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Background: Carbapenem resistance is continuously emerging worldwide, in extended 
spectrum beta lactamase (ESBL) and non-ESBL producing Enterobacteriaceae. 
Mechanisms of carbapenem resistance have been shown in a previous study done at the 
Department of Experimental Pathology, Immunology and Microbiology, to be due to 
the effect of carbapenemases in ESBL and non-ESBL producing Escherichia coli and 
Klebsiella  pneumoniae. However, carbapenem resistance, has also been observed in 
this study in ESBL producing E. coli and K. pneumoniae lacking carbapenemases 
encoding genes, but having outer membrane porin (OMP) impermeabilities and/or 
efflux pump (EP) activity. To that purpose, we attempted in this project, to assess by 
electroporation, 1) the effect of the ESBLs CTXM-15 and TEM-1, encoded by bla- 
CTXM-15 and bla- TEM-1genes, and 2) the effect of the carbapenemases OXA-48 and 
NDM-1, encoded by bla -OXA-48 and bla -NDM-1 genes, singly and in combination, 
on carbapenem resistance in electrocompetent cells, lacking OMP impermeabilities and/ 
or EP activity, in order to determine the sole effect of these enzymes on carbapenem 
resistance, without the effect of intrinsic mechanisms of resistance in the bacterial cells. 
Methods: Seven previously stored ESBL and non ESBL producing and carbapenem 
resistant K. pneumoniae and E. coli isolates harboring a selection of ESBL and /or 
carbapenemases encoding genes, bla-CTX-M-15, bla-TEM-1, bla-NDM-1 and bla-
OXA-48 were selected in this project. Three control carbapenem resistant isolates 
lacking ESBL and/or carbapenemases encoding genes, but having OMP 
impermeabilities and /or EP activity, were also previously stored and used in this 
project as well. Pulsed Field Gel Electrophoresis (PFGE) analysis was performed. 
Extracts of total and plasmid DNA were subjected to Polymerase Chain Reaction (PCR) 
amplification of all encoding genes. Electroporation experiments utilizing E.coli GC-10 
electrocompetent recipient cells were done. Antimicrobial susceptibility and PCR 
amplification were performed on cultured recipient electrocompetent cells, to confirm 
horizontal plasmid mediated transfer of encoded genes for carbapenem resistance. 
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Results: Plasmid DNA PCR confirmed that CTX-M-15, TEM-1, NDM-1and OXA-48 
are plasmid encoded genes. All isolates had diverse genotypic profiles by PFGE 
analysis. Post electroporation, seven electrocompetent recipient cells showed resistance 
to ertapenem, with a decreased MIC values as compared to parent cells and harbored 
transferred genes from parent cells. The control three parent isolates lacking ESBL 
and/or carbapenemases encoding genes, but showing phenotypically resistance to 
carbapenems, due only to OMP and/or EP activity, had their electrocompetent recipient 
cells susceptible to ertapenem.  
Conclusion: This study confirmed that carbapenem resistance can be due exclusively to 
ESBLs without the effect of porin impermeabilities and/or efflux pump activity. It also 
showed that the simultaneous presence of NDM-1 and OXA-48 in carbapenem resistant 
isolates confers a higher level or resistance.  
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CHAPTER I 

INTRODUCTION 

Escherichia coli and Klebsiella pneumoniae are among the Enterobacteriaceae that are 

known to be primary or opportunistic human pathogens causing infections. A wide 

variety of antimicrobial treatment is available for infections caused by 

Enterobacteriaceae. Of these, β lactams are the first line of treatment especially the third 

generation cephalosporins. The overuse of these agents along with the transfer of 

resistance encoding genes have led to bacterial resistance against the β lactams. 

Resistance to this class of antimicrobials is partially due to the acquisition of extended 

spectrum beta lactamase enzymes (ESBL) that confer resistance to cephalosporins, 

leaving the carbapenems, also a type of β lactams, as a last resort of treatment. 

Carbapenems have a broad spectrum of activity against many organisms 

including the Enterobacteriaceae. Nowadays, carbapenem resistance is increasing due to 

different mechanisms: 

1- Production of carbapenemases, β lactamases that hydrolyse carbapenems 

2- Decreased permeability of the bacterial outer membrane by porin loss or 

mutations of encoding outer membrane porin genes 

3- Altered affinity of the carbapenem target, the PBP (penicillin binding 

protein) 

4- Efflux pump (EP) expulsion of the carbapenems 

The increase in carbapenem resistance is alarming since these agents are the 

last resort in treating infections caused by multidrug resistant organisms. Therefore an 
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awareness program should be established as well as further molecular studies conducted 

in order to better understand these resistance mechanisms. The increase in carbapenem 

resistance observed in ESBL producing E.coli and K. pneumoniae at the American 

University of Beirut Medical Center (AUBMC) since 2008 led to two studies at the 

Department of Experimental Pathology, Immunology and Microbiology, that 

determined the prevalence of carbapenem resistance and molecular characteristics of 

carbapenem resistant isolates and characterized the underlying molecular mechanisms 

of resistance in these isolates.  

This study attempted to assess: 

The effect of ESBL encoding genes, bla-CTXM-15 and bla-TEM-1, and the 

effect of the carbapenemases, bla-OXA-48 and bla-NDM-1, singly and in combination 

on carbapenem resistance. This study was conducted in electrocompetent cells lacking 

outer membrane porin impermeabilities and/or EP activity, in order to determine the 

sole effect of these enzymes on carbapenem resistance, without the effect of intrinsic 

mechanisms of resistance in the bacterial cells. 
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CHAPTER II 

LITERATURE REVIEW 

A. Enterobacteriaceae: general characteristics and medical importance 

1. General characteristics of the Enterobacteriaceae 

Enterobacteriaceae are Gram negative facultative anaerobic rods. They are found 

worldwide and are part of the normal flora in humans and animals. They can also be 

primary or opportunistic pathogens causing enteric, urinary tract and respiratory tract 

infections in humans (1). Enterobacteriaceae are mostly a part of the normal flora of the 

digestive tract: Escherichia coli is the most important Enterobacteriaceae found in the 

human colon as well as in the colon of some animals (2). This species can also be found 

in humid areas, constituting a small percentage of the skin normal flora.  E.coli is one of 

the most important species of the uro-genital tract normal flora: it colonizes the vagina 

of pre-pubescent and post-menopausal women, and E. coli is occasionally isolated from 

the upper urethra of humans (3).  

The Enterobacteriaceae family contains few species causing diseases. E. coli 

and Klebsiella pneumoniae are two of the species known to cause human infections (1). 

 

2. Medical importance of E. coli 

E. coli is often encountered as it is the primary Enterobacterial nosocomial pathogen 

(1). It can cause enteric infections as well as urinary tract infections. Enteric infections 
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can range from watery diarrhea to inflammatory diarrhea or dysentery; and urinary tract 

infections include prostatitis and pyelonephritis. This pathogen can also be at the origin 

of a septicemia (2). 

 

3. Medical importance of K. pneumoniae 

Klebsiella species are implicated in nosocomial and community acquired infections like 

urinary tract infections, burn and wounds complicating infections, septicemia and severe 

pneumonia.K. pneumoniae is implicated in community acquired urinary tract infections 

and in nosocomial and community acquired pneumonia.  Even though this organism 

rarely causes community acquired pneumonia, when it does, K. pneumoniae leaves the 

lungs severely damaged, resulting in a high mortality rate in untreated patients (1). 

 

B. Treatment of bacterial infections 

Bacterial infections are treated by antimicrobial agents that can act in one of two ways: 

they can either kill (bactericidal) the organism causing the infection or inhibit its growth 

(bacteriostatic). Choosing the correct agent increases the success rate of the treatment: 

the agent’s mechanism of action and whether or not it has access to its target are two 

points to be taken into consideration while doing so (4). Three different classifications 

for antimicrobial agents exist (5). First, they can be classified as natural or synthetic 

agents. Second, they can be classified as bactericidal or bacteriostatic. Thirdly, they can 

be classified according to their chemical structure. Fourthly, the most commonly used 

method of classification, classifies the agents according to their mechanism of action: 



 5

1- Agents that interfere with the cell wall synthesis (β-lactams, cephalosporins, 

carbapenems and glycopeptides). 

2- Those that inhibit protein synthesis (aminoglycosides and tetracyclines). 

3- Those that interfere with DNA (fluoroquinolones) or RNA synthesis 

(rifampin). 

4- Those that inhibit a metabolic pathway (sulfonamides). 

5- Those that disrupt the bacterial cell membrane structure (polymyxins). 

 

1. Treatment of infections caused by Enterobacteriaceae 

A wide variety of antimicrobial agents can treat infections caused by 

Enterobacteriaceae. 

Examples of these agents include: The β-lactams (amino-penicillins, 

cephalosporins, and carbapenems), the fluoroquinolones (ciprofloxacin or levofloxacin), 

the sulfonamides and the aminoglycosides (6). Although carbapenem resistance is 

increasing worldwide, these agents are still the treatment of choice for infections caused 

by a multidrug resistant Gram negative organism.  This is because they have a broad 

spectrum of activity and resistance to them is less common than the resistance to the β-

lactams (6, 7, 8, 9). The production of β-lactamases, AmpC enzymes, and/or 

carbapenemases confers resistance to β-lactams and carbapenems; as a result, infections 

with organisms resistant to these agents are treated with tigecycline (a tetracycline 

derivative) (10) and colistin (a polymyxin) or colistin/rifampicin combinations (11). 
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2. The β-lactams and carbapenems 

The β-lactams have a four-membered nitrogen containing ring structure (12). They are 

bactericidal, resulting in cell death by inhibiting the cell wall synthesis (13, 14). In fact, 

they irreversibly bind to the penicillin binding proteins (PBPs) (15) that are 

transpeptidases that catalyze the polymerization of the peptidoglycan layer of bacteria; 

and in this way, the β-lactams inhibit the transpeptidases’ function and disrupt the 

bacterial cell wall synthesis (13, 14, 15). The β-lactams are a large group of 

antimicrobial agents that contains the cephalosporins and the carbapenems (12).  

Impinem, ertapenem, meropenem and doripenem are the clinically used carbapenems 

(16). Carbapenems are known to have a strong affinity to high molecular weight PBPs 

(13, 17) and are known to have a broad spectrum of activity against Gram positive 

organisms, Gram negative organisms and anaerobes (13). 

When ESBL organisms and multi-drug resistant organisms are encountered, 

carbapenems are the treatment of choice. However, with the over use of this class of 

antimicrobial, resistance to carbapenems is increasing worldwide. 

Several different mechanisms of action induce carbapenem resistance: 

1- Alteration of the PBP or production of a low affinity PBP 

2- Efflux pump expulsion of the agent in Gram negative bacteria 

3- Production of extended spectrum β lactamase or carbapenemase that 

hydrolyze the agent 

4- Outer membrane porin loss or a decrease in the outer membrane 

permeability along with an ESBL or an AmpC β-lactamase. 
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C. Extended spectrum Beta-lactamases 

The β lactamases are enzymes that are capable of hydrolyzing the β lactam agents. They 

can be classified according to their amino acid sequence homology (Ambler molecular 

characterization) or to their inhibitor/substrate profiles (Bush-Jacoby-Medeiros 

functional classification) (18, 19).  

The Ambler molecular characterization is the most common used scheme. It 

classifies the β lactamases into four molecular classes. Classes A, C and D are serine β 

lactamases. Class B includes the metallo- β lactamases (MBLs) which have an active 

site requiring zinc as a cofactor (20, 21) as seen in table 1. 

Some soil organisms naturally produce β lactams which lead to natural and 

chromosomal expression of β lactamases in some Gram negative bacteria even before 

using the β lactams as a treatment (22, 23). The resistance to penicillin and penicillin 

derivatives due to the production of constitutive and inducible, chromosomally and 

plasmid mediated β-lactamases from Ambler Classes A (TEM and SHV) and C (AmpC) 

led to the development of second-, third- and fourth-generation oxyimino-

cephalosporins, and to the development of β-lactamase inhibitors such as clavulanic 

acid and sulbactam as alternative treatment regimens (24). 

Nevertheless, extended spectrum oxyimino-cephalosporins were over used to 

treat infections caused by β lactamases producing Gram negative organisms, leading to 

cephalosporin resistance with time. This resistance is due to the production of extended 

spectrum β lactamases (ESBLs), and the first ESBL was isolated in Germany in 1983 

from a K.pneumoniae (25). 

These β lactamases are called extended because they confer resistance not only 

to penicillin and monobactams such as aztreonam but also to first, second and third 
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generation cephalosporins. ESBLs don’t confer resistance to cephamycins (such as 

cefoxitin or cefotetan) or carbapenems and are susceptible to β lactamase inhibitors 

such as clavulanic acid (20, 25). 

The ESBLs are mostly classified as part of the Ambler Class A; and they 

include derivates of plasmid mediated TEM and SHV penicillinase, TEM variants that 

are β-lactamase inhibitor resistant and plasmid mediated CTX-M β-lactamases. A small 

part of the ESBLs are classified under the Class D OXA-type β-lactamases (24, 25). 

This class of ESBLs differs from the Class A because they hydrolyze oxacillin and 

cloxacillin very efficiently and because they are poorly inhibited by ethylene-diamine-

tetra-acetic acid (EDTA), a di-cation chelator used in the treatment of non-competent 

cells to become competent ones. Class D is also poorly inhibited by β-lactamase 

inhibitors like clavulanic acid (19, 25). 

However, Ambler Class C enzymes (AmpC enzymes) can also confer 

resistance to cephalosporins especially in Enterobacteriaceae (24). AmpC enzymes can 

be chromosomal, such as those naturally found in Pseudomonas aeruginosa, E. coli, 

and Enterobacter cloacae, or acquired, such as CMY, FOX, ACC, LAT, ACT, etc (26). 

They are inducible upon exposure to β-lactams and, in the case of a mutation in one or 

more regulatory genes, they may become constitutively over-expressed (26). In addition 

to conferring resistance to the same antimicrobial agents as the ESBLs, AmpC enzymes 

confer resistance to cephamycins.  But unlike ESBL producers, AmpC producers are 

susceptible to fourth generation cephalosporins and are inhibited by aztreonam (26) and 

in general are not inhibited by β-lactamase inhibitors such as clavulanic acid, sulbactam 

or tazobactam, or by EDTA (26,27, 28). 
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The ESBL enzymes present along with porin protein alterations or outer 

membrane impermeabilities play a role in carbapenem resistance (19). 

 

D. Carbapenemases 

Carbapenems are the antimicrobial agents used to treat infections caused by ESBL 

producing organisms; and carbapenem hydrolyzing enzymes (carbapenemases) are 

increasing, thus making carbapenem resistance alarming and clinically important (29). 

According to the Ambler classification, carbapenemases are part of the class A, B and 

D; and they belong to the functional groups 2 and 3 according to the Bush-Jacoby-

Medeiros functional classification (21). Carbapenemases are widely active and some of 

them hydrolyze all β lactams and are uninhibited by β lactamase inhibitors (21). 

 

1. Class A Carbapenemases 

Some of the class Acarbapenemases existed before imipenem was clinically used. This 

can be explained by the selective pressure from soil organisms that produce thienamycin 

from which imipinem is derived (30, 31). Class A carbapenemases share with the β 

lactamases the ability to hydrolyze penicillins, cephalosporins and aztreonam and they 

are inhibited by clavulanic acid. This class of carbapenemase can hydrolyze imipenem 

resulting in elevated yet susceptible imipenem minimal inhibitory concentrations 

(MICs) to completely resistant MICs. 

 

2. Class B Metallo-β-lactamases 

The class B Metallo-β-lactamases are so called in the Ambler classification and, and 

their corresponding functional group is 3 in the Bush-Jacoby-Medeiros classification. 
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They only hydrolyze β lactams in the presence of Zn2+ (18, 19, 32).These enzymes can 

be chromosomally or plasmid encoded, depending on the organisms (32, 33). 

 

a. Chromosomal Metallo-β-lactamases 

Around 40 years ago, the chromosomal MBLs were first discovered in some 

environmental and opportunistic organisms such as Bacillus cereus, Aeromonas species, 

and S. maltophilia (21, 34, 35, 36, 37). Most of the time, these chromosomal MBLs 

were found with serine β lactamase. They are both induced once β lactams are added. 

The MBLs were found to need Zn2+ at their active site in order to hydrolyze the β 

lactams, and to be inhibited by EDTA, clavulanic acid and tazobactam (21). 

 

b. Acquired or transferrable Metallo-β-lactamases 

In 1998, the first plasmid mediated MBL was identified from a P. aeruginosa in Japan. 

This enzyme is now called IMP-1. It hydrolyzes penicillins, extended spectrum 

cephalosporins, cephamycins and imipenem, but not aztreonam and piperacillin. It is 

inhibited by EDTA, but not by clavulanic acid and sulbactam (32, 38). 

Chromosomal MBLs are not easily transferrable, however these enzymes are 

spread between bacteria and species worldwide. In reality, this is explained by the fact 

that these tranferrable enzymes are encoded by what is called bla genes on class 1 

integrons that when associated with plasmids or transposons make the MBLs easily 

transferrable (21, 32). 

In 2009, a Swedish patient of Indian origin was hospitalized in New Delhi, 

India.  It was the first time that the novel metallo-β-lactamase, bla-NDM-1 was isolated 

from this patient who had acquired a urinary tract infection caused by a K. pneumoniae 
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strain (39). E. coli isolates from this patient’s intestinal flora showed as well the 

presence of bla-NDM-1 gene but on a different plasmid size; this means that the bla-

NDM-1 gene is transferred in vivo (39). 

Since 2009, NDM-1 has been found worldwide in India, Pakistan and the USA; 

and in 2011, NDM-2, a variant of NDM-1, has been found in an A. baumannii isolate 

coming from a patient previously hospitalized in Egypt (40, 41). 

 

3. Class D OXA-type carbapenemases 

OXA type carbapenemases are found worldwide. More than 102 OXA enzymes have 

been identified nowadays from which 37 possess carbapenem hydrolytic activity. The 

OXA enzymes can be divided to 9 subgroups according to their amino acids homology. 

The members of the same subgroup share at least 50% similarities in their amino acids 

composition (21, 42, 43, 44). While the majority of the OXA carbapenemase are found 

to be chromosomally encoded, some plasmid mediated enzymes have been identified 

and they are associated with insertion sequences (42, 45, 46). 

These OXA enzymes provide a very high level of resistance to penicillins like 

ampicillin, amoxicillin and ticarcillin. They hydrolyze narrow and extended spectrum 

cephalosporins and very poorly hydrolyze monobactams. These enzymes poorly and 

slowly hydrolyze carbapenems but still at a higher level than they hydrolyze 

cephalosporins. The OXA carbapenemases are unaffected or barely affected by β 

lactamase inhibitors such as clavulanic acid and tazobactam (21, 42, 47, 48). For a 

higher resistance to carbapenems due to the OXA carbapenemases, these enzymes 

should be accompanied by outer membrane permeability alterations or alteration in the 

affinity to PBP’s or alteration in their production (21, 42). 
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E. The role of the outer membrane: porin channels and efflux pumps 

Gram negative bacteria have an outer membrane that constitutes a permeability barrier. 

In other words, antimicrobial agents, like the β lactams for example, have to cross the 

barrier through porin channels before they can reach their target (49). The decrease in 

the outer membrane porin channels and the over expression of efflux pumps play a role 

in the bacterial membrane impermeabilities; and thus play a primordial role in 

conferring resistance against certain antimicrobial agents (26, 49, 50, 51). 

 

1. Porin channels 

E. coli produces three major types of porins, the OmpF, OmpC and PhoE (53, 54, 55); 

while K.pneumoniae produces two major porins, the OmpF called OmpK35 and the 

OmpC called OmpK36 (53). Porins are not really specific but they prefer certain 

substrate types. 

For example, both OmpF and OmpC prefer cations whereas PhoE prefers 

inorganic phosphate and anions. OmpF is expressed under low osmotic pressure and has 

a large porin channel that allows larger substrates to pass through compared to OmpC, 

which is preferably expressed under high osmotic pressure (53, 54, 56).  

Most antimicrobial agents have to cross the bacterial outer membrane by 

passing through the OmpF and OmpC porin subfamilies. This is also the case of the β 

lactams in Enterobacteriaceae (53, 55). 

Exchange, mutation, decreased level of expression, and alteration in the porin 

channel all contribute to unfunctional porins and in this way renders the outer 

membrane impermeable (53). The outer membrane impermeability affects the 

susceptibility of Enterobacteriaceae to cephalosporins and carbapenems. In fact, the loss 
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of both the OmpF and OmpC porin proteins has been associated with very high level 

resistance to carbapenems, with ertapenem MICs ≥16 μg/ml, while changes in OmpF or 

OmpC alone have been associated with lower level resistance to ertapenem (57). 

 

a. Alterations in porin expression 

When comparing a quiescent K. pneumoniae isolate possessing the OmpK37 porin (and 

no OmpK35 and OmpK36) with another strain expressing the porins OmpK35 and 

OmpK36, the susceptibility to the β lactams appears to be lower in the quiescent isolate 

where the major porins have been exchanged (58, 59). 

In another study, a multi-drug resistant K. pneumoniae isolate was studied and 

its porin expression was determined. This isolate showed a decrease in the expression of 

the larger channel porin OmpK35 and overexpression of the smaller channel porin 

OmpK36. Along with these alterations, a decrease in the intracellular antimicrobial 

concentration, including that of the cephalosporins, was observed (60). 

An Enterobacter aerogenes isolate resistant to imipinem and meropenem was 

studied and put under different conditions. In the absence of imipenem, the isolate was 

found to express a porin similar to the OmpC. In the presence of imipinem, the isolate 

did not express any porins: neither OmpC nor OmpF. The carbapenem resistance was 

shown to be more probably correlated to the absence of porins (61). 

 

b. Extended spectrum β-lactamases and porin alterations 

The presence of one or more ESBL, especially a class A ESBL or an AmpC 

cephalosporinase, along with porin alterations where shown to play a role in carbapenm 

resistance in E. coli and K. pneumoniae isolates (62, 63, 64). 
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In the United Kingdom for example, more than 200 carbapenem resistant 

K. pneumoniae were found to present porin alterations and CTXM-15, sometimes with 

TEM-1 and OXA-1 (24, 65). 

In Enterobacteriaceae such as Enterobacterspecies and K. pneumonia, 

resistance to ertapenem was observed to be due to active drug efflux combined with the 

loss/alteration in porins and the presence of a class A ESBL or AmpC enzyme (66, 67, 

68). 

However, the combination of the alteration, or loss in porins, and the active 

drug efflux confer the organism a resistance to a wide variety of antimicrobial agents 

belonging to different classes (68). 

 

2. Efflux pumps and the efflux pump inhibitor Phenylalanine-Arganine  β-
Naphthylamide (PAβN) 

Having antimicrobial agents as substrates, efflux pumps in Enterobacteriaceae confer 

resistance to many of these agents including the β lactams (60, 69).The overexpression 

of one kind of efflux pumps makes the organism resistant to different classes of 

antimicrobial agents (70, 71, 72, 73). 

Ertapenem resistant E. cloacae isolates were studied and observed to have 

porin alterations. The ertapenem MICs decreased significantly when an efflux pump 

inhibitor was used, suggesting that efflux pumps may be playing a role in carbapenem 

resistance (66). 
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F. Alteration of the carbapenem target: the PBPs 

Alteration in the PBPs is one of the carbapenem resistance mechanisms in Gram 

negative bacteria. It has rarely been reported because it is surpassed by the other 

resistance mechanisms stated above (74, 75). More cases have been reported for non-

Enterobacteriaceae, such as A. baumannii and P. aeruginosa than for 

Enterobacteriaceae (76, 77, 78). The first and only case reported in Enterobacteriaceae 

was in 1995 (79). Two strains of Proteus mirabilis were found to produce less of a PBP 

inhibited by imipenem, the PBP 1A. Only one of those strains produced the PBP 2 that 

is an essential PBP for imipenem binding, however, it showed less affinity for 

imipenem (79, 80). 

 

G. Fundamentals of bacterial genetics 

Bacteria are prokaryotic microorganisms and generally have one single and circular 

chromosome. Plasmids are independent molecules of DNA that replicate autonomously 

in the   cytoplasm. Plasmids carry different genes than those present on the 

chromosomes, and some of them contain resistance genes conferring antimicrobial 

resistance. 

The process of introducing a piece of DNA into a host living cell is called 

transformation (81,82). 

 

1. Transformation 

Bacterial transformation may occur naturally and spontaneously but it can also be 

controlled under laboratory conditions. It begins when the donor bacterial cell gives up 

a piece of DNA. This DNA is released in the surroundings, and is fragile and prone to 
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degradation. If the piece of DNA escapes any alterations and arrives to the recipient 

cell, then it is taken up by this second bacterial cell and recombines with the 

homologous portion of the recipient chromosome (82). 

 

2. Transduction 

Transduction is the process by which DNA is transferred from one bacterial cell to 

another one by means of a bacteriophage (82). 

 

3. Conjugation 

Conjugation is a unidirectional DNA transfer from a donor cell to a recipient one by a 

direct cell to cell contact or via the pilus . It starts at a certain point on the DNA 

fragment and progresses in a linear way. A part of the plasmid or the whole plasmid can 

be transferred via conjugation, and sometimes the plasmid is accompanied by a part of 

the chromosome as well (81). 

 

4. Electroporation 

Electroporation is an electrical process to transform a cell, mostly Gram negative 

bacteria. A very high voltage (2500 V) is delivered by a capacitor into a medium 

containing the recipient cells and the genetic material to transfer. Once the electric 

current is generated, it alters and damages the cells and not all survive the current. 

Among the survivors, some develop pores in the cell membrane and take up the 

plasmids that are present at high concentrations (82). 
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5. Plasmids 

Plasmids are autonomous pieces of DNA that self-replicate. Bacteria carry numerous 

plasmids of which some are conjugative (F plasmid) and some are not (81). 

In the 1950s, in some Japanese isolates of Shigella strains, simultaneous 

resistance to different antimicrobial agents was observed. Researchers noted that the 

resistance to the combination of the antimicrobial agents was reproducible, meaning that 

it was not due to random mutations to each agent individually. The DNA coding for this 

resistance appeared to be plasmid DNA. Both ESBLs and carbapenemases are examples 

of enzymes which are expressed on plasmids and confer these types of resistance 

combinations in E. coli and K. pneumoniae (81). 

Many studies were conducted to determine the plasmid size carrying the ESBL 

enzymes and the carbapenemases. 

In a study conducted by Beyrouthy et al. (2014) in the north of Lebanon, the 

bla-OXA-48 gene was found to be on a 62 Kb conjugative plasmid. 

In Taiwan, bla-NDM-1gene was found in two isolates, one E.coli and one 

K.pneumoniae. 

In the first one, the bla-NDM-1 was carried on a circular plasmid of almost 54 

bp. And in the second isolate the bla-NDM-1 was carried on a circular plasmid of 

almost 56 bp (84). 

In India, E.coli harboring both the latter genes was found to have higher MICs 

against carbapenems than the isolate harboring the bla-NDM-1 gene alone (85). The 

dissemination of ESBLs and carabapenemase is due to plasmid dissemination between 

species and makes antimicrobial resistance harder to overcome. 
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CHAPTER III 

MATERIALS AND METHODS 

 

A. Bacterial isolates  

Ten E.coli and K.pneumoniae isolates previously collected at the Clinical Microbiology 

Laboratory (Department of Pathology and Laboratory Medicine) at the AUBMC were 

used in this study (IMP 02, IMP 21, IMP30, IMP 31, IMP 33, IMP 42, IMP 44, IMP 53, 

IMP 54, IMP 56). 

Seven isolates harbored ESBL and/ or carbapenem resistance encoding genes 

(IMP 2, IMP 21, IMP 33, IMP 53, IMP 54, IMP 56). Three isolates lacked resistance 

genes (IMP 30, IMP 31, IMP 42). 

Isolates were chosen according to genetic profile and their resistance to 

carbapenems. Ertapenem was used to detect resistance to carbapenem by the disk 

diffusion agar method and all isolates showing a diameter ≤ 19mm and an MIC 

(minimal inhibitory concentration) of ≥ 1µl/ml by E-test were considered resistant 

according to the Clinical and Laboratory Standards Isolates (CLSI) guidelines 2011. 

 

B. Sample handling and bacterial identification  

The ten isolates were previously stored in Brucella Broth (Becton, Dickinson and 

Company, Sparks, Maryland) containing 15% Glycerol and kept at -20˚C. They were 

thawed, gram stained, inoculated onto a MacConkey Agar (BBL, Becton, Dickinson 

and Company, Sparks, Maryland) plate and incubated at 37˚C, under aerobic conditions, 

for 24 hours. 
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The following day, isolates were identified to the species level using API20E 

kits (Biomérieux, SA69280 Marcy-l‘Etoile, France) and were stored in Brucella Broth 

(Becton, Dickinson and Company, Sparks, Maryland) containing 15% Glycerol to be 

kept at -20˚C. 

 

C. Antimicrobial susceptibility testing  

Antimicrobial susceptibility testing was performed following CLSI guidelines 2011 

using the Kirby-Bauer Disk Diffusion agar method on Mueller Hinton II Agar (BBL, 

Becton, Dickinson and Company, Sparks, Maryland) plates. Antimicrobial 

susceptibility test disks (BBL, Becton, Dickinson and Company, Sparks, Maryland; AB 

Biodisk, Solna, Sweden) chosen for susceptibility testing included: imipenem 10μg, 

meropenem 10μg, ertapenem 10μg, cefotaxime 30μg, cefuroxime 30μg, ceftazidime 

30μg, cefepime 30μg, ciprofloxacin 5μg, cefpodoxime 10μg, aztreonam 30μg, 

sulfamethoxazole/ trimethoprim 23.75μg/1.25μg, and tobramycin 10μg. Ceftazidime 

30μg disks containing 10μg clavulanic acid and cefotaxime 30μg disks containing 10μg 

clavulanic acid (BBL, Becton, Dickinson and Company, Sparks, Maryland) were used 

in order to identify  carbapenem resistant and ESBL producing isolates.  

To further confirm carbapenem resistance, the MICs of three carbapenems—

ertapenem, imipenem and meropenem—were determined using E-test strips. The ATCC 

E. coli strain #25922 was used as a control for the tests.   

Following the CLSI guidelines, the bacterial isolates were cultured and 

incubated aerobically at 37˚C. The next day, the , fresh overnight cultures  were  

inoculated  in  Mueller Hinton II Broth (BBL, Becton, Dickinson and Company, Sparks, 

Maryland) tubes and were adjusted to an optical density of 0.5 MacFarland. 
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The isolates were then sterilely swabbed onto Mueller Hinton II Agar (BBL, 

Becton, Dickinson and Company Sparks, Maryland) plates in order to produce 

confluent growth. Plates air dried for five minutes under sterile conditions and then, the 

antimicrobial disks and the E-tests were dispensed onto the plates containing the 

bacteria. After an aerobically overnight incubation at 37˚C, the zones of inhibition 

around the antimicrobial disks were measured and the MICs were recorded.  

Interpretation of susceptibility for the antimicrobial disks and E-tests was 

according to the CLSI 2011 breakpoints. 

 

D. Genomic DNA extraction  

The DNA of the isolates was extracted using the illustra bacteria genomicPrep Mini 

Spin Kit (GE Healthcare, UK Limited Little Chalfont Buckinghamshire) as follows:  

 

1. Harvesting of Bacterial Culture 

 An overnight bacterial culture (1.5 ml) in LB broth (Becton, Dickinson and 

Company, Sparks, Maryland) was transferred to a 1.5 ml microcentrifuge tube. 

 The culture was the centrifuged for 1 minute at 12,000xg. 

 The supernatant was discarded without disturbing the pellet. 

 

2. Lysis 

Bacterial cells are lysed by salts and detergents, 

 Lysis buffer type 2 (40µl) were added and immediately mixed by vortexing till no 

visible pellet is present. 
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 After re-suspension, 10µl of Proteinase K (20mg/ml) were added and the sample 

was vortexed for 10 seconds. 

 Lysis buffer type 3 (10µl) were added to the sample and mixed by vortexing for 10 

seconds. 

 The sample was incubated for 15 minutes at 55ºC with 10 seconds of vortexing 

after the first 7 minutes. 

 

3. Purification 

Chaotropic salts present in Buffer type 4 help the binding of genomic DNA to the silica 

membrane. 

 Lysis buffer type 4 (500µl) was added to the sample and mixed by vortexing for 10 

seconds. 

 The sample was incubated for 10 minutes at room temperature, with a short 

vortexing pause after the first 5 minutes. 

 The sample was then transferred to mini column placed inside one collection tube 

and then spinned for 1 minute at 11,000xg. 

 The flowthrough was discarded and the column was placed back into the collection 

tube. 

 

4. Wash and Dry 

Lysis Buffer type 4 removes proteins and other contaminants from the membrane bound 

DNA. 

The Wash Buffer type 6 removes salts and other contaminants and dries the 

silica membrane at the same time.  
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 500µl of Lysis buffer type 4 was added to the column inside the collection tube 

 The sample was centrifuged for 1minute at 11000xg. 

 The flowthrough was discarded by emptying the collection tube and the column 

was then placed back in it. 

 Wash buffer type 6 (500µl) was added to the column. 

 The sample was then spinned for 3 minutes at 12,000xg. 

 The collection tube was discarded and the column transferred to a fresh DNase free 

1, 5 ml microcentrifuge tube. 

 

5. Elution 

 Low ionic strength Elution buffer type 5 was pre-heated to 70˚C and 160µl of it 

was then added directly to the column. 

 The sample was incubated for 1 minute at room temperature and then spinned for 1 

minute at 11,000g in order to recover the purified DNA as flowthrough. 

 The eluted DNA was finally aliquoted and stored at -20˚C till it was needed. 

 

E. Pulsed Field Gel Electrophoresis (PFGE) 

PFGE was carried out on all 10 isolates to determine their genomic relatedness using 

the standard operating procedure for Pulsenet.  

 

1. Materials needed 

 10× TBE (Tris-Boric Acid-EDTA), volume of 500 ml: 

-  Tris Base (60.55 g) (Amresco, USA) 

-  Boric Acid (30.99 g) (Amresco, USA) 
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- Disodium EDTA (1.85 g) (Amresco, USA) 

- Distilled water (500 ml) was added and the mixture was autoclaved 

 0.5 × TBE: 10 × TBE was diluted using autoclaved distilled water  

 Cell Lysis Buffer (CLB) (all components were placed in an autoclaved flask), 

volume of 500 ml: 

- Sarcosyl (5 g) (N-Lauroylsarcosine sodium salt) (Sigma Chemical Co., St. 

Louis, MO). 

- Tris (25 ml, 1M, pH 8) (Amresco, USA) 

- EDTA (50 ml, 0.5 M, pH 8) (Amresco, USA) 

- Completed with 425 ml double distilled water  

 Cell Suspension Buffer (CSB) (all components were placed in an autoclaved flask), 

volume of 100 ml: 

- Tris (10 ml, 1M, pH 8) (Amresco, USA) 

- EDTA (20 ml, 0.5 M, pH 8) (Amresco, USA) 

- Completed with 70 ml autoclaved distilled water  

 TE buffer (for washing and plugs preparation), volume of 500 ml: 

- Tris (5 ml, 1M, pH 8) (Amresco, USA) 

- EDTA (1 ml, 0.5 M, pH 8) (Amresco, USA) 

- Autoclaved distilled water (494 ml) 

 Seakem Gold (SKG) Agarose for PFGE (Lonza, USA) 

 Ladder: BAA 664 (Braendrup) Salmonella species  

 Autoclaved distilled water 

 Nuclease free water 

 Proteinase K (20 mg/ml; Thermo Scientific Inc., USA) 
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 10 × Tango buffer (Fermentas, USA) 

 Incubation buffer mix (1 × Tango buffer), a volume of 2 ml (enough for 10 

samples): prepared by mixing 200 µl with 1800 µl nuclease free water and mixed 

by vortexing. 

 Restriction mix (for 10 samples), volume of 2 ml:  

- Nuclease free water (1755 µl) 

- Restriction enzyme buffer (200 µl ,10 × Tango buffer) 

- Bovine Serum Albumin (BSA) (20 µl) (Amresco, USA) 

- XbaI enzyme (25 µl) (Fermentas, USA) 

- Mixed by pipetting the mixture up and down followed by swirling 

 Ethidium bromide (Amresco, USA) 

 

2. Protocol:  

a. Preparation of Seakem Gold Agar Gel for plugs 

 The gel (1%) was prepared by mixing 0.5 g of Seakem Gold Agarose in 50 ml TE 

buffer and the preparation was mixed gently to disperse the agarose. 

 The mixture was heated in the microwave (with regular stirring) to dissolve the 

agarose. 

 The gel was incubated at 50 ºC in a water bath for 20 minutes or until ready to use. 

 

b. Preparation of Cell suspension 

 In different test tubes labeled with name of the isolates including the ladder, 2 ml 

CSB was added 
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 A few colonies from a fresh culture of each isolate including the ladder grown on 

MacConkey agar plate were inoculated in their corresponding tubes containing the 

CSB. The suspension was vortexed to evenly disperse the bacterial cells. 

 The concentration of the cell suspension for the samples was adjusted to 2 

McFarland, while that of the ladder was adjusted to 2.5 McFarland. 

 

c. Plug casting  

 Adjusted cell suspensions (400 µl) was added to labeled autoclaved 1.5 ml 

microcentrifuge tubes 

 Proteinase K (20 µl of 20 mg/ml) was added to each microcentrifuge tube and the 

mixture was pipetted up and down. 

 The agarose gel was removed from the water bath and 400 µl of the gel was 

transferred to each microcentrifuge tube and the mixture was pipetted up and down 

a few times. 

 The mixture (400 µl) in each microcentrifuge tube was transferred into separate 

wells in the plug mold. 

 The mold was incubated at 4 ºC for 10 minutes until the plugs solidified.  

 

d. Cell lysis of agarose plugs 

 CLB (5 ml) was transferred to labeled falcon tubes. Subsequently, 25 µl of 

Proteinase K (20 mg/ml) was added to each falcon tube. 

 After solidification, the plugs were removed from the plug mold and dropped into 

their corresponding falcon tube, making sure they were completely immersed in the 

buffer. 
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 The falcon tubes were incubated in a shaker incubator with constant vigorous 

agitation (150-175 rpm) for 2 hours at 54 ºC. 

 

e. Washing of plugs after cell lysis 

 After incubation, the CLB was poured off carefully from each falcon tube and 5 ml 

of pre-heated (54-55 ºC) autoclaved water was added to each falcon tube. 

Subsequently, the tubes were incubated in a shaker incubator for 15 minutes at 

54ºC, after which the water was discarded. The washing with autoclaved water was 

pursued twice. 

 After washing the plugs with water, 5 ml preheated TE (54-55 ºC) was added to 

each falcon tube. The tubes were incubated in a shaker incubator for 15 minutes at 

54 ºC, after which the TE was discarded. The washing step with TE was performed 

4 times. 

 After the last incubation step with TE, the TE was discarded and 5 ml of TE was 

added to each falcon tube. The falcon tubes were incubated overnight at 4 ºC. 

 

f. Plug cutting 

 On the second day, 200 µl of 1 × Tango buffer (incubation buffer mix) was added 

to labeled microcentrifuge tubes. 

 The falcon tubes containing the plugs were removed from the refrigerator and the 

plugs were cut into 2 mm thick plug using a blade. 

 Each cut plugs was placed in the tango buffer found in the corresponding 

microcentrifuge tube using a spatula. 
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 The microcentrifuge tubes were incubated in a walk-in incubator at 37ºC for 15 

minutes. 

 

g. Digestion of DNA in agarose plugs 

 After incubation, the incubation buffer was discarded from each tube without 

disturbing the plug, 200 µl of restriction buffer mix was added into each tube, and 

the tubes were incubated at 37 ºC for 3 hours (XbaI enzyme works at 37 ºC). 

 

h. Preparation of 1% Seakem Gold Agarose  

 An hour before the incubation period ended, agarose for gel preparation and for 

covering the wells were prepared. 

 

i. Agarose for gel preparation 

 Seakem Gold Agarose (0.5 g) was mixed in 100 ml of 0.5 × TBE and the 

preparation was swirled gently to disperse the agarose. 

 The mixture was heated in the microwave (with frequent stirring) until the agarose 

dissolved. 

 The gel was incubated at 56 ºC in a water bath for 20 minutes before pouring. 

 

j. Agarose preparation for covering the wells in the gel 

 Seakem Gold Agarose (0.1 g) was mixed in 50 ml 0.5 × TBE and the preparation 

was mixed gently to disperse the agarose. 

 The mixture was heated in the microwave (with regular stirring) to dissolve the 

agarose. 
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 The gel was incubated at 56 ºC in a water bath until use. 

 

k. Agarose gel casting 

 After cooling, the gel was poured into a gel cast with the corresponding comb. 

 The gel was covered with an aluminum foil and left to dry at room temperature for 

30-45 minutes. 

 After the 3 hours incubation period, the restriction mix was discarded from each 

microcentrifuge tube without disrupting the plug and 200 µl of 0.5 × TBE was 

added to each tube. 

 The microcentrifuge tubes containing the plugs were incubated at room temperature 

for 10 minutes. 

 

l. Plug loading into wells 

 Each plug was removed from its microcentrifuge tube using a sterile spatula and 

placed into a well in the gel. 

 The wells containing the plugs were completely covered by filling the wells of the 

gel with 50 µl agarose prepared for well covering. The agarose was left for 3-5 

minutes to harden. 

 

m. Running of the gel  

 0.5 × TBE (2200 ml) was poured into the electrophoretic cell (Bio-rad, USA) and 

the buffer was allowed to cool to 14 ºC (by turning on the cooling module (Bio-rad, 

USA)). The gel was then removed from the casting mold and placed in the 

electrophoretic cell. 
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 The program for Non O157 Shiga toxin producing Escherichia coli (STEC) was 

entered on the CHEF MAPPERTM (Bio-rad, USA) by selecting the following 

conditions: 

- Auto Algorthim 

50 kb- low MW 

400 kb- high MW 

- Default values were selected except where noted by pressing “Enter” 

- Run Time of 18 hours was entered 

(Default values: Initial switch time= 6.76 s; Final switch time= 35.38s).  

 The program was started and the run was carried out overnight. 

 

n. Staining of the PFGE agarose gel 

 On the second day, after the run was over, the machine was turned off and the gel 

was placed in a jar filled with 400 ml distilled water. 8 drops of ethidium bromide 

were then added. 

 The jar was placed on a rocker machine and incubated for 20 minutes. 

 After incubation, the ethidium bromide was discarded. 

 

o. 13. Destaining of the PFGE agarose gel 

 Distilled water (500 ml) was added to the jar containing the gel. The gel was placed 

on a rocker machine and incubated for 20 minutes. This was repeated 2 more times. 

After discarding the water from the jar for the last time, a picture of the gel was 

captured using the Gel Doc XR + system Machine (Bio-rad, USA) and the bands were 

visualized and analyzed with “Quality one” and “Bionumerics” software respectively. 
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F. Plasmid DNA extraction 

The plasmid DNA of the samples was extracted using the illustraplasmidPrep Mini Spin 

Kit (GE Healthcare, UK Limited Little Chalfont Buckinghamshire) , it’s a three steps 

process involving lysis, purification and de-salination. 

 

1. Preparation of bacterial culture: 

 The samples were freshly cultured on MacConkey Agar (BBL, Becton, Dickinson 

and Company, Sparks, Maryland) plates. 

 For each sample, a single colony was picked and inoculated into 2-5 ml of Luria-

Bertani (LB) Broth (Difco, Becton, Dickinson and Company, Sparks, Maryland) 

flasks. 

 The samples were then incubated for 8 hours at 37˚C with constant shaking at 

225rpm. 

 After the incubation, each starter culture was diluted 1 in 1000 into new LB broth 

flasks. 

 The cultures were incubated again at 37˚C for 18 hours with shaking at 225rpm. 

 

2. Harvesting of bacterial culture 

 The following day, cultures were transferred into polypropylene tubes. 

 The samples were centrifuged for 15min at 5,000xg and 4˚C. 

 The supernatant was discarded and the pellet left as dry as possible. 
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3. Re-suspension of bacterial culture 

 The pellet was re-suspended in 6 ml of Re-suspension buffer type 1 containing 

RNase1. 

 Complete re-suspension of the bacterial pellet was done by pipetting up and down. 

 

4. Cell lysis 

Lysis occurs in alkaline conditions with SDS detergent: genomic DNA and proteins are 

denatured and RNA is hydrolysed. 

 Lysis buffer type 2 (6 ml) were added. 

 Samples were mixed thoroughly by inverting sharply inverting the tubes several 

times. 

 Samples were incubated for exactly 5 minutes at room temperature. 

 

5. Neutralization of cell lysis reaction 

Potassium acetate solution neutralizes alkaline conditions and genomic DNA, proteins, 

cell debris and potassium dodecyl sulfate (KDS) precipitate. 

 Pre-chilled Neutralization buffer 3 (6 ml) was added. 

 The tubes were sharply inverted till they become less viscous. 

 Samples were incubated for 15 minutes on ice. 

 

6. Clarification of lysate and preparation of fast flow plasmid 250 column 

The lysis reaction is clarified by high speed centrifugation in order to remove genomic 

DNA, proteins and KDS precipitate. 
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The purification process is facilitated by the pre-equilibrated fast flow plasmid 

250 purification column. 

 The lysate was centrifuged for 30 minutes at 20,000xg and 4˚C and the supernatant 

was clear. 

 During the above step, the Fast flow plasmid 250 column were allowed to empty 

completely of excess packing buffer by gravity flow by carefully cutting the tip of 

each column. 

 

7. Purification- Load 

The resin is an anion exchange matrix that binds plasmids and prevents the binding of 

most contaminants. 

 10ml of the clarified lysate were pipetted into the Fast flow plasmid 250 column 

and were allowed to enter the resin by gravity flow. 

 The rest of the clarified lysate was then also pipetted into the column to enter the 

resin by gravity flow. 

 

8. Purification- Wash 

 Wash buffer (10ml ) was added to the columns. 

 Columns were allowed to empty completely of buffer by flow gravity. 

 The wash was repeated with additional 10ml of the buffer. 

 

9. Purification- Elute 

 4ml of the high salt elution buffer were added to the columns. 

 The eluate was collected by flow gravity into polypropylene tubes. 
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10.  Concentration- Isopropanol precipitation 

 The eluate was transferred into centrifuge tubes. 

 4ml of room temperature isopropanol were added. 

 The samples were mixed by inversion. 

 The tubes were put in the centrifuge for 30 minutes at 15,000xg and at 4˚C. 

 Supernatant was immediately carefully pipetted.  

 

11.  Desalination- 70% ethanol wash 

 At room temperature, 5ml of 70% ethanol were added to wash the DNA pellet. 

 The tubes were centrifuged for 10 minutes at 15,000xg and at 4˚C. 

 After centrifugation, the supernatant was aspirated with a pipette. 

 

12.  Drying and re-suspension  

 The pellet was air dried for 5 to 10 minutes. 

 The plasmid DNA was dissolved in 1ml low ionic strength TE (Tris-EDTA) buffer. 

 The samples were then stored at -20˚C for downstream applications. 

  

G. PCR detection of ESBL, carbapenemase and porins encoding genes 

β lactamases, carbapenemases, porins encoding genes and the novel metallo-β-

lactamase NDM-1; were detected by PCR on the genomic and plasmid DNA of the 

isolates as well as on the electrocompetent cells. Sequences for the primers used are 

found in the table below. 
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1. Reaction mixtures 

Polymerase chain reactions for all genes except, OmpC, OmpF and bla-NDM-1 were 

performed in 50 microliter reaction mixtures using the following reagents: 

 DNA template (2.5μl), with a final concentration of 10μg/l 

 Forward primer (5 μl) and reverse primer (5 μl), with a final concentration of 1 μM 

in solution 

 Starting from a concentration of 5U/μl ,0.25 μlTaq DNA polymerase stored in 

buffer containing 0.1mM EDTA, 50mM tris HCL, 5mM dithiothereitol stabilizers 

and 50% glycerol(Fermentas Life Sciences, Burlington, Ontario, Canada) with a 

final concentration of 1.25U in 50 μl 

 10X Taq Polymerase buffer (5 μl) ( MBI Fermentas Life Sciences, Burlington, 

Ontario, Canada)  

 4 μl MgCl2 ( MBI Fermentas Life Sciences, Burlington, Ontario, Canada) with a 

final concentration of 2 mM in solution 

 Deoxynucleoside triphosphate  dNTP mixture (2 μl), (MBI Fermentas Life 

Sciences, Burlington, Ontario, Canada) with a final concentration of 0.2 mM of 

each dNTP in solution 

  Water, sterile, nuclease free (26.25 μl) (Amresco, Solon, OH 44139, USA) 

To increase the sensitivity of the reaction, volumes and final concentrations in 

solution of the reagents were optimized for OmpF, OmpC and bla-NDM-1 as follows: 
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2. PCR cycling conditions 

Amplification was achieved using the PCR Sprint Thermal Cycler (Thermo Fisher 

Scientific, Waltham, MA, USA). Cycling conditions were previously optimized in 

house for all genes amplified and were as follows: 

 

H. Gel electrophoresis 

To determine the amplification of a gene in question, the PCR products were run into a 

1.5% agarose gel. 

The agarose gel was prepared under the following steps:  

  SeaKem® LE Agarose (1.5 grams) (FMC BioProduct, Rockland, ME, USA) were 

weighted 

 The LE Agarose was added to 100 ml 1× TBE buffer (PH 8.3.Tris Boric acid 0.089 

M, Tris Base 0.089M, EDTA 0.002 M) 

 To completely dissolve the agarose, the gel mixture was microwaved for 

approximately 2 minutes 

 Ethidium bromide, 10μl of 0.625 mg/ml, (Amresco, Solon, OH 44139, USA) were 

then added to the dissolved agarose for staining 

 The gel was poured into the electrophoretic chamber 

 The gel solidified and then submerged into 1x TBE buffer 

Once the gel was ready, the samples were run in parallel horizontally according 

to the steps below: 

 Ten microliters of the sample were mixed with two microliter of the loading dye 

(Fermentas Life Sciences, Burlington, Ontario, Canada) 

 They were pipetted up and down before being loaded into respective wells 
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 A 100 base pair ladder (Fermentas Life Sciences, Burlington, Ontario, Canada) was 

run in parallel to the samples and served as a size marker for amplicons 

 Amplicons were then observed using UV light, and were photographed using a 

digital camera (Olympus) 

 A permanent record was saved using the Digi-Doc It program 

 

I. Electroporation 

Electroporation is the procedure of introducing the already extracted plasmid DNA into 

the Thunderbolt GC-10 electrocompetent cells (Sigma-Aldrich Co, St Louis, Missouri) 

by an electric pulse. 

The extracted plasmid of the ten isolates was introduced into the 

electrocompetent cells following the steps below: 

 The SOC medium stored at 4˚C (Sigma-Aldrich Co, St Louis, Missouri) was 

warmed to room temperature (20-25 ˚C). 

 The plasmid DNA was removed from the -80 ˚C freezer and the tubes were 

immediately placed on wet ice to thaw for around 10 minutes. 

 Ten standard cuvettes of 1mm and autoclaved microcentrifuge tubes were placed 

were placed on ice, one for each reaction. 

  SOC medium (960µl) was placed in each microcentrifuge tube and left to room 

temperature. 

 The Thunderbolt cells were resuspended by tapping on the vials and thawed. 

 The electrocompetent cells (40µl) were transferred into the chilled microcentrifuge 

tube containing the plasmid DNA. 
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 The DNA/cells mixture was pipetted into the chilled 1mm cuvette and placed into 

the electroporator (BioRad Gene Pulser). 

 The electroporator was set as follows: 2.5 kV, 25 mF, 100 W, 1 mm cuvette. 

 The set were then removed from the cuvette and added to the microcentrifuge tubes 

containing the 960µl SOC medium. 

 The tubes were then placed into the microcentrifuge and the cells were incubated 

and shaked for one hour at 37 ˚C and 220-225 rpm. 

 The electrocompetent cells (100µl) were pipetted and evenly spread onto LB agar 

plate containing Ceftazidime. 

 Note that the LB agar plates were pre-warmed at 37˚C for optimal colony growth. 

 Growth on the LB agar containing the antibiotic shows that the Thunderbolt cells 

have taken up the plasmid. 
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CHAPTER IV 

RESULTS 

 

A. Bacterial isolates  

Genus and species of all ten ESBL producing and non-ESBL producing carbapenem 

resistant isolates were confirmed phenotypically. 

 

B. Antimicrobial susceptibility 

Antimicrobial susceptibility testing confirmed that: 

 The three non ESBL producing isolates were resistant to all three tested 

carbapenems 

 Two of the ESBL producing isolates were resistant to all three tested 

carbapenems 

 Three of the ESBL producing isolates were resistant to Meropenem and 

Ertapenem but sensitive to Imipenem. 

Disk diffusion susceptibility profiles for all the isolates are seen in Table 4. 

However, the isolates showed different MIC profiles to the three tested 

carbapenems as shown in table 7: 

 All ten isolates were resistant to Ertapenem with an MIC ≥ 1 μg/ml. 

 IMP 54 and IMP 56 were resistant to Meropenem with an MIC ≥ 4 μg/ml, 

and IMP 53 was highly resistant with an MIC ≥ 32 μg/ml. 

 IMP 42 was resistant to Imipenem with an MIC ≥ 4 μg/ml, and IMP 53, 

IMP 54, IMP 56 were highly resistant to Imipenem with MIC ≥ 32 μg/ml. 

 IMP 2 and IMP 30 were intermediate to Meropenem. 
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 IMP 31 and IMP 44 were intermediate to Imipenem. 

 

C. Pulsed field gel electrophoresis 

All isolates showed diversity in their genomic DNA patterns, denoting that they all 

belonged to different strains (Figure 1). 

 

D. Electroporation experiments 

All ten isolates were electroporated. The susceptibility to Ertapenem in each receiver 

cell isolate was reproducible even though the MIC’s of all isolates were decreased, but 

they all however remained resistant to it. Table 3 shows the MIC comparison between 

the donor cells and the receiver ones.  

The presence of bla-CTX-M-15, bla-TEM-1, bla-NDM-1 and bla-OXA-48 

was also identical between the donor and the recipient cells as shown in table 8. 

 

E. Detection of resistance encoding genes and porin encoding genes by PCR 

The three control isolates (IMP 30, IMP 31, IMP 42) only harbored the porin encoding 

genes and none of the ESBLs or carbapenemases encoding genes. IMP 30 and IMP 42 

possess both porin proteins OMP-C and OMP-F. IMP 31 harbors only the OMP-C porin 

protein and has lost the OMP-F (Figures 3,4, 5). 

Both porin encoding genes bla-OMP-C and bla-OMP-F were found in  three 

isolate: IMP 21, IMP44 and IMP 53. The bla-OMP-C gene was present alone in IMP 2, 

IMP 33 and IMP 54. The isolate IMP 56 has lost both of its porin encoding genes: bla-

OMP-C and bla-OMP-F (Figures 3,5). 
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Different ESBLs and carbapenemase combinations were present in these 

isolates that showed different antimicrobial susceptibility profiles. The ESBL CTXM-

15 was present in three of the isolates: IMP 2, IMP 33 and IMP 54. Only IMP 2 and 

IMP 21 harbored the TEM-1 ESBL. Concerning the carbapenemases, the OXA-48 was 

found in the IMP 44, IMP 53 and IMP 54 whereas the NDM-1 was harbored by the IMP 

54 and IMP 56 (Figures 4, 5). 

To sum it up, the isolates chosen showed different carbapenem resistance levels along 

with different genetic profile that was maintained the same in after electroporation in 

electrocompetent recipient cells as shown in table 7 and table 8. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 41

Table 1:  Summary of ESBL and carbapenemases 

Gene Enzyme Type, 
Ambler Class 

Cofactor needed       Plasmid mediated/Chromosomal mediated 

bla-
CTX-M 

ESBL; A    Serine                         Plasmid 

bla-
TEM-1 

ESBL; A    Serine                         Plasmid 
 

bla-
NDM-1 

MBL; B    Zinc                            Plasmid 
 

bla-
OXA48 

Carbapenemase; D Serine Plasmid 

 

Table 2:  Outer membrane porin genes, carbapenemases and ESBL gene primers  

Primer Gene, Enzyme Type, Ambler Class Sequence (5’-3’) Size 
(bp) 

CTX-M-F 
CTX-M-R 

bla - CTX-M; ESBL; A 5‘-GGTTAAAAAATCACTGCGTC-3‘  
5‘-TTACAAACCGTCGGTGACGA-3‘ 

874 

OT-3  
OT-4  
 

bla -TEM-1;  
ESBL; A 

5‘-ATGAGTATTCAACATTTCCG-3‘  
5‘-CCAATGCTTAATCAGTGAGG-3‘  

1143 

NDM-1-F 
NDM-1-R 

bla-NDM-1; MBL; B 5‘-GGAAACTGGCGACCAACG-3‘  
5‘-ATGCGGGCCGTATGAGTGA-3‘ 

678 

OXA-48-A 
OXA-48-B 

bla-OXA48;carbapenemase; D  
5‘-TTGGTGGCATCGATTATCGG-3‘  
5‘-GAGCACTTCTTTTGTGATGGC-3‘  

744 

OmpF-A 
OmpF-B 

OmpF  
5‘-CAGGTACTGCAAACGCTGC-3‘  
5‘-GTCAACATAGGTGGACATG-3‘ 

953 

OmpC-F 
OmpC-R 

OmpC 5‘-GAACTGGTAAACCAGACCCAG-
3‘  
5‘-GTTAAAGTACTGTCCCTCCTG-3‘  

1086 
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Table 3:  Reaction mixtures of  bla -OmpF, bla -OmpC and blaNDM-1 

Gene  DNA 
template 
(μl)  

Primers  Taq DNA 
Polymera
se (μl)  

10x Taq 
Polymeras
e buffer 
(μl)  

MgCl2 (μl)  dNTP 
(μl)  

Nuclease  
free H2O 
(μl)  

bla -OmpF 
 

2.5,10 
μg/l  

2.5 each, 0.5 
μM final 
concentration  

0.25  5  4  2  31.25  

bla -OmpC 
 

5, 60-120 
μg/ml  

2.5 each, 0.5 
μM final 
concentration  

0.25  5  4  2  28.75  

bla-NDM-1  5, 10 μg/l  2.5 each, 0.5 
μM final 
concentration  

0.25  5  4  2  28.75  

 

Table 4: PCR cycling conditions  

Gene(s)  Initial 
denaturation 
1 cycle  

Denaturation 
(1)  

Annealing 
(2)  

Polymerizat
ion (3)  

# of 
cycles 
for 1,2,3  

Final 
extension, 1 
cycle  

bla-CTX-M-
15,  
bla-TEM-1 

94°C for 10 
minutes  

94°C for 30 
seconds  

50°C for 
40 seconds 

72°C for one 
minute  

35  72°C for 10 
minutes  

bla-OXA-48  94°C for 7 
minutes  

94°C for 45 
seconds  

56°C for 
45 seconds 

72°C for 1 
minutes  

35  72°C for 10 
minutes  

OmpF 95°C for 7 
minutes  

95°C for 45 
seconds  

56°C for 
45 seconds 

72°C for 1 
minutes  

35  72°C for 7 
minutes  

OmpC 95°C for 7 
minutes  

95°C for 45 
seconds  

50°C for 
45 seconds 

72°C for 1 
minutes  

35  72°C for 10 
minutes  

bla-NDM-1  95°C for 7 
minutes  

95°C for 45 
seconds  

60°C for 
45 seconds 

72°C for 45 
seconds  

35  72°C for 7 
minutes  
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Table 5: Antimicrobial susceptibility profiles of all ten isolates as determined by Disk 
Diffusion  
R=resistant, S=sensitive, I=intermediate, >5=ESBL producer, <5=non ESBL 
producer 
 

 IMP 2  IMP 21 IMP 30 IMP 31 IMP 33 IMP 42 IMP 44 IMP 

53  

IMP 54 IMP 56 

Profile E. coli E. coli E. coli K. pneumonia K. 

pneumoniae 

E. coli E. coli E. coli K. pneumoniae K. 

pneumoniae 

Disk  diffusion           

Meropenem R R R R R R R R R R 

Ceftazidime 

 

R R R R R R S R R R 

Ertapenem R R R R R R R R R R 

Imipenem S R S S S S R R R R 

Cefipime R R R R R S I R R R 

Ciprofloxacin R R R R R R S R R R 

Bactrim S R R 

 

R R S R R R R 

Tobramycin R R R R R R S R R R 

Aztreonam R R R R R S I R R R 

Cefpodoxime R R R R R R R R R R 

Cefotaxime R R R R R R R R R R 

Cefuroxime R R R R R R R R R R 

CTX-CLA >5 >5 >5 >5 >5 >5 >5 <5 <5 <5 

CAZ-CLA >5 >5 >5 >5 >5 >5 <5 <5 <5 <5 

 

Table 6: Genetic profile of all ten isolates. 

 IMP 2 IMP 21 IMP 30 IMP 31 IMP 33 IMP 42 IMP 44 IMP 53  IMP 54 IMP 56 
Profile E. coli E. coli E. coli K. 

pneumoniae 
K. 
pneumoniae 

E. coli E. coli E. coli K. 
pneumoniae 

K. 
pneumoniae 

Genes           
OmpC positive positive positive positive positive positive positive positive positive negative 
OmpF negative positive positive negative negative positive positive positive negative negative 
Oxa-48 negative negative negative negative negative negative positive positive positive negative 
TEM-1 positive positive negative negative negative negative negative negative negative negative 
CTXM-
15 

positive negative negative negative positive negative negative negative positive negative 

NDM-1 negative negative negative Negative negative negative negative negative positive positive 
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Table 7: Comparison of the MICs of the parent cells and the electrocompetent recipient 
cells. 

 
 IMP 

2 
IMP 
21 

IMP 
30 

IMP 31 IMP 33 IMP 
42 

IMP 
44 

IMP 
53 

IMP 54 IMP 56 

Profile E. 
coli 

E. 
coli 

E. 
coli 

K. 
pneumoniae 

K. 
pneumoniae 

E. 
coli 

E. 
coli 

E. 
coli 

K. 
pneumoniae 

K. 
pneumoniae 

MIC µg/ml  
Parent Cells 

          

Meropenem 2 0.75 2 0.5 0.38 1 0.5 32 16 16 
Imipenem 0.5 0.5 0.5 1.5 0.38 4 1.5 >32 32 32 
Ertapenem 16 8 >32 16 3 24 2 >32 >32 32 
MIC µg/ml  
E.coli 
Electrocompetent 
recipient Cells 

          

Ertapenem 2 0.5 0.38 0.38 0.5 0.38 2 2 16 8 

 
 
 

Table 8: Comparison of the genetic profile of the parent cells and the electrocompetent 
recipient cells. 

 
 IMP 2 IMP 21 IMP 30 IMP 31 IMP 33 IMP 42 IMP 44 IMP 53 IMP 54 IMP 56 
Profile E. coli E. coli E. coli K. 

pneumoniae 
K. 
pneumoniae 

E. coli E. coli E. coli K. 
pneumoniae 

K. 
pneumoniae 

Genes of 
Parent Cells 

          

CTXM-15 positive negative negative negative positive negative negative negative positive negative 
TEM-1 positive positive negative negative negative negative negative negative negative negative 
Oxa-48 negative negative negative negative negative negative positive positive positive negative 
NDM-1 negative negative negative negative negative negative negative negative positive positive 
Genes of E.coli 
Electrocompetent 
recipient Cells 

          

CTXM-15 positive negative negative negative positive negative negative negative positive negative 
TEM-1 positive positive negative negative negative negative negative negative negative negative 
Oxa-48 negative negative negative negative negative negative positive positive positive negative 
NDM-1 negative negative negative negative negative negative negative negative positive positive 

 

 
 

Table 9: Efflux pumps in parent cells  

 IMP 2 IMP 21 IMP 
30 

IMP 31 IMP 33 IMP 
42 

IMP 44 IMP 
53 

IMP 54 IMP 56 

Profile E. coli E. coli E. coli K. 
pneumoniae 

K. 
pneumoniae 

E. coli E. coli E. coli K. 
pneumoniae 

K. 
pneumoniae 

EP in Parent 
Cells 

positive  positive positive negative negative positive negative positive negative negative 
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Figure 1: PFGE analysis of the ten carbapenem resistant isolates. 
 

 

 

Figure 2: Gel electrophoresis of bla-OmpC for parent cells. 
L=ladder, NC= negative control, PC=positive control. 
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 Figure 3: Gel electrophoresis of bla-NDM-1gene for parent cells. L=ladder,   
NC=negative control, PC= positive control. 

 

 

 

 

 

 

 

 

 

 

Figure 4: Gel electrophoresis of OmpF and bla-OXA-48 genes for parent cells. 
L=ladder,   NC=negative control, PC= positive control. 
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CHAPTER V 

DISCUSSION 

 

The ten selected ESBL and non-ESBL producing, carbapenem resistant isolates, 

collected from a previous study by Baroud et al. (2011), belonging to diverse genotypes 

as determined by PFGE analysis, indicated different levels of resistance to 

carbapenems. Resistance in seven of these isolates is due to either carbapenemases 

encoded by bla-OXA-48 or bla-NDM-1or to ESBLs encoded by bla-CTXM-15 or bla-

TEM-1, along with outer membrane proteins (Omp-F and Omp-C) impermeability or 

loss, while resistance of the three control isolates lacking the resistance genes, it is due 

to OMP impermeabilities and / or EP activity (Baroud et al. 2011). 

For all ten isolates, the genetic profile of electrocompetent cells remained 

similar to parent cells after electroporation.  The bla-CTX-M-15, bla-OXA-48, bla-

NDM-1and bla-TEM-1 genes were all transferred to recipient electrocompetent cells 

and exhibited resistance to carbapenems as detected by antimicrobial susceptibility 

testing and PCR amplification of transferred genes. This confirms further that the genes 

are plasmid encoded.  

The antimicrobial susceptibility profile of electrocompetent recipient cells 

showed resistance to ertapenem with a reduction of MICs in comparison to parent cells, 

due exclusively to the effect of the ESBL and/ or carbapenemases, since outer 

membrane proteins are available in electrocompetent cells facilitating the entry of the 

antimicrobial agent that is not expulsed by efflux pumps. 

Post electroporation, only five (IMP 2, IMP 44, IMP 53, IMP 54, IMP 56) of 

the ten isolates remained resistant to ertapenem with an MIC ≥ 1µg/ml.  For all five of 
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these isolates, the MIC values observed in parent cells were decreased in 

electrocompetent recipient cells.  

In the case of the IMP 2 elctrocompetent recipient cell, the MIC decreased 

from 16µg/ml to 2µg/ml. 

IMP 2 parent cell, an ESBL producing isolate, harbors only the porin protein 

Omp-C encoding gene and lost the Omp-F porin protein.   This observation explains 

that the high MIC of 16µg/ml in parent cells is due to the Omp-F loss along with the 

presence of ESBL TEM-1 and CTXM-15. The decrease in the ertapenem MIC to 

2µg/ml after electroporation in IMP 2 electrocompetent recipient cell, suggests that the 

loss of Omp-F in the parent isolate was playing a role in its resistance, because the 

GC10 electrocompetent cells contain both porins and both ESBLs have been taken up.   

Both IMP 54 and IMP 56 isolates both remained resistant to ertapenem after 

electroporation in electrocompetent cells, although there was a decrease in their MICs. 

IMP 54 parent cell possesses the Omp-C porin protein and the bla-OXA-48 gene along 

with the bla-NDM-1gene and the bla-CTX-M-15. On the other hand, the IMP 56 lacks 

the two porin proteins in parent cell and carries the bla-NDM-1gene exclusively. The 

ertapenem MIC of the IMP 54 decreased from ≥ 32µg/ml to 16µg/ml in 

electrocompetent recipient cell, whereas the ertapenem MIC of the IMP 56 decreased 

from 32µg/ml to 8µg/ml. 

At a first sight, this seems contradictory because the IMP 56 has lost both of its 

main porins when compared to the IMP 54 and yet has a lower ertapenem MIC in 

electrocompetent recipient cell.  A study by Khajuriaet al (2014) on E. coli isolates 

containing either both bla-OXA-48 along with the bla-NDM-1, or bla-NDM-1 alone 

found that the presence of the bla-OXA-48 along with the bla-NDM-1confers higher 
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carbapenem resistance as compared to the exclusive presence of bla-NDM-1. Moreover, 

IMP 54 has in addition the ESBL CTXM-15 which confers additional increase in 

carbapenem resistance, denoting the effect of ESBL on increase of carbapenem 

resistance. This could explain why IMP 54 had a higher MIC than IMP56 both in parent 

and electrocompetent recipient cells regardless of the porin presence. 

 As to IMP 44 and IMP 53, both isolates have both porins proteins and harbor 

exclusively bla-OXA-48. However, their respective ertapenem MIC differs 

significantly. The IMP 44 has an MIC of 2µg/ml that remained unchanged in both 

parent and electrocompetent recipient cells, whereas the ertapenem of the IMP 53 has 

dropped from ≥ 32µg/ml parent cell to 2µg/ml in electrocompetent cell. This difference 

in the ertapenem MIC can be explained by the fact that the IMP 53 has a higher MIC in 

parent cell due to a possible over expression of the bla-OXA-48 compared to the IMP 

44. This is possibly due to an insertion sequence resulting in the up regulation of the 

bla-OXA-48 which is present only in the IMP 53 isolate. This insertion sequence could 

be determined by further studies and is different than the IS1999 detected in both 

isolates in a previous study done by Baroudet al. (2011). 

With regard to IMP 44, it is resistant to cefotaxime and susceptible to 

ceftazidime by the disc diffusion method. In a study done by Kariukiet al. 

(2001),K.pneumoniaewere isolated from an outbreak that happened in six newborns in 

Kenya. The isolates were screened to be ESBL resistant to cefotaxime and susceptible 

to ceftazidime and they harbored the bla-CTXM-12 gene that was detected for the first 

time then. In Baeat al. (2006) showed that, three ESBL E.coli were isolated from Korea 

and presented the same antimicrobial susceptibility and genetic profile as above. 
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Therefore, a possible presence of the bla-CTXM-12 gene could be an explanation of the 

antimicrobial profile in the IMP 44 isolate. This observation requires further studies. 

In conclusion, this study demonstrated that ESBLs such as CTXM-15 and 

TEM-1 are plasmid encoded and confer resistance to carbapenems singly and in 

combination without the effect of outer membrane proteins and efflux pumps. In 

addition, OXA-48 and NDM-1, are plasmid encoded carbapenemases, and demonstrated 

to have a synergistic effect on carbapenm resistance, when harbored in the same isolates 

leading to a higher levels of carbapenem resistance.   



 51

REFERENCES 

 
1. Guentzel NM. Escherichia, Klebsiella, Enterobacter, Serratia, Citrobacter, and 

Proteus. In Baron S, editor. Medical Microbiology. 4th ed. Galveston: University of 
Texas Medical Branch at Galveston; 1996. 
 

2. Schaechter M. Escherichia coli. In Schaechter M, editor. Encyclopedia of 
Microbiology. San Diego: Academic Press, Oxford; 2009. p. 125-132. 

 

3. Davis CP. Normal Flora. In Baron S, editor. Medical Microbiology. 4th ed. 
Galveston: University of Texas Medical Branch at Galveston; 1996. 

 

4. Mulvey Michael R. SAE. Antimicrobial resistance in hospitals: How concerned 
should we be? Canadian Medical Association Journal. 2009; 180(4): p. 408-415. 

 

5. Tenover FC. Mechanisms of Antimicrobial Resistance in Bacteria. The American 
Journal of Medicine. 2006; 119(6A): p. S3-S10. 

 

6. Martin CA. Gram-Negative Bacteria. In Mainous III AG, Pomeroy C, editors. 
Management of Antimicrobials in Infectious Diseases.: Humana Press; 2010. p. 45-
59. 

 

7. Rahal JJ. The role of carbapenems in initial therapy for serious Gram-negative 
infections. Critical Care. 2008; 12(5). 

 

8. Giamarellou H. Multidrug resistance in Gram-negative bacteria that produce 
extended-spectrum β-lactamases (ESBLs). Clinical Microbiology and Infecttion. 
2005; 11(Suppl 4): p. 1-16. 

 

9. Pitout JDD, Laupland KB. Extended-spectrum β-lactamase-producing 
Enterobacteriaceae: an emerging public-health concern. Lancet Infectious Diseases. 
2008; 8: p. 159–166. 

 

10. Kelesidis T, Karageorgopoulos DE, Kelesidis I, Falagas ME. Tigecycline for the 
treatment of multidrug-resistant Enterobacteriaceae: a systematic review of the 
evidence from microbiological and clinical studies. Journal of Antimicrobial 
Chemotherapy. 2008; 62: p. 895–904. 



 52

11. Li J, Nation RL, Turnidge JD, Milne RW, Coulthard K, Rayner CR, et al. Colistin: 
the re-emerging antibiotic for multidrug-resistant Gram-negative bacterial 
infections. Lancet Infectious Diseases. 2006; 6: p. 589–601. 

 

12. Duerden BI. Beta-Lactam Antibiotics in Systemic Infections. Phil J Microbiol Infect 
Dis. 1987; 16(2): p. 61-64. 

 

13. Knapp KM, English BK. Carbapenems. Seminars in Pediatric Infectious Diseases. 
2001; 12(3): p. 175-185. 

 

14. Calderwood SB. Overview of the β-lactam antibiotics. [Online].; 2010 [cited 2011 
May 15]. Available from: http://www.uptodate.com/. 

 

15. Zapun A, Macheboeuf P, Vernet T. Penicillin-Binding Proteins and β-Lactam 
Resistance. In Mayers DL, editor. Antimicrobial Drug Resistance. Grenoble: 
Humana Press; 2009. p. 145-170. 

 

16. Jones RN, Sader HS, Fritsche TR. Comparative activity of doripenem and three 
other carbapenems tested against Gram-negative bacilli with various B-lactamase 
resistance mechanisms. Diagnostic Microbiology and Infectious Disease. 2005; 52: 
p. 71–74. 

 

17. Chambers H. Carbapenems and Monobactams. In Mandel G, Bennett J, Dolin R, 
editors. Mandell: Mandell, Douglas, and Bennett's Principles and Practice of 
Infectious Diseases. 7th ed. Philadelphia: Elsevier; 2009. p. 311–318. 

 

18. Ambler RP. The structure of β-lactamases. Phil. Trans. R. Soc. Lond. B. 1980; 289: 
p. 321–331. 

 

19. Bush K, Jacoby GA, Medeiros AA. A Functional Classification Schemefor β-
Lactamases and Its Correlation with Molecular Structure. Antimicrobial Agents And 
Chemotherapy. 1995; 39(6): p. 1211–1233. 

 

20. Paterson DL, Bonomo RA. Extended-Spectrum β-Lactamases: a Clinical Update. 
Clinical Microbiology Reviews. 2005; 18(4): p. 657–686. 

 

21. Queenan AM, Bush K. Carbapenemases: the Versatile β-Lactamases. Clinical 
Microbiology Reviews. 2007; 20(3): p. 440-458. 



 53

22. Bradford PA. Extended-Spectrum β-Lactamases in the 21st Century: 
Characterization, Epidemiology, and Detection of This Important Resistance Threat. 
Clinical Microbiology Reviews. 2001; 14(4): p. 933–951. 

 

23. Ghuysen JM. Serine β-lactamases and penicillin-binding proteins. Annual Review 
of Microbiology. 1991; 45: p. 37-67. 

 

24. Livermore DM, Woodford N. The β-lactamase threat in Enterobacteriaceae, 
Pseudomonas and Acinetobacter. TRENDS in Microbiology. 2006; 14(9): p. 412-
420. 

 

25. Bradford PA. Extended-Spectrum β-Lactamases in the 21st Century: 
Characterization, Epidemiology, and Detection of This Important Resistance Threat. 
Clinical Microbiology Reviews. 2001; 14(4): p. 933–951. 

 

26. Jacoby GA. AmpC β-Lactamases. Clinical Microbiology Reviews. 2009; 22(1): p. 
161–182. 

 

27. Bush K, Macalintal C, Rasmussen BA, Lee VJ, Yang Y. Kinetic interactions of 
tazobactam with β-lactamases from all major structural classes. Antimicrobial 
Agents and Chemotherapy. 1993; 37(4). 

 

28. Kazmierczak A, Cordin X, Duez JM, Siebor E, Pechinot A, Sirot J. Differences 
between clavulanic acid and sulbactam in induction and inhibition of 
cephalosporinases in Enterobacteria. Journal of Internal Medical Research. 1990; 
18(4): p. 67D-77D. 

 

29. Cornaglia G, Rossolini GM. The emerging threat of acquired carbapenemases in 
Gram-negative bacteria. Clinical Microbiology and Infection. 2010; 16(2): p. 99-
101. 

 

30. Kahan FM, Kropp H, Sundelof JG, Birnbaum J. Thienamycin: development of 
imipenem-cilastatin. Journal of Antimicrobial Chemotherapy. 1983; 12(Supplement 
D): p. 1-35. 

 

31. Walther-Rasmussen J, Høiby N. Class A Carbapenemases. Journal of Antimicrobial 
Chemotherapy. 2007; 60: p. 470-482. 

 



 54

32. Maltezou HC. Metallo β-lactamases in Gram-negative bacteria: introducing the era 
of pan-resistance? International Journal of Antimicrobial Agents. 2009; 33: p. 
405.e1–405.e7. 

 

33. Walsh TR, Toleman MA, Poirel L, Nordmann P. Metallo β-Lactamases: the Quiet 
before the Storm? Clinical Microbiology Reviews. 2005; 18(2): p. 306-325. 

 

34. Kuwabara S, Abraham EP. Some properties of two extracellular β-lactamases from Bacillus 
cereus 569/H. Biochem J. 1967; 103(3): p. 27C-30C. 

 

35. Lim HM, Pene JJ, W SR. Cloning, nucleotide sequence, and expression of the 
Bacillus cereus 5/B/6 β-lactamase II structural gene. Journal of Bacteriology. 1988 
June ; 170(6): p. 2873-2878. 

 

36. Iaconis JP, Sanders CC. Purification and characterization of inducible β-lactamases 
in Aeromonasspp. Antimicrobial Agents and Chemotherapy. 1990 January; 34(1): p. 
44-51. 

 

37. Saino Y, Kobayashi F, Inoue M, Mitsuhashi S. Purification and properties of 
inducible penicillin β-lactamase isolated from Pseudomonas maltophilia. 
Antimicrobial Agents and Chemotherapy. 1982 October; 22(4): p. 564-570. 

 

38. Watanabe M, Iyobe S, Inoue M, Mitsuhashi S. Transferable Imipenem Resistance in 
Pseudomonas aeruginosa. Antimicrobial Agents and Chemotherapy. 1991; 35(1): p. 
147-151. 

 

39. Yong D, Toleman MA, Giske CG, Cho HS, Sundman K, Lee K, et al. 
Characterization of a New Metallo-β-Lactamase Gene, blaNDM-1, and a Novel 
Erythromycin Esterase Gene Carried on a Unique Genetic Structure in 
KlebsiellapneumoniaeSequence Type 14 from India. Antimicrobial Agents and 
Chemotherapy. 2009; 53(12): p. 5046–5054 

 

40. Kumarasamy K, Toleman M, Walsh T, Bagaria J, Butt F, Balakrishnan R, et al. 
Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK: 
a molecular, biological, and epidemiological study. The Lancet Infectious Diseases. 
2010; 10(9): p. 597 - 602. 

 



 55

41. Kaase M, Nordmann P, Wichelhaus TA, Gatermann SG, Bonnin RA, Poirel L. 
NDM-2 carbapenemase in Acinetobacterbaumanniifrom Egypt. Journal of 
Antimicrobial Chemotherapy. 2011; 66: p. 1260–1262. 

 

42. Walther-Rasmussen J, Høiby N. OXA-type carbapenemases. Journal of 
Antimicrobial Chemotherapy. 2006; 57: p. 373-383. 

 

43. Brown S, Amyes S. OXA β-lactamases in Acinetobacter: the story so far. Journal of 
Antimicrobial Chemotherapy. 2006; 57(1): p. 1-3. 

 

44. Poirel L, Magalhaes M, Lopes M, Patrice N. Molecular Analysis of Metallo-β-
Lactamase Gene blaSPM-1-Surrounding Sequences from Disseminated 
Pseudomonas aeruginosa Isolates in Recife, Brazil. Antimicrobial Agents and 
Chemotherapy. 2004; 48(4): p. 1406–1409. 

 

45. Poirel L, Héritier C, Podglajen I, Sougakoff W, Gutmann L, Nordmann P. 
Emergence in Klebsiellapneumoniaeof a Chromosome-Encoded SHV ß-Lactamase 
That Compromises the Efficacy of Imipenem. Antimicrobial Agents and 
Chemotherapy. 2003; 47(2): p. 755-758. 

 

46. Poirel L, Marqué S, Héritier C, Segonds C, Chabanon G, Nordmann P. OXA-58, a 
Novel Class D ß-Lactamase Involved in Resistance to Carbapenems in 
Acinetobacterbaumannii. Antimicrobial Agents and Chemotherapy. 2005; 49(1): p. 
202-208. 

 

47. Girlich D, Naas T, Nordmann P. Biochemical Characterization of the Naturally 
Occurring Oxacillinase OXA-50 of Pseudomonas aeruginosa. Antimicrobial Agents 
and Chemotherapy. 2004; 48(6): p. 2043-2048. 

 

48. Brown S, Young HK, Amyes SGB. Characterisation of OXA-51, a novel class D 
carbapenemase found in genetically unrelated clinical strains of 
Acinetobacterbaumanniifrom Argentina. Clinical Microbiology and Infection. 2004; 
11(1): p. 15-23. 

 

49. Nikaido H. Outer Membrane Barrier as a Mechanism of Antimicrobial Resistance. 
Antimicrobial Agents and Chemotherapy. 1989; 33(11): p. 1831-1836. 

 

50. Nikaido H, Vaara M. Molecular Basis of Bacterial Outer Membrane Permeability. 
Microbiological Reviews. 1985; 49(1): p. 1-32. 



 56

51. Pitout JDD, Sanders CC, Sanders J,WE. Antimicrobial Resistance with Focus on β-
Lactam Resistance in Gram-negative Bacilli. American Journal of Medicine. 1997; 
103: p. 51-59. 

 

52. Davin-Regli A, Bolla JM, James CE, Lavigne JP, Chevalier J, Garnotel E, et al. Membrane 
Permeability and Regulation of Drug ―Influx and Efflux  in Enterobacterial Pathogens. 
Current Drug Targets. 2008; 9: p. 750-759. 

 

53. Pagès JM, James CE, Winterhalter M. The porin and the permeating antibiotic: a 
selective diffusion barrier in Gram-negative bacteria. Nature Reviews: 
Microbiology. 2008; 6: p. 893-903. 

 

54. Nikaido H. Molecular Basis of Bacterial Outer Membrane Permeability Revisited. 
Microbiology and Molecular Biology Reviews. 2003; 67(4): p. 593-656. 

 

55. Delcour , H A. Solute Uptake Through General Porins. Frontiers in Bioscience. 
2003; 8: p. D1055-1071. 

 

56. Pratt LA, Hsing W, Gibson KE, Silhavy TJ. From acids to osmZ: multiple factors 
influence synthesis of the OmpF and OmpC porins in Escherichia coli. Molecular 
Microbiology. 1996; 20(5): p. 911-917. 

 

57. Doumith M, Ellington MJ, Livermore DM, Woodford N. Molecular mechanisms 
disrupting porin expression in ertapenem-resistant Klebsiellaand Enterobacterspp. 
clinical isolates from the UK. Journal of Antimicrobial Chemotherapy. 2009; 63: p. 
659–667. 

 

58. Prilipov A, Phale PS, Koebnik R, Widmer C, Rosenbusch JP. Identification and 
Characterization of Two Quiescent Porin Genes, nmpC and ompN, in Escherichia 
coli BE. Journal of Bacteriology. 1998; 180(13): p. 3388-3392. 

 

59. Doménech-Sánchez A, Hernández-Allés S, Martínez-Martínez L, Benedí VJ, 
Albertí S. Identification and Characterization of a New Porin Gene of 
Klebsiellapneumoniae: Its Role in β-Lactam Antibiotic Resistance. Journal of 
Bacteriology. 1999; 181(9): p. 2726-2732. 

 

60. Hasdemir UO, Chevalier J, Nordmann P, Pages JM. Detection and Prevalence of 
Active Drug Efflux Mechanism in Various Multidrug-Resistant 
KlebsiellapneumoniaeStrains from Turkey. Journal of Clinical Microbiology. 2004; 
42(6): p. 2701–2706. 



 57

61. Yigit H, Anderson GJ, Biddle JW, Steward CD, Rasheed JK, Valera LL, et al. 
Carbapenem Resistance in a Clinical Isolate of EnterobacteraerogenesIs Associated 
with Decreased Expression of OmpF and OmpC Porin Analogs. Antimicrobial 
Agents and Chemotherapy. 2002; 46(12): p. 3817–3822. 

 

62. Lartigue MF, Poirel L, Poyart C, Réglier-Poupet H, Nordmann P. Ertapenem 
Resistance of Escherichia coli. Emerging Infectious Diseases. 2007; 13(2). 

 

63. Stapleton PD, Shannon KP, French GL. Carbapenem Resistance in Escherichia coli 
Associated with Plasmid-Determined CMY-4 β-Lactamase Production and Loss of 
an Outer Membrane Protein. Antimicrobial Agents and Chemotherapy. 1999; 43(5): 
p. 1206–1210. 

 

64. Pavez M, Neves P, Dropa M, Matté MH, Grinbaum RS, Elmor de Araújo MR, et al. 
Emergence of carbapenem-resistant Escherichia coli producing CMY-2-type AmpC 
β-lactamase in Brazil. Journal of Medical Microbiology. 2008; 57: p. 1590-1592. 

 

65. Woodford N, Dallow JWT, Hill RLR, Palepou MFI, Pike R, Ward ME, et al. 
Ertapenem resistance among Klebsiellaand Enterobactersubmitted in the UK to a 
reference laboratory. International Journal of Antimicrobial Agents. 2006; 29(2007): 
p. 456–459. 

 

66. Szabo D, Silveira F, Hujer AM, Bonomo RA, Hujer KM, Marsh JW, et al. Outer 
Membrane Protein Changes and Efflux Pump Expression Together May Confer 
Resistance to Ertapenem in Enterobacter cloacae. Antimicrobial Agents and 
Chemotherapy. 2006; 50(8): p. 2833–2835. 

 

67. Grobner S, Linke D, Schutz W, Fladerer C, Madlung J, Autenrieth IB, et al. 
Emergence of carbapenem-non-susceptible extended-spectrum β-lactamase-
producing Klebsiellapneumoniaeisolates at the university hospital of Tubingen, 
Germany. Journal of Medical Microbiology. 2009; 58: p. 912–922. 

 

68. Chevalier J, Bredin J, Mahamoud A, Mallea M, Barbe J, Pages JM. Inhibitors of 
Antibiotic Efflux in Resistant Enterobacteraerogenesand 
KlebsiellapneumoniaeStrains. Antimicrobial Agents and Chemotherapy. 2004; 
48(3): p. 1043–1046. 

 

69. Pagès JM, Lavigne JP, Leflon-Guibout V, Marcon E, Bert F, Noussair L, et al. 
Efflux Pump, the Masked Side of ß-Lactam Resistance in 
KlebsiellapneumoniaeClinical Isolates. Plos One-Open Access. 2009; 4(3). 



 58

70. Webber MA, Piddock LJV. The importance of efflux pumps in bacterial antibiotic 
resistance. Journal of Antimicrobial Chemotherapy. 2003; 51(1): p. 9–11. 

 

71. Mahamoud A, Chevalier J, Alibert-Franco S, Kern WV, Pages JM. Antibiotic efflux 
pumps in Gram-negative bacteria: the inhibitor response strategy. Journal of 
Antimicrobial Chemotherapy. 2007; 59(6): p. 1223–1229. 

 

72. Poole K. Efflux-mediated antimicrobial resistance. Journal of Antimicrobial 
Chemotherapy. 2005; 56(1): p. 20–51. 

 

73. Li XZ, Nikaido H. Efflux-Mediated Drug Resistance in Bacteria: an Update. Drugs. 
2009; 69(12): p. 1555–1623. 

 

74. Poirel L, Nordmann P. Carbapenem resistance in Acinetobacterbaumannii: 
mechanisms and epidemiology. Clinical Microbiology and Infection. 2006; 12: p. 
826-836. 

 

75. Livingstone D, Gill MJ, R W. Mechanisms of resistance to the carbapenems. Journal 
of Antimicrobial Chemotherapy. 1995; 35(1): p. 1-5. 

 

76. Gehrlein M, Leying H, Cullmann W, Wendt S, Opferkuch W. Imipenem Resistance 
in AcinetobacterbaumanniiIs Due to Altered Penicillin-Binding Proteins. 
Chemotherapy. 1991; 37(6): p. 405-412. 

 

77. Fernández-Cuenca F, Martínez-Martínez L, Conejo MC, Ayala JA, Perea EJ, 
Pascual A. Relationship between β-lactamase production, outer membrane protein 
and penicillin-binding protein profiles on the activity of carbapenems against 
clinical isolates of Acinetobacterbaumannii. Journal of Antimicrobial 
Chemotherapy. 2003; 51: p. 565-574. 

 

78. Bellido F, Veuthey C, Blaser J, Bauernfeind A, Pechere JC. Novel resistance to 
imipenem associated with an altered PBP-4 in a Pseudomonas aeruginosa clinical 
isolate. Journal of Antimicrobial Chemotherapy. 1990; 25(1): p. 57-68. 

 

79. Neuwirth C, Siebor E, Duez JM, Pechinot A, Kazmierczak A. Imipenem resistance 
in clinical isolates of Proteus mirabilis associated with alterations in penicillin-
binding proteins. Journal of Antimicrobial Chemotherapy. 1995; 36(2): p. 335-342. 

 



 59

80. Williams RJ, J YY, Livermore DM. Mechanisms by which imipenem may 
overcome resistance in Gram-negative bacilli. Journal of Antimicrobial 
Chemotherapy. 1986; 18(Supplement E): p. 9-13. 

 

81. Birge E.Bacterial and bacteriophage genetics. Springer New York, 2006. Available 
from: AUB, SML, E-book library. 

 

82. Wong D. The ABCs of gene cloning.2nd ed.Springer US, 2006. Available from: 
AUB, SML, E-book library. 

 

83. R. Beyrouthy, F. Robin, F. Dabboussi, H. Mallat, M. Hamze´ and R. Bonnet. 
Carbapenemases and virulence factors in Enterobacteriacae in north Lebanon 
between 2008 and 2012: evolution via endemic spread of OXA-48. Journal of 
Antimicrobial Chemotherapy. 2014; 69 (10). 

 

84. Chao-Ju Chen, Tsu-Lan Wu, Po-Liang Lu, Ying-Tsong Chen, Chang-Phone Fung, 
Yin-Ching Chuang et al. Closely related NDM-1 encoding plasmid from 
Escherichia coli andKlebsiellapneumonia in Taiwan. Plos One-Open Access.2014; 
9(8). 

 

85. AtulKhajuria, Ashok Kumar Praharaj, Mahadevan Kumar, Naveen Grover. 
Emergence of Esherichia coli co-producing NDM-1 and OXA-48 carbapenemases , 
in urinary tract isolates, at a tertiary care center at central india. Journal of clinical 
diagnosis and research. 2014; 8(6). 

 

86. Kariuki S, Corkill JE, Revathi G et al. Molecular characterization of a novel 
plasmid-encoded cefotaximase (CTX-M-12) found in clinical Klebsiellapneumoniae 
isolates from Kenya. Antimicrobial agents chemotherapy journal. 2001; 45: 2141–3. 

 

87. Il Kwon Bae, You-Nae Lee, Hyun Yong Hwang, SeokHoonJeong, Su Jin Lee, Hyo-
Sun Kwak et al.Emergence of CTX-M-12 extended-spectrum b-lactamase 
producing Escherichia coli in Korea. Journal of Antimicrobial Chemotherapy .2006; 
58, p. 1257–1259. 

 
  




