7 100 100 HG003695 E. coli strain NMI5428/11 plasmid p 

MC-NDM 

  hok - EnterobacterI2/5 99.3 89.4 KF719970 K. pneumoniae strain ST48 plasmid 

pKp09085 

  - mok, sok TCECIR29 100 100 GU371928 E. coliplasmid p EC_L8 

  - mok, sok KpA5/3 100 100 DQ381420 E. coli ApECO1-CoIBM 

PndAC/ 

T-I 

PndAC pndA pndC EcI4/13 98.1 94.1 GU371927 E. coli plasmid pEC_Bactec 

  
pndA pndC KpN8 

100 

 

100 

 

AB027308 

 

IncI1 plasmid source plasmid R64 

 

SrnBC/ 

T-I 

SrnBC srnB - EcN20  98.7 

 

96.2 

 

JX077110 

 

E. coli 025b:ST131 Str.JIE186p 

 

  srnB - EcTCIR22 100 100 JN232517 E. coli strain7A8 

TA=Toxin-Antitoxin gene; pemkI= plasmid emergency maintenance; ccdAB= coupled cell division; relBE= relaxed control of stable RNA 

synthesis; parDE=plasmid maintenance; vagCD= virulence-associated protein; hok/sok= host-killing; pndCA= promotion of nucleic acid 

degradation; srnBC= stable RNA. AA= amino acid. Kp= K. pneumoniae. Ec= E. coli. 
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7.2.2 Transmission and Presence TA system genes isolated from 

transconjugant plasmids  

                Conjugations were performed. The NDM-1 plasmids were selected in the basis of 

ceftazidium resistance and then transconjugants were examined to see if they harbour TA genes. 

The presence of the TA genes was confirmed by PCR in all transconjugant isolates with specific 

primers for TA systems (see section 2.12.2and Appendix A-2). The transfer of TA plasmids was 

not successful in five strains. These strains (TCK15, TCIR8, TCIR34, TCK6 and TCIR44) gave 

negative PCR results for all TA systems (pemKI, ccdAB relEB, vagCD, pndAC, parDE, 

hok/sok, and srnBC). Overall, none of the transconjugants harboured the relEB system. 

However, the ccdAB, hok/sok and srnBC were detected in most of the transconjugants. The TA 

genes most prevalent among the transconjugants were: hok/sok (15/26, 57.69%) and ccdAB 

(12/26, 46.1%). Most of the parent’s isolates have the vagCD system. However, only one 

transconjugate, TCIR5, carried vagCD.  

7.2.3 Detection and location of TA systems among NDM-1 and CTX-M-15 

producing Enterobacteriaceae 

                To determine the genomic location (plasmid or chromosome) of TA genes, S1 nuclease 

digests and probing with a radio labelled TA DNA fragments was carried out using the protocol 

in section 2.19 and 2.22. The S1 digests and repeated probing revealed that the TA genes were 

not detected in 10 isolates. Data from all isolates showed that there are diverse TA genes 

locations (Table 7.3), while different numbers of isolates were shown to contain more than one 

TA genes per parent/transconjugant (Table 7.4). Hok/sok genes are located on a plasmid in a 

large number of isolates from group 2 and group 1, where the plasmids sizes are diverse and, 

fluctuated from 50 and 330 kb (Figures 7.1, 7. 2, 7. 3, and7.4). The group 2 isolates, K. 

pneumoniae A5/7, C5/8, Kp C5/5, D5/12, and G5/2 carry two plasmids carrying hok/sok genes 

(Figure 7.1 highlighted in red). However, Enterobacter I2/5 isolate has three plasmids carrying 

hok/ sok genes (Figure 7.3 highlighted in red).   
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Figure 7.1 Pulsed-field gels of genomic DNA of CTX-M-15 positive strains, isolated from India (A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with hok/sok gene probe. Lane 1= Marker. Lane 2= KpA5/3. Lane 3=KpA5/7. 

Lane 4= Kp A5/4. Lane 5=KpC5/8. Lane 6=KpC5/7. Lane 7= KpC5/5. Lane 8= KpD5/12. Lane 9= KpD5/4. Lane10= KpE5/14. Lane11= 

KpE5/17. Lane12=KpG5/2. Lane13=KpG5/6. Lane 14= Kp G5/11. Lane 15= Kp I5/5. C= chromosome. Kb= kilo base pairs. 
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Figure 7.2Pulsed-field gels of genomic DNA of CTX-M-15 positive strains, isolated from India (A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with hok/sok gene probe. Lane 1= Marker. Lane 2= KpF5/6. Lane 3= KpB6/1. 

Lane 4= KpE5/19. Lane 5= KpB5/11. Lane 6= E. coli A/8. Lane 7= E. coli F4/3. Lane 8= E. coli B4/6. Lane 9= E. coli A4/11. Lane10= E. 

coli C4/3. Lane11= E. coli E4/4. Lane12= E. coli D4/12. Lane13= E. coli C4/12. Lane 14= E. coli G4/12. Lane15: E. coli I4/9 

C 
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Figure 7.3 Pulsed-field gels of genomic DNA of CTX-M-15 positive strains, isolated from India (A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with hok/sok gene probe. Lane 1= Marker. Lane 2= E. coli I4/3. Lane 3= E. coli 

I4/13. Lane 4= E. coli H4/5. Lane 5= Salmo.H6/20. Lane 6= Salmo.G6/9. Lane7= Salmo.G6/13. Lane 8= EnterobacterI2/5. Lane 9= 

EnterobacterI2/2. Lane10= EnterobacterF2/6. Lane11= Salmonella. Lane12=P.stuantiB1/10. Lane13= Salmonella sp. Lane14= E. coli. C= 

chromosome. Kp =kilo base 
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Figure 7.4 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK (A)Plasmid size 

differentiation by digestion with S1 nuclease.(B)Hybridization of  gel A with hok/sok gene probe. Lane 1= Marker. 

Lane2=KpN1. Lane 3= KpN2. Lane 4= C. freundii N3. Lane 5= E. cloacae N4. Lane 6=Enterobacter spN5. Lane7=E. coli 

N6. Lane 8= KpN7. Lane 9= KpN8. Lane10= KpN9. Lane11=KpN10. Lane12=KpN11. Lane13=KpN12. Lane14=C. 

freundii N13. Lane15=E. coli N14. C= chromosome. Kp =kilo base 
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          14 out of 42 of NDM-1positive isolates (G1) carried relEB on their chromosome 

(Figure 7.5 & Figure 7. 6 highlighted in yellow). 

          The isolates, Enterobacter N26 and N27 were found to carry parDE on 260 kb 

and 270 kb plasmids respectively. Moreover, they carried the parDE on their 

chromosome (Figure 7.7 highlighted in yellow). 

         S1-PFGE results indicated that pemKI genes were located on different size 

plasmids per isolate, such as K. pneumoniaeA5/3 (Figure 7.8 highlighted in yellow), 

K. oxytoca IR61 has three plasmids carrying parDE genes, and K. pneumoniae E5/17 

has three plasmids carrying vagCD genes (Figure7.9-B1 highlighted in yellow). 

         The majority of CTX-M-15 producing strains harboured two TA genes on their 

plasmids compared with other strains. In G2, parDE and vagCD genes were more 

common on the chromosome than on plasmids. 

         In the isolates from group 1, the srnBC was more common among E. coli 

harbouring blaCTX-M-15 gene. However, the srnBC gene was completely absent in 

other different bacteria such as, K. pneumoniae, E. cloacae, Salmonella sp., 

A.baumanii, K. oxytoca and C. freundii.  

          Isolates were positive for srnBC, these were found on plasmids. The size of 

srnBC plasmid was 80 to 100 kb in NDM-1 positive isolates, for example, E. coli N15, 

E. coli N20, E. coli N23 and E. coli N29. However, in the CTX-M-15 producing E. coli, 

the sizes of srnBC plasmids range from 70 kb to 150 kb. The srnBC plasmid size in the 

E. coli IR22 and E. coli IR26 harbouring blaNDM-1 was 150 kb (data not shown). SrnBC 

was not detected in K. pneumoniae or K. oxytoca in group 1. 
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Figure7.5Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK (A) Plasmid size differentiation by 

digestion with S1 nuclease (B) Hybridization of gel A with relEB genes probe. Lane 1= Marker. Lane 2= KpN21. Lane 3= Enterobacter 

sp N26. Lane 4= KpN27. Lane 5= E. coli N29. Lane6= E. cloacae N31. Lane7= E. cloacaeN32. Lane 8= M. C= chromosome. Kp=kilo 

base. 

C 
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Figure 7.6 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from India (A) Plasmid size differentiation by digestion 

with S1 nuclease.  (B) Hybridization of gel A with relEB gene probe. Lane 1= Marker. Lane 2= KpK15. Lane 3= KpK7. Lane 4= 

KpIR18K. C= chromosome. Kp =kilo base. 
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Table 7.3 Location of TA systems on genomic DNA in Enterobacteriaceae 

 location of TA 

system on 

Toxin- anti-Toxin systems 

pemKI ccdAB relEB parDE vagCD hok/sok pndCA srnBC 

UK and India 

NDM-1-producing strains 

N=42 

TA plasmid 11 3 0 0 4 6 1 4 

TA chromosome 0 1 14 1 11 0 0 0 

TAplas. & chromo. 0 0 0 2 8 0 0 0 

India 

CTX-M-15- producing 

strains N=40 

TA plasmid 17 14 0 0 13 23 6 7 

TA chromosome 0 0 2 1 3 0 0 0 

TAplas. & chromo. 1 0 0 1 0 1 0 0 

TA=Toxin-Antitoxin gene; pemKI= plasmid emergency maintenance; ccdAB=coupled cell division; relBE=relaxed control of stable 

RNA synthesis; parDE=plasmid maintenance; vagCD=virulence-associated protein; hok/sok= host-killing; pndCA=promotion of nucleic 

acid degradation; srnBC=stable RNA. 
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   Table 7.4 Frequency of appearance of TA systems among Enterobacteriaceae 

Place of       

isolates 

 

No. Of   

TA 

UK 

NDM-1 

N=32 

India 

NDM-1 

N=10 

Transconjugants 

NDM-1 (India) 

N=26 

India 

CTX-

M-15 

N=41 

Total 

N=109 

% 

0 4 0 5 6 (15)13.76% 

1 8 1 5 5 (19)17.4% 

2 8 5 5 14 (32) 29.3% 

3 4 0 5 11 (20)18.3% 

4 5 0 3 2 (10) 9.17% 

5 2 3 2 3 (10) 9.17% 

6 0 1 1 0 (2) 1.83% 

     TA= Toxin-Antitoxin system. 
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Figure 7.7 Pulsed-field gels of genomic DNA of NDM-1 positive strains, isolated from the UK (A) Plasmid size differentiation by 

digestion with S1 nuclease. (B) Hybridization of gel A with parDE gene probe. Lane 1= Marker. Lane 2= A. baumanii N24. Lane 3= 

Enterobacter sp N26. Lane 4= KpN27. Lane 5= K. oxytoca N28. Lane 6= E. cloacae N32. Lane7= KpIR28K. Lane 8= KpIR28K. Lane 

9=K. oxytoca IR61. C= chromosome. Kp =kilo base 

 1     2      3     4     5      6     7     8     9 1     2    3    4     5      6     7             8       9 

 



 

166 

 

 

 

                              A                                                                                                               B 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8 Pulsed-field gels of genomic DNA of CTX-M-15 positive strains. (A). Plasmid size differentiation by digestion with S1 

nuclease. (B) Hybridization of gel A with pemKI gene probe. Lane 1= Marker. Lane 2=K. pneumoniae A5/3. Lane 3= KpA5/7. Lane 4= 

KpA5/4, Lane 5= KpC5/8. Lane 6= Kp C5/7. Lane7= Kp C5/5. Lane 8= Kp D5/12. Lane 9= Kp D5/4.  Lane 10= KpE5/14. Lane 11= 

KpE5/A. Lane 12= Kp G5/2. Lane 13= KpG5/6. Lane 14= Kp G5/11. Lane 15=Kp I5/5. C= chromosome. KB =kilo base pair. 
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Figure 7.9 Pulsed-field gels of genomic DNA of CTX-M-15 positive strains and NDM-1 positive strains, isolated from India (A1 and 

A2) Plasmid size differentiation by digestion with S1 nuclease. (B1) Hybridization of gel A1 with parDE gene probe; Lane1= Marker. 

Lane 2= K. pneumoniae IR18K.  Lane 3= K. oxytoca IR61. (B2) Hybridization of gel A2 with vagCD gene probe; Lane 1= Marker. 

Lane 2= K. pneumoniae E5/14. Lane 3= K. pneumoniae E5/17. Lane 4= K. pneumoniae G5/2 C=chromosome. Kb= kilo base pair.
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7.2 Discussion 

          TA systems contribute to the stability and maintenance of plasmids in hosts and facilitate 

additional spreading even in the absence of antibiotic selection (Tamang et al., 2013).  The 

molecular characteristics of TA system harbouring Enterobacteriaceae from clinical samples in 

the UK and India were investigated in this study. Overall, 94 out of 109 of NDM-1 and CTX-M-

15 producing isolates revealed the presence of eight TA operons (pemKI, ccdAB, relEB, vagCD, 

pndCA, parDE, hok/sok, and srnBC) in their genome. Although all eight TA systems were 

detected among these strains; pemKI, ccdAB, relBE, vagCD and hok/sok were the most 

frequently represented systems. Indian isolates harbouring blaCTX-M-15 have more TA systems 

than blaNDM-1producing isolates. These results were interesting when compared with previous 

molecular studies of ESBL- producing E. coli strains which reported, the dissemination of 

various TA systems on plasmids bearing the blaCTX-M gene in French isolates of E. coli 

producing CTX-M-15 (Mnif et al., 2010). There is complete or partial absence of certain TA 

systems in the transconjugants compared to parent isolates. This might be explained by the 

failure of transfer of NDM-1 positive plasmids bearing certain of these TA systems. In addition, 

it suggests that certain types of TA systems are located on the chromosome or may be located on 

non-conjugative plasmids. Multiple TA systems were identified on single plasmids harbouring 

blaCTX-M-15 and blaNDM-1 genes among clinical Enterobacteriaceae isolated from India and the 

UK. Our results were consistent with Doumith et al, who reported that several TA systems were 

detected in multi-resistant plasmids bearing blaCTX-M genes among clinical E. coli isolated in the 

UK (Doumith et al., 2012).   

          In addition, these strains having multiple TA systems were also resistant to multiple 

antibiotics. The NDM-1 positive K. pneumoniae, E. coli, Enterobacter, Acinetobacter and 

Citrobacter spp. isolated in India and the UK have exhibited resistance to antibiotics.  

          Type II TA systems were originally found in low copy number plasmids of E. coli where 

they were believed to be addiction modules to stabilize these systems (Tripathi et al., 2012). 

Recently, the detection of their high prevalence on the chromosomes of free-living bacteria 

(Pandey and Gerdes, 2005; Leplae et al., 2011) led to the suggestion that chromosomal type II 

TA systems are stress-response elements contributing to prokaryotes’ adaptation to stressful 

environments (Ning et al., 3013).  
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          TA systems have been identified on the chromosomes of many different bacteria (Sberro 

et al., 2013; Shao et al., 2011). In addition, they have been found on plasmids within certain 

(commonly in Gram-negative) bacteria (Hayes 2003). On plasmids, the function of TA systems 

seems to ensure dissemination of bacteria harbouring the plasmid through the post segregational 

killing of plasmid-free daughter cells (Moritz and Hergenrother 2007) 

          The diversity in location (TA-plasmid and TA-chromosome) and size of the TA system 

were detected in this study. In NDM-1 producing isolates in the UK, the southern blot analysis 

results revealed that pemKI, vagCD, and hok/sok genes were located on high molecular weight 

plasmids ranging from 20 to 400kb. However, ccdAB and srnBC were detected on plasmids 

ranging from 50 to 150kb. 

           The roles of chromosomal (TA) systems in the regulation of bacterial growth have been 

known in many bacteria, mainly E. coli, to cope with several stresses by reducing growth, 

inhibiting growth or killing a subpopulation of cells (Yamaguchi et al., 2011 ; Erental et al., 

2012). 

          RelBE encoded by relE, an RNA endonuclease, is a stable, toxin and relB, as a counterpart 

is an unstable, antitoxin. This system is believed to have originated from the E. coli chromosome 

(relBE-chromosome) (Syed and Lévesque, 2012; Moreno-Cordoba et al., 2012; Christensen et 

al., 2001). Our results agreed with this finding and revealed that the relBE system was located on 

chromosome. However, the relBE genes have been found in vancomycin-resistant Enterococci 

on their plasmids (Moritz and Hergenrother 2007). 

          VapBC genes, also called vagCD were first identified on the chromosome of strains of 

Dichelobacter nodosus and Leptospira interrogans (Gerdes et al., 2005; Ren et al., 2012). It was 

also identified on a S. dublin virulence plasmid (Gerdes et al., 2005). VapBC are found as 

transmissible genetic elements for the transfer of virulence determinants (Ren et al., 2012). The 

vap genes are recognized as a part of pathogenicity islands (PAI); they are transferred using 

horizontal gene transfer by a plasmid, phage, or conjugative transposon. Therefore, PAIs 

contribute to the bacteria`s ability to evolve and adapt to new ecological niches (Hacker et al., 

1997). The pathogenesis of some bacteria is dependent on the existence of virulence-associated 

plasmids and the expression of the virulence-associated factors such as protein C/D 

(VapC/VagD). Consequently, it seems that any isolate carrying the virulence-associated plasmid 
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appears more capable of causing disease (Stoughton et al., 2013). Our results revealed that the 

existence of vagD (toxin protein) appears relatively frequently in isolates harbouring blaNDM-1. 

          The ccd systems (coupled cell division) of plasmid F was the first proteic bacterial toxin-

antitoxin (TA) system identified (Smith et al. 2012).  CcdB encodes a toxin; it is a DNA gyrase 

poison that entraps a cleavage complex between gyrase and DNA (Mun˜oz-Gomez et al., 2005). 

In the presence of its antitoxin, ccdA, ccdB is sequestered in the form of a ccdAB complex. 

CcdA can neutralize the toxic activity of ccdB by forming a non-covalent complex (De Jonge et 

al., 2012). However, if the cell loses the F-plasmid, the labile ccdA is degraded by the ATP 

dependent Lon protease (Van et al., 1994), releasing ccdB from the complex to act on its target 

DNA gyrase, which finally leads to cell death. The F-plasmid originates from ccd operon, 

whether located on a multi copy plasmid or in a single copy on the E. coli chromosome, and 

plays a significant role in the generation of persistence, in addition to its role in plasmid 

maintenance (Tripathi et al., 2012).  

          In 2005 Pandey & Gerdes assumed an extensive bioinformatics search of seven TA 

systems across the completely sequenced genomes of 126 bacteria. The two largest TA families 

were VapBC and RelBE. These families were represented across bacteria and archaea, whereas 

mazEF, parDE, higBA (a member of the relBE family) and ccd were all constrained to bacteria 

(Pandey and Gerdes, 2005). VapBC TA systems were found to be the most common TA systems 

across archaea. All TA systems were present in both Gram negative and Gram positive bacteria 

with the exception of the Ccd TA system which is only found in Gram negative bacteria. 

          Members of a given TA family can be found at multiple locations in the genome of 

multiple bacterial species, suggesting that they arose by horizontal gene transfer (HGT) 

(Tsilibaris et al., 2007). Further evidence is found in that many TA systems are often associated 

with either mobile genetic elements or, on occasion, pathogenicity islands (Pandey and Gerdes 

2005). The phylogeny of TA systems is not consistent with bacterial phylogeny (Magnuson 

2007; Pandey and Gerdes, 2005) and their distribution differs greatly between isolates of the 

same bacterial species, implying that they are mobile (Magnuson 2007; Mine et al., 2009) 

          Conjugation is a highly specific process whereby DNA is transferred from donor to 

recipient bacteria by a specialized multi-protein complex, termed the conjugation system 

(Grohmann et al., 2003). Our results show that those transmissible plasmids for TA systems 

were found only in a low number of the transconjugant strains. These results could be explained 
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by the failure in the conjugation process in other strains; either that the antibiotic used in the 

selection  was not appropriate to other plasmids, or that the TA genes are located on the 

chromosome, or that these TA genes indicates that they are located on non-transferable plasmids. 

It could also be that these plasmids need a helper/facilitator plasmid to transfer plasmid from 

donor cells to recipient cell (Mergeay et al., 1985). 
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Chapter Eight 

General Discussion and Conclusion 
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8.1 Introduction  

                This thesis describes the genetic context of antimicrobial resistance (antibiotic and heavy metal 

resistance) genes and their mechanisms of mobility among collected clinical isolates procured from 

different countries. Data for this thesis can be divided into different sections: 1. Completion of the 

integrons- transposons sequence in the Pseudomonas spp. 2.Examination of blaNDM-1 stability in parent 

Enterobacteriaceae and transconjugants. 3. Determination of the presence of heavy metal genes in CTX-

M-15 -and NDM-1- producing Enterobacteriaceae. 4. Analysis of the toxin–antitoxin systems and their 

location in Enterobacteriaceae. Data of antibiotic, heavy metal resistance genes and Toxin-antitoxin genes 

(Table 8.1) 

8.2 Are ancestral class 1 integron more clinically relevant than classic 1 

integron?  

                The work in this thesis was described the sequence of Tn402- like class 1 integrons in 

Pseudomonas spp from Chile and France. In strains, (P. aeruginosa and P. fluorescence), the 

VIM-2 integron was located in the ancestral transposon (Tn402- like) suggesting its role in the 

dissemination of blaVIM-2 (Juan et al., 2010).  The integron lacked the 3` CS region (termed 

qacE∆1/sul1) and associated with the tniABQR genes (Tn402-like transposon). In P. aeruginosa 

301-5473 isolate, which was isolated from France, the completed nucleotide sequence in the 

truncated class 1 integron consists of: the gene blaOXA-2 gene cassette, encoding a narrow-

spectrum oxacillinase ; aacA4 gene encoding an aac (b`) Ib type aminoglycoside acetyl 

transferase; aadB gene encoding an aminoglycoside-modifying enzyme, aminoglycoside-2''-

adenyltransferase (conferring resistance to gentamicin and tobaramycin); and qacG gene, 

producing a quaternary ammonium compound resistance protein. This is followed by the Tn402-

like transposon. 

             In the other isolate, P. fluorescence 43-14926, isolated from Chile, the truncated class 1 

integron only possesses aacA5 gene cassette, in addition to the blaVIM-2 gene cassette. The 

variable region in this integron is followed by transposition genes (Tn402- like transposon). 

Tn402, possessing a variable region carrying aminoglycoside and MBL genes, can easily move 

this resistance from one genetic structure to another, but the genes themselves cannot  transfer 

from one organism to another  without the assistance of other genetic elements such as plasmids 

(Walsh et al., 2005). 
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Table 8.1 Summary of antibiotic (AB), heavy metal (HM) resistance genes and toxin-

antitoxin (TA) genes in Enterobacteriaceae. 

Isolate 

Code 

Organism AB HM TA 

N1 K. pneumoniae NDM-1 ArsA/ merA/ silC VagCD 

N2 K. pneumoniae NDM-1 ArsA/ merA Pemk, ccdAB, vagCD 

N3 C. freundii NDM-1 ArsA/ merA PemK, VagCD 

N4 E. cloacae NDM-1 PcoA/silC CcdAB, vagCD 

N5 Enterobacter sp. NDM-1 NA RelE 

N6 E. coli NDM-1 ArsA/merA/pcoA/ silC Pemk, relE, vagCD, Hok/sok 

N7 K. pneumoniae NDM-1 ArsA/merA/pcoA/ silC Pemk, relE, vagCD, Hok/sok 

N8 K. pneumoniae NDM-1 ArsA/merA/pcoA/ silC  vagCD, Hok/sok 

N9 K. pneumoniae NDM-1 PcoA/silC Neg. 

N10 K. pneumoniae NDM-1 SilC VagCD 

N11 K. pneumoniae NDM-1 ArsA/merA/pcoA/ silC VagCD 

N12 K. pneumoniae NDM-1 silC VagCD 

N13 C. freundii NDM-1 ArsA/merA/pcoA/ silC  VagCD, Hok/sok 

N14 E. coli NDM-1 ArsA/merA/pcoA/ silC Neg. 

N15 E. coli  NDM-1 PcoA/silC PemkI, ccdAB, relE, Hok/sok, SrnBC 

N16 K. pneumoniae NDM-1 ArsA/merA Pemk, RelE, VagC/D 

N17 K. pneumoniae NDM-1 ArsA/merA/pcoA/ silC VagCD 

N18 K. pneumoniae NDM-1 ArsA/merA/pcoA/ silC RelE 

N19 K. pneumoniae NDM-1 ArsA/merA/pcoA/ silC RelE, VagCD 

N20 E. coli NDM-1 merA PemkI, ccdAB, relE, VagCD, SrnBC 

N21 K. pneumoniae NDM-1 ArsA/merA/pcoA/ silC PemkI, RelE, VagCD, Hok/sok 

N22 K. pneumoniae NDM-1 ArsA PemK 

N23 E. coli NDM-1 Neg. pemkI, relE, VagCD, SrnBC 

N24 A. baumanii NDM-1 Neg. ParDE 

N25 A. baumanii NDM-1 NA Neg. 
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Table 8.1 Summary of antibiotic, heavy metal resistance genes and toxin-antitoxin genes in 

Enterobacteriaceae. 

Isolate 

code 

Organism AB HM TA 

N26 Enterobacter sp. NDM-1 ArsA, merA RelE, ParDE, vagCD 

N27 K. pneumoniae NDM-1 ArsA, merA, pcoA, silC RelE, VagCD 

N28 K. pneumoniae NDM-1 merA, pcoA, silC Pemk, VagCD 

N29 E. coli NDM-1 merA, pcoA, silC PemK, VagCD, PndCA, SrnBC 

N30 A.. baumanii NDM-1 NA Neg. 

N31 E. cloacae NDM-1 Neg. RelE, VagCD 

N32 E. cloacae NDM-1 PcoA, silC RelE, ParDE, VagCD, 

K15 K. pneumoniae NDM-1 merA, pcoA, silC RelE, vagCD, pemKI 

K7 K. pneumoniae NDM-1 MerA, pcoA, silC RelE, vagCD 

IR25 K. pneumoniae NDM-1 ArsA, merA, silC VagCD, hok/sok 

IR18K K. pneumoniae NDM-1 ArsA, merA, pcoA, silC PemK, ccdAB, relE, parDE, vagCD 

IR28K K. pneumoniae NDM-1 ArsA, merA, pcoA, silC ParDE, hok/sok 

IR29 E. coli NDM-1 ArsA, merA, pcoA, silC CcdAC, hok/sok 

IR26 E. coli NDM-1 NG pemK, ccdAB, vagCD, hok/sok, srnBC 

IR22 E. coli NDM-1 merA, silC pemK, ccdAB, vagCD, hok/sok, srnBC 

IR5 E. coli NDM-1 ArsA, merA, pcoA, silC pemK, ccdAB, vagCD, hok/sok, pndCA, 

srnBC 

IR61 K. oxytoca NDM-1 ArsA, merA, pcoA, silC ParDE 

TC-

IR25 

K. 

pneumonae:EcJ53 

NDM-1 merA Hok/sok 

TC-

K15 

K. 

pneumonae:EcJ53 

NDM-1 NG Neg. 

TC-

IR29 

E. coli:EcJ53 NDM-1 NG Hok/sok 

TC-

IR26 

E. coli:EcJ53 NDM-1 NG PemKI, ccdA, hok/sok, srnB 
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Table 8.1 Summary of antibiotic, heavy metal resistance genes and toxin-antitoxin genes in 

Enterobacteriaceae 

Isolate 

code 

Organism AB H. M TA 

TC-

IR61 

K. oxytoca:EcJ53 NDM-1 NG Neg. 

TC-

IR22 

E. coli:EcJ53 NDM-1 NG PemKI, ccdA, hok/sok, srnB 

TC-

IR5 

E. coli:EcJ53 NDM-1 NG PemKI, ccdA, vagCD, hok/sok, pndCA, srnBC 

TC-

IR8 

K. 

pneumonae:EcJ53 

NDM-1 NG Neg. 

TC-

IR34 

K. 

pneumonae:EcJ53 

NDM-1 NG Neg. 

TC-

IR57 

Pr. rettgeri: Ec 

J53 

NDM-1 NG CcdA, hok, srnB 

TC-K3 K. 

pneumonae:EcJ53 

NDM-1 NG CcdA, hok 

TC-

20K 

K. 

pneumonae:EcJ53 

NDM-1 NG PemK, ccdA, hok 

TC-

IR44 

E. cloacae: EcJ53 NDM-1 SilC CcdA, hok, pndAC, srnB 

TC-

IR19K 

K. 

pneumonae:EcJ53 

NDM-1 NG PemKI, ccdA, hok, pndAC, srnB 

TC-K6 K. 

pneumonae:EcJ53 

NDM-1 NG Neg. 

TC-

IR21 

K. 

pneumonae:EcJ53 

NDM-1 NG PemK, hok, pndC 

TC-

HR5 

E. coli: EcJ53 NDM-1 NG CcdA, pndC 

TC-

IR21 

K. 

pneumonae:EcJ53 

NDM-1 merA PemKI, hok 

TC-

IR3 

K. 

pneumonae:EcJ53 

NDM-1 arsA PemK, hok, pndC 
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Table 8.1 Summary of antibiotic, heavy metal resistance genes and toxin-antitoxin genes in 

Enterobacteriaceae 

Isolate 

code 

Organism AB HM TA 

TC-IR12 E. coli:EcJ53 NDM-1 NG PemKI, ccdAB, parD, pndC, srnB 

TC-IR91 E. coli:EcJ53 NDM-1 NG PemKI, ccdAB, pndC 

TC-IR36 E. 

cloacae:EcJ53 

NDM-1 merA PndC 

TC-IR38 E. cloacae: 

EcJ53 

NDM-1 NG PndC, srnBC 

KpA5/3 K. pneumoniae CTX-M-15 Neg. PemKI, hok/sok 

Kp A5/7 K. pneumoniae CTX-M-15 arsA, merA, 

pcoA, silC 

PemKI, hok/sok 

Kp  A5/4 K. pneumoniae CTX-M-15 pcoA, silC VagCD 

Kp  C5/8 K. pneumoniae CTX-M-15 silC PemKI, ccdAB, hok/sok 

Kp C5/7 K. pneumoniae CTX-M-15 arsA, merA, 

pcoA, silC 

VagCD 

Kp C5/5 K. pneumoniae CTX-M-15 silC PemKI, ccdAB, hok/sok 

Kp D5/12 K. pneumoniae CTX-M-15 arsA, silC PemK, vagCD, hok/sok 

Kp D5/4 K. pneumoniae CTX-M-15 silC VagCD 

Kp E5/14 K. pneumoniae CTX-M-15 MerA, pcoA, 

silC 

VagCD, hok/sok 

Kp E5/17 K. pneumoniae CTX-M-15 arsA, merA, 

pcoA, silC 

VagCD 

Kp G5/2 K. pneumoniae CTX-M-15  merA, pcoA, 

silC 

PemKI, hok/sok 

Kp G5/6 K. pneumoniae CTX-M-15  pcoA, silC Neg. 

Kp G5/11 K. pneumoniae CTX-M-15 silC VagCD 

Kp I5/5 K. pneumoniae CTX-M-15 arsA, pcoA, 

silC 

PemKI, relE, vagCD 
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Table 8.1 Summary of antibiotic, heavy metal resistance genes and toxin-antitoxin genes in 

Enterobacteriaceae 

Isolate 

code 

Organism AB HM TA 

Kp F5/6 K. pneumoniae CTX-M-15 Neg. PemKI, hok/sok 

Kp B6/1 K. pneumoniae CTX-M-15 Neg. CcdAB, pndCA 

Kp E5/19 K. pneumoniae CTX-M-15 ArsA, pcoA, 

silC 

CcdAB, VagCD, 

Kp B5/11 K. pneumoniae CTX-M-15 Neg. CcdAB, hok/sok, pndCA, srnBC 

Ec A4/8 E. coli CTX-M-15 Neg. PemKI, hok/sok 

EcF4/3 E. coli CTX-M-15 Neg. CcdAB, hok/sok 

Ec B4/6 E. coli CTX-M-15 Neg. CcdAB, srnBC 

Ec A4/11 E. coli CTX-M-15 Neg. PemKI, ccdA, vagCD, hok/sok, srnBC 

Ec C4/3 E. coli CTX-M-15 Neg. hok/sok,  pndCA 

EcE4/4 E. coli CTX-M-15 Neg. hok/sok,  pndCA 

Ec D4/12 E. coli CTX-M-15 Neg. PemKI, hok/sok, srnBC 

Ec C4/12 E. coli CTX-M-15 Neg.  ccdAB, pndCA 

Ec G4/12 E. coli CTX-M-15 Neg. PemKI, ccdAB, hok/sok, pndCA, srnBC 

Ec I4/9 E. coli CTX-M-15 Neg. PemKI, ccdAB, hok/sok, srnBC 

Ec I4/3 E. coli CTX-M-15 Neg. PemKI, ccdAB, hok/sok, srnBC 

Ec I4/13 E. coli CTX-M-15 merA, pcoA PemKI, ccdAB, vagCD 

Ec H4/5 E. coli CTX-M-15 pcoA, silC PemKI, vagCD, hok/sok 

Salmo. 

H6/20 

Salmonella sp CTX-M-15 PcoA, silC relE, vagCD, hok/sok 

Salmo. 

G6/9 

Salmonella sp CTX-M-15 merA ccdAB, vagCD, hok/sok 

Salmo. 

G6/13 

Salmonella sp CTX-M-15 merA, pcoA, 

silC 

Neg. 

Enter. I2/5 Enterobacter CTX-M-15 merA, pcoA, 

silC 
PemKI, VagCD, hok/sok 
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Table 8.1 Summary of antibiotic, heavy metal resistance genes and toxin-antitoxin genes in 

Enterobacteriaceae 

Isolate 

code 

Organism AB HM TA 

Enter. I2/2 Enterobacter CTX-M-15 merA VagCD, hok/sok 

Enter. F2/6 Enterobacter CTX-M-15 merA Neg. 

Salmonella 

sp 

Salmonella sp CTX-M-15 merA Neg. 

P. stuarti 

B1/10 

P. stuarti CTX-M-15 merA Neg. 

Salmonella 

sp 

Salmonella sp CTX-M-15 merA Neg. 

E. coli E. coli CTX-M-15 Neg. PemKI, ccdAB, parDE, vagCD, 

hok/sok 
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 VIM-2 type has been identified in several Enterobacteriaceae and Acinetobacter species, but P. 

aeruginosa remains the most significant known reservoir of these enzymes (Walsh et al., 2005). 

Interestingly, it would appear that MBL genes, such as VIM-2, are first propagated in P. 

aeruginosa before appearing in Acinetobacter and Enterobacteriaceae which may be explained 

by the transfer of their plasmids into Enterobacteriaceae by HGT (Alvarez-Ortega et al., 2011). 

However, it is noteworthy that blaVIM-2 gene in Pseudomonas spp. are mainly carried on the 

chromosome and not on broad host plasmids (Samuelsen et al., 2010). This is likely to be an 

example of the association between an antibiotic resistance gene and its adjacent mobile genetic 

elements ensuring the spread of antibiotic resistance genes to a great number of bacteria by the 

cooperative action of site-specific recombination, transposition, conjugation and homologous 

recombination (Toleman and Walsh 2010). The capture of the class 1 integron by a Tn402-like 

transposition module has triggered its rapid dissemination by LGT (Gillings et al., 2008). Class 1 

integrons have been found to be associated with a variety of replicative transposons due to the 

res hunting capacity of the Tn402-like transposition system. This “res hunting” capacity of the 

transposon Tn402 has allowed for further linkage to res sites of other transposons and plasmids. 

Particularly, they have been successful in associating themselves with mercury-resistance (mer) 

transposons, such as some transposons from the Tn3 family. The acquisition of class 1 integrons 

carrying antibiotic and quaternary ammonium compound (qac) resistance genes may have 

facilitated the co-selection of mer transposons in clinical and farming settings within the last few 

decades, and vice versa (Stokes and Gillings 2011). Transposons belonging to the Tn21-

subfamily (Liebert et al., 1999) most frequently harbour class 1 integrons (Petrova et al., 2011). 

Specific examples of transposons belonging to the Tn21-subgroup include Tn21 itself and 

Tn1696 (Partridge et al., 2001).  

                Tn402 family is especially important in the dissemination of class 1 integrons in 

pathogens (Minakhina et al., 1999). The class 1 integron-transposon association has resulted in 

an extraordinarily efficient dispersal of this integron and its accompanying gene cassettes. One 

of the key steps in this spread is the capture of the integron to a Tn402-like transposon platform. 

The Tn402 transposon (also known as Tn5090) (Radstrom et al., 1994) comprises a complete 

transposition module (tni module: tniR, Q, B, A) bounded by a 25 base pair (bp) of inverted 

repeats identical to IRi and IRt (Gillings et al., 2008; Stokes and Hall 1989; Stokes et al., 2006)  

 



 

181 

 

8.3 Why are MBLs genes in P. aeruginosa usually found on the chromosome?  

                The growing threat of antimicrobial resistance in P. aeruginosa is displayed by its 

intrinsic resistance to many antimicrobial drugs and an additional ability to become MDR and 

XDR. These features are caused by a series of mutations in chromosomal genes that can lead to 

ampC hyper expression, repression or inactivation of oprD and overexpression of efflux pumps 

(Pfeifer et al., 2010; Viedma et al., 2012; Juan et al., 2010). In addition, P. aeruginosa is capable 

of capturing and incorporating clusters of genes, conferring antibiotic resistance and enhancing 

virulence in conjunction with the emergence and dissemination during the last decade (Queenan 

and Bush 2007; Mesaros et al., 2007; Moya  et al., 2009) of horizontally acquired resistance 

genes encoding for class B carbapenemases (MBLs). 

               A recent study found that P. aeruginosa has thirty seven gene positions in the 

chromosome that have contributed to its intrinsic resistance, and a further forty one loci could 

potentially be involved in the acquisition of resistance, because mutants in these loci were less 

susceptible than their parent’s strains (Alvarez-Ortega et al., 2011). These results indicate that 

the intrinsic resistant genes of P. aeruginosa include numerous elements belonging to diverse 

functional families and cannot be considered as a specific mechanism of adaptation to the new 

usage of antibiotics as therapeutic agents (Alvarez-Ortega et al., 2011).  With respect to this 

resistance, MDR and XDR P. aeruginosa isolates have increased as a consequence of the 

acquisition of mobile elements such as class 1 integrons and the antibiotic resistance gene 

cassettes associated with them (Viedma  et al., 2012).  

                MBLs can be disseminated horizontally through transfer of DNA segments/ structures 

and have become a serious concern in hospitals worldwide. Some MBL genes are normally 

carried in class 1 integrons along with other resistance determinants, for instance, the 

aminoglycoside-modifying enzymes. The integrons are often located on plasmids and/ or 

transposons, the dissemination of which contributes to the global spread of MBLs (Poirel et al., 

2000; Riccio et al., 2001). The ability of P. aeruginosa to co- regulate different resistance 

mechanisms makes this pathogen a constantly moving target that continues to challenge 

therapeutic strategies (Obritsch et al., 2004; Leibovici et al., 1998; Lister et al., 2009). There are 

a variety of resistance mechanisms encoded on the P. aeruginosa chromosome: (i) the AmpC 

cephalosporinase; (ii) the OprD outer membrane porin, (iii) the multidrug efflux pumps (Lister et 

al., 2009).  
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                The logical question that arises is why the chromosome, rather than plasmids, seems to 

be the preferred location for class 1 integrons in isolates of P. aeruginosa? One reason for this 

trend towards integration into the chromosome is that there may be linkage of other resistance 

genes and/ or other pathogenicity determinants to create strains that are, overall, more resistant 

and potentially more virulent (Janvier et al., 2013). In the case of P. aeruginosa this is supported 

by the recently reported isolation of the blaNDM-1 gene located in the chromosome (Janvier et al., 

2013). In this case, the P. aeruginosa isolate HIABP11, had blaNDM-1 in association with a class 1 

integron closely related to the one described in Tn6162 (Martinez et al., 2013). Analyzing the 

genomic context of blaNDM-1 in P. aeruginosa isolate HIABP11 revealed the presence of ISPa7 

and it is likely that blaNDM-1 was mobilized into a new complex class 1 integron by ISPa7, which 

is a part of a chromosomally located Tn402-like structure (Janvier et al., 2013). β- Lactam 

resistance is a particular problem in P. aeruginosa clinical isolates (Poole 2011), and this can 

arise through multiple mechanisms. These mechanisms include both changes to chromosomally 

located genes as well as the acquisition of mobilized genes by LGT (Lister et al., 2009). 

Therefore, an understanding of the causes of resistance in clinical populations of P. aeruginosa 

requires an assessment of how multiple pathways interact.  

8.4 Why did NDM-1 producing strains appear in the Indian subcontinent and 

now are spread globally?  

              The progressive dissemination of antimicrobial-resistant bacteria, resulting from use and 

abuse of antimicrobials (such as antibiotics and heavy metals), has today become a major global 

health concern. The emergence and global spread of NDM-1 positive Enterobacteriaceae and 

Gram-negative non-fermenters, which inactivate all β-lactams (apart from aztreonam) including 

carbapenems, is a major clinical and public health threat.   The blaNDM-1 appears to have 

originated in the Indian subcontinent and, subsequently, could be found in several countries 

worldwide immediately after it was first reported; indeed it has now spread to over 50 countries 

(Arya and Agarwal 2011; Walsh et al., 2011; Kumarasamy et al., 2010). The authors of the 

original epidemiological study were able to determine that the main reservoirs of these resistant 

strains were located in the Indian sub-continent: India, Pakistan, Bangladesh, and Sri Lanka. The 

blaNDM-1 gene was identified in various species of Enterobacteriaceae; not only Klebsiella and E. 

coli but many other non-prevalent bacteria. In other studies, the blaNDM-1 was detected most 

frequently in community-acquired Enterobacteriaceae, in A. baumannii, and then reported in P. 

aeruginosa. A significant spread was observed in the UK, which has close links with India and 
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Pakistan, the former having a strong link with medical tourism (Poirel et al., 2010b; 

Kumarasamy et al., 2010). There are several diverse factors promoting blaNDM-1 dissemination.  

1) Strong selection pressure: India is considered the main country for the production of drugs 

(including antimicrobial drugs) in the world. Therefore, all antibiotics are sold freely and used 

without any control (it is of significant interest whether the Chennai Declaration will help 

enforce the Indian government ban starting March 1st 2014)  

2) The environment is characterized by the non-compliance of fundamental hygiene rules, 

especially sewerage treatment and potable water. A great proportion of people present with 

chronic diarrhea and the mortality rate, due to intestinal infections is one of the highest in the 

world. Walsh and colleagues collected samples in New Delhi, at open sewerage and public water 

delivery points, and showed  that tap water and waste water contained significant quantities of 

bacteria carrying NDM-1; not only Enterobacteriaceae, S. maltophilia, and Pseudomonas strains, 

but also V. cholerae (Walsh  et al., 2011). This study further assessed the transmissibility of 

blaNDM-1 by mobile genetic elements at different temperatures and found a higher frequency at 

30ºC rather than 37ºC indicating rapid spread in the environment/ community ( Walsh et al., 

2011).  

 3) The transmission and spread of strains is promoted by over-population; 1.3 billion people live 

in India in slightly more than 3 million km2. This proximity enhances the risks of person-to-

person transmission of intestinal bacteria particularly in urban areas. The high temperatures and 

high humidity are especially favourable for bacterial growth, especially in India and Bangladesh. 

The spread of strains in the community is important, meaning that colonization of travellers is 

possible even if they are not admitted to hospital (Perry et al., 2011).  

4) The increase of cross-border and cross-continental movements of people has a main impact on 

the spread of antimicrobial-resistant bacteria (Arya and Agarwal, 2011; Cheng et al, 2012). A 

recent study showed that seven out of eight tourists returning to Sweden from India had been 

colonized by ESBL- producing gut bacteria that they did not carry before departure, and is 

further supported by the high concentration of ESBLs in community-onset infections as well as 

hospital-onset and intra-abdominal infections in India (Walsh et al., 2011). Laupland and 

colleagues found that overseas travel significantly increased the risk of isolating e. g. NDM-1–

producing bacteria and that the risk was highest among travellers to India, the Middle East and 

Africa (Laupland et al., 2008). In a recent report from America it was estimated that about 750 
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000 Americans travelled abroad for medical care in 2007, and as many as 1.6 million will have 

received healthcare outside of the United States by 2012 (Pillai et al., 2011).  

8.5 Bacterial cells Persistence and Toxin-Antitoxin systems 

                Persister cells can be described as a small drug tolerant sub-population of dormant 

cells amongst a population that is growing normally. They favour the insubordination of chronic 

infections to therapy, and they are more common in the biofilm; therefore, it is difficult to treat 

infections caused by pathogenic microbes in biofilms (Beceiro et al., 2013). Persisters are 

frequently forming in P. aeruginosa infections in patients with cystic fibrosis (Mulcahy et al., 

2010) and in other genera such as S. aureus (Lechner et al., 2012) and E. coli (Hansen et al., 

2008). Persistence is not restricted to bacteria but it has also been detected in Candida albicans 

(Wagner and Unoson 2012). In 1944, Joseph Bigger reported that the bactericidal antibiotics do 

not completely destroy bacteria within a culture and further demonstrated that, despite lysis of S. 

pyogenes by penicillin, the surviving bacterial sub-population was not penicillin-resistant. 

Interestingly, these survivors were revealed to be penicillin-tolerant rather than penicillin-

resistant (Bigger 1944). This phenomenon occurs because, over time, the rate of killing by 

antibiotics declines thereby allowing a population of bacteria to survive; this is referred to as 

persistence (Levin and Rozen 2006). Persisters exemplify the heterogeneity phenotype and cause 

major health problems since they are recalcitrant to antibiotics (Lewis 2010; Lafleur et al., 

2010). Persister cells are not genetically different since they are resuscitated as normally 

growing, antibiotics-sensitive cells that can subsequently generate persisters at a low frequency 

(Wagner and Unoson 2012).  The TA system in bacteria plays a vital role in cell survival under 

stress conditions (amino-acid starvation, antibiotics treatment, temperature change and oxidative 

stress) even though TA systems are not necessary for normal cell growth (Yamaguchi et al., 

2011). Bacterial chromosomes and plasmids have genetic elements called TA systems (Gerdes et 

al., 2005). They comprise two genes expressed as an operon. One of the genes encodes a stable 

toxin and the other an unstable antitoxin. The data presented in chapter seven revealed that the 

genes encoding TA were distributed among genomic DNA (plasmids and chromosomes). TA 

systems constitute a maintenance function in plasmids (Jayaraman 2008). They have been 

implicated in triggering cell death in response to stress such as starvation, antibiotic pressure, 

DNA damage and heat (Hazen et al., 2004; Jayaraman 2008). Interestingly, some researchers 

believe that they do not cause cell death but act as inhibitors of macromolecular synthesis 

leading to reversible inhibition of growth (bacteriostasis) (Jayaraman 2008). The study of the 
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persistent cells in E. coli K-12, by Keren et al. revealed that some well characterized TA 

modules (relBE and mazEF) were among the over-expressed genes in persistent cells. In 

addition, they found that over-expression of plasmid-borne relE, the toxin gene component of the 

relBE operon, encoding for a translation inhibitor (Christensen et al., 2001), resulted in a 10–

10,000-fold increase in persisters in response to fluoroquinolone, cephalosporin and an 

aminoglycoside. The first gene linked to persisters, hipA (Moyed and Bertrand 1983), is also a 

toxin and its ectopic expression causes multi-drug tolerance (Korch and Hill 2006; Jayaraman 

2008). Falla and Chopra (1998) have reported that over-expression of hipA increased the 

production of persisters tolerant to β-lactam and fluoroquinolone antibiotics. These observations 

imply that hipBA has a general role for TA modules in generating persisters in response to 

antibiotic and other stresses. Interestingly, ygiU along with ygiT, is the most over-expressed gene 

in slow-growing cells and causes a dramatic increase in tolerance to fluoroquinolone; indeed 

more than hipA or relE (Shah et al., 2006). TA systems symER, hokE, yafN/yafO, and 

tisAB/istr1 are induced by the SOS response (Courcelle et al., 2001; Motiejūnaite et al., 2007; 

Singletary et al., 2009). Fluoroquinolones induce the SOS response and the ability of 

ciprofloxacin to induce persister formation has been well noted (Dörr et al., 2009). Examination 

of deletion strains showed that the level of persisters dropped dramatically, from 10- to 100-fold, 

in a ∆tisAB mutant (Dӧrr et al., 2010). This suggests that TisB was responsible for the formation 

of the majority of persisters under conditions of SOS induction. Pathogens are exposed to many 

stress factors in the host environment apart from DNA-damaging agents, such as oxidants, high 

temperature, low pH, etc. It is possible that all stress responses induce the formation of surviving 

persisters.  

  

8.6 Persistence of antibiotic resistance in bacterial cells  

                In general, antibiotic resistance can occur either as the intrinsic resistance, i.e. the 

outcome of genetic change (e.g. mutations), or by the acquisition of antibiotic resistance gene via 

HGT. Intrinsic resistance is defined as the inherent resistance against an antimicrobial drug 

which is a characteristic of all, or almost all, representatives of the species 

(http://www.eucast.org/expert_rules/). There are three causes which are considered the most 

important of this intrinsic resistance: lack of the target, activity of chromosomally encoded 

antibiotic-inactivating enzymes and reduced uptake of the antibiotic (reduced permeability of the 
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cellular envelopes and activity of efflux pumps) (Olivares et al., 2013). The acquisition of 

resistance by the bacterial cells can be divided into two main steps:  

 1) Fast response, which includes the reorganization of the membrane and its permeability 

(change in lipopolysaccharide composition (Martins et al., 2013); decrease of porin content 

(Hajjar et al., 2010); and/or over expression of efflux pumps (Li and Nikaido 2009; Nikaido and 

Pagès 2012).  

2) Slow response, which involves genetic changes (Martins et al., 2013).              

                Resistance to antibiotics used to treat serious bacterial infections is increasing every 

day in both the community and hospital settings. Concentrations of antibiotic in the various 

environments are considered the main driving force for the selection of resistant bacteria 

populations (Andersson and Hughes 2011). The upsurge in MDR/XDR Enterobacteriaceae (e.g. 

K. pneumoniae, E. coli, etc.) and non-fermenting Gram- negative bacteria (P. aeruginosa) over 

the past decade is threating the successful treatment of infection (Hawkey and Jones 2009). 

Under environment conditions, the resistance might be stabilized in bacteria, where antibiotic 

selective pressure may be very low or lacking altogether.  Many factors could lead to the 

stabilization of the resistance in bacteria, for instance; (1) compensatory mutations that restore 

fitness without loss of resistance; (2) occurrence of rare cost-free resistance mutations or; (3) 

genetic linkage and co-selection between resistance mutations and other selected genetic markers 

(e.g. virulence factors or resistances). In addition to these factors, which could help the resistance 

stabilization in bacteria, there are many factors that can cause the persistence of antibiotic 

resistance in a bacterial population; for example; 1) the presence of different drug concentration; 

2) co-selection between genetic elements and clones; 3) cost of acquired resistances; and 4) 

fitness- increasing resistances (Andersson and Hughes 2011).  There is historical link between 

the use of antibiotics and the selection of antibiotic resistance. Tenover and McGowan 1996, 

explained the term of selective pressure (Baquero et al., 1998) as follow;  the selective pressure 

refers to environmental conditions, including not only the use of antibiotics but also any other 

environmental factors; for instance how the patients are linked by epidemiological features, other 

drugs (antibiotic or heavy metals), or environmental pollutants. Generally, the selective pressure 

refers to many factors that allow bacteria with unique mutations or newly acquired 

characteristics, to survive and proliferate (Baquero et al., 1998). By increasing antimicrobial use, 

the frequency of resistance escalated in many diverse bacteria, mainly in developing countries 
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where antimicrobials were freely available without prescription. Poor sanitation conditions can 

further assist spread of these resistant bacteria. Additionally, inadequate healthcare budgets 

prevent access to effective new antibiotics (Levy and Marshall 2004).  

8.7 Plasmid stability  

                Plasmids can be present in almost all bacteria (Amábile-Cuevas and Chicurel 1992) 

ranging in size from a few to more than one thousand kilobases (kb) and they can represent a 

significant ratio of the whole genome.  There are several factors affecting plasmid DNA stability. 

These factors include, culture conditions, antibiotic resistance genes, and plasmid copy number. 

A) Culture conditions:  

1) Dissolved oxygen concentration is required for maintaining plasmid stability; therefore, a 

decrease in dissolved oxygen concentration level in growth medium could adversely affect 

plasmid maintenance (Goyal et al., 2009; Krishna et al., 2008);  

 2) Low pH medium may cause stress to the bacterial cells, resulting in plasmid loss from the 

high-density cultures (Chen et al., 1992);  

 3) The composition of culture media may also impact on plasmid stability (O'Kennedy and 

Patching 1997). Nevertheless, it has been shown that the use of complex nitrogen sources (yeast 

extract or tryptone) did not decrease plasmid stability (Goyal et al., 2009). In fact, some studies 

revealed that the use of nitrogen sources resulted in increased plasmid stability (Matsui et al., 

1990).  

B) Antibiotic resistance genes can also influence plasmid stability. It is known that kanamycin 

resistant plasmids are more stable than ampicillin resistant plasmids (French and Ward 1995). 

The presence, and type, of selective pressure is also known to play a role in maintaining or 

improving plasmid segregational stability (Goyal et al., 2009; Johansson and Lidén 2006).  

C) The copy number influences the plasmid stability (namely, the maintenance of the plasmid 

within the cells during cell division). A positive effect of a high copy number is the greater 

stability of the plasmid when the random partitioning occurs at cell division. However, a high 

copy number of plasmids usually decrease the growth rate, potentially compensating for cells 

with few plasmids to dominate the culture (Silva et al., 2012). Plasmid structural stability also 

could be affected by several factors such as plasmid size (Ertl and Thomsen, 2003), direct 
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repeats (Hadj et al., 2008), inverted repeats (Bi and Liu 1996) and insertion sequences (Valesova 

et al., 2005). Other environmental stress factors (antibiotic concentration, medium composition, 

temperature changes and oxygen fluctuations) could potentially elevate the rate of spontaneous 

point mutations or promote recombination between intergenomic or directly repeated sequences 

(Oliveira et al., 2009). There are several different mechanisms linked with plasmid stability such 

as, multimer resolution system (mrs) (Hayes and Barilla 2006; Shih and Rothfield, 2006), Post -

Segregational Killing (PSK) systems or addiction systems (Thisted et al., 1994) and partitioning 

systems (Ebersbach and Gerdes, 2005). All of these mechanisms are important for plasmid 

stability, and are likely to be found on each plasmid naturally (Sengupta and Austin, 2011).  In 

my research (chapters Four and Five), the findings revealed that the NDM-1 plasmid was stable 

in most isolates (in India and the UK). Moreover, NDM-1- carrying plasmids are not negatively 

affected by any factors that affect stability, but the size of plasmids was affected. In order to 

investigate all plasmid stability systems, further studies need to be done to all NDM-1- carrying 

plasmids.  

 

8.8 Correlation of heavy metal and antibiotic resistance   

                Heavy metal contamination, due to natural and anthropogenic sources, is a global 

environmental concern. Release of heavy metals into human systems, mainly through 

contaminated water, food, and air, without proper treatment, poses a significant threat to public 

health. In developing countries, communities need to be aware of these problems and find 

preventive and remedial solutions for management. Sometimes expensive high-tech remedial 

measures are not easy for a country like, for example India, and hence emphasis has to be on 

prevention. Several studies towards remediation have to be encouraged, bearing in mind India’s 

unique difficulties of poverty, crowding and malnutrition (Sahni 2011).  

               In nature there are about 50 heavy metals of special concern. Consequently, any metal 

element may be considered a “contaminant” if it occurs where it is unwanted, or in a form or 

concentration that causes a detrimental effect on humans, or microorganisms, or the 

environmental (Singh et al., 2010). There is a need to be more aware of the impact of the 

products that we release into the environment such as disinfectants, heavy metals and other 

antimicrobials that create a selective pressure in the environment (Christopher et al., 2014). In 

India, about one hundred and eighty tons or more of mercury salts are discharged annually (Rani 
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and Mahadevan 1993). These types of pollutants would clearly provide selection pressure for the 

development of metal- resistant organisms (Hada and Sizemore 1981; Malik and Ahmed 1994).  

                In the present study, it was evident that different bacterial strains show differing 

degrees of resistance and sensitivity to four heavy metals, viz., Ars, Mer, Hg and Ag. The MIC 

value of copper ranged between 625-2500µg/ml in all tested isolates. In addition, arsenic ion 

resistance was detected in all three groups. In terms of silver and mercury, the MICs were more 

varied. This suggests that copper (Cu) resistance in tested isolates also confers resistance to 

silver (Ag) perhaps through a shared mechanism, for instance an efflux pump (Torres-Urquidy et 

al., 2012). The results obtained in this study are consistent with the data collected by other 

workers.  

               Bacterial resistance to heavy metals and antibiotics is an increasing problem 

worldwide. In fact, antibiotics are becoming less useful to treat, but used more widely against 

resistant pathogenic bacteria, hence infectious diseases are becoming more difficult and more 

costly to treat. This is due to the creation of selective pressure in the environment that leads to 

the mutation of microorganisms, thus allowing them to survive by creating “superbugs” that 

multiply posing a potential public health hazard (Baquero et al., 1998; Christopher et al., 2014).    

                Heavy metals are widespread in industry, hospital effluent and sewage and there has 

been considerable speculation about the likely genetic association between bacterial tolerance for 

these metals and multiple antibiotic resistances (Christopher et al., 2014). It has been suggested 

that genes encoding resistance to heavy metals can be located, with antibiotic resistance genes on 

either the same genetic structure (e.g. plasmid or other MGE), or different genetic structures 

within the same bacterial strain (Guardabassi and Dalsgaard 2002). Antibiotic resistance in 

bacteria is more frequently associated with and strongly correlated with, metal resistance and 

expression of antibiotic resistance may be dependent on exposure to metals (McArthur and 

Tuckfield 2000; Selvi et al., 2012).  

                In bacterial cells, plasmids carry genes that govern resistances to numerous heavy 

metals and also genes for antibiotics resistance. Certainly, there are plasmids that affect only 

antibiotic or heavy metal resistances as well as those that affect both. For both heavy metals and 

antibiotics, there seems to be a great specificity of the mechanism for each resistance (Silver and 

Keach 1982).               
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                Genes may be clustered on a plasmid. If all the genes clustered are useful to the 

bacterium, in terms of survival and persistence of its species, those genes are more likely to be 

transferred together by using the conjugation process.  In an environment with multiple stresses, 

for instance antibiotics and heavy metals, it would be more ecologically favourable for a 

bacterium to acquire resistance to both stresses. If the resistance is located on a plasmid, those 

bacteria with clustered resistance genes are more likely to simultaneously pass on those genes to 

other bacteria, and those bacteria would then have a better chance of survival. In such a situation, 

one may suggest an association of antibiotic resistance with metal tolerance (Lawrence 2000).  

                In chapter Six, I showed that the high frequency of heavy metals genes, arsA, pcoA, 

merA and silC, were located on both plasmids and chromosomes in Group 1 (NDM-1 positive 

strains). These results were consistent with previous works (Cervantes et al., 1991). Most heavy 

metal resistance systems are found on plasmids that are capable of HGT. 

                Association between resistance to antibiotics and heavy metals has been described by 

several workers where genes encoding resistance to metals were located on transmissible 

plasmids (Dhakephalker and Chopade, 1994; Máthé et al., 2012). The prevalence of such metal 

tolerant microorganisms is ecologically important, particularly if they are also antibiotic 

resistant. Under environmental conditions such metal and antibiotic resistant, bacterial 

populations will adapt faster by the spread of R-factors than by mutation and natural selection, 

thus leading to a very rapid increase in their numbers (Bhattacherjee 1986).  

                The results in chapter six show that transferable plasmids, encoding resistance to 

various heavy metals and antibiotics in Enterobacteriaceae isolates, were clearly observed. 

Ghosh et al., 2000 have shown transferable plasmids carrying heavy metal and antibiotics genes 

in Salmonella abortus equi (Ghosh et al., 2000). Moreover, my results revealed that some 

isolates did not have genes of metal resistance but they carry genes of antibiotic resistance. 

These finding suggest a lack of relationship between antibiotic and heavy metal resistance, 

further suggesting that the two types of resistance are not, or only rarely, co-selected. These 

results agree with Deredjian and his team (2011).  

                The spread of multiple antibiotic resistant bacteria is one of the most serious threats to 

the successful treatment of disease. Although resistance to metal ions is of less clinical concern 

than resistance to antibiotics, such an association is significant as knowledge of resistance to 
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metal ions may provide useful information on the mechanisms of antibiotic resistance, plasmid 

genetics, physiology and ecology of the microbes in polluted environments (Verma et al., 2001).  

               Microorganisms, tolerant to metals and resistant to antibiotics, have been isolated from 

clinical and metal contaminated environments (Christopher et al., 2014). Henriette et al., (1991) 

showed that, in the bacterial population, there was an association of resistance between zinc and 

ampicillin, copper and penicillin, cobalt and ampicillin, cadmium and erythromycin, nickel and 

ampicillin as well as mercury and bacitracin. Calomiris et al. (1984) observed a positive 

correlation between tolerance to Cu2+, Pb2+ and Zn2+ and multiple antibiotic resistances. They 

also reported that water isolates resistant to kanamycin were also tolerant to Cu2+, Pb2+ and 

Zn2+. These finding propose that combined expression of antibiotic resistance and metal 

tolerance may not be a chance phenomenon, but rather the effect of selection by metals present 

in the environment. Also, it has been described that heavy metals, disinfectants, and 

antimicrobials- all can select for different kinds of bacteria, including those resistant to lifesaving 

antibiotics (Levy 1998; Moken et al., 1997). Patterns of resistance genes, originating in 

commensal or environmental bacteria and transferring to pathogenic bacteria, have previously 

been described (Hart 1998).  

 

8.9 CONCLUSIONS  

In summary, we can conclude the following:  

* The work described in this thesis has given a preliminary understanding of MBLs gene 

(blaNDM-1) in most Enterobacteriaceae isolates and they have been stable.  

* The NDM-1 plasmids show diversity in size (>50kb- >450kb).   

* K. pneumoniae K15 plasmid was not stable.    

* The blaNDM-1 gene transfers in approx. 80% of cases from enteric bacterial isolates to E. coli 

J53.   

* Pseudomonas spps possess an unusual class 1 integron- carrying blaVIM-2 embedded in 

complete Tn402- like transposon with different cassette genes in the variable regions.  
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* First report of class 1 integron harbouring blaVIM-2 and aacA5 genes in P. fluorescens, , both 

are embedded in  Tn402-like transposon.  

* Different levels of the minimum inhibitory concentration in various metals; copper, silver, 

arsenic and mercury in different isolates in India and the UK.   

* The incidence of these heavy metals is higher in G1 (NDM-1 positive isolates) than G2 

(ESBL- positive isolates).  

* Toxin –antitoxin genes were dispersed in most of isolates.  

* The transfer of T-AT plasmids was successful in most of isolates.  

* Diversity in location of T-TA genes among plasmids and chromosomes.  

* There are differences between G1 (NDM-1- producing isolates) and G2 (CTX-M-15 producing 

isolates) in terms of the location of T- AT genes on genomic DNA.   

 

8.10 Future work  

* Transformation experiments which were not done in this study should be conducted to account 

for the frequent incidence of metal and antibiotic resistance.  

* Study effects of the TA system on the stability of NDM-1 plasmids and CTX-M15 plasmids in 

natural and clinical bacteria.   

* Investigate whether the TA systems are essential for the maintenance of the NDM -1 plasmid.  

* Determine if additional TA systems are present in NDM-1- and CTX-M15- producing 

Enterobacteriaceae, and how the expressions of these TA systems are regulated.  

* The study should be extended to cover areas around patients in hospital to establish the impact 

of detergents and other toxicants implicated in the co-selection of antibiotic resistance.   

* Additional flora and fauna, including crops and fish which are known to accumulate plenty of 

heavy metals, should be tested for heavy metal analysis to shed more light on the extent of metal 

pollution within the aquatic environments in India.  
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