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Summary

As very little information is known of the antibiotic resistance in Gram-
negative bacteria in Libya in addition to the desperate need for insight
knowledge of the antibiotic resistance in Libyan hospitals, this study was
undertaken to investigate the mechanism of antibiotic resistance in isolates
collected from clinical, non-clinical and environmental samples from Tripoli
and Benghazi, Libya. Bacterial collection include samples taken from patients
admitted to the hospitals in ICUs and other wards, they also include swabs
randomly collected from hospitals environment. These swabs were from walls,
bedsides, curtains, floors, toilets, workstations, mechanical ventilators,
stainless steel containers and instruments used in particular ICUs. This study
clearly demonstrates the emergence of MDR Gram-negative bacteria in
Tripoli and Benghazi hospitals, these MDR bacteria were clinical and non-
clinical revealing the long standing infection control problem in these
hospitals. K. pneumoniae was found as the most frequently isolated strain
being disseminated in hospitals and outside hospitals followed by E. coli. K.
pneumoniae and E. coli were detected harbouring blacrx.v groupl in
association with ISEcpl the enhancer of the P-lactamase gene movement.
More importantly, blactx.m-15 in association with ISEcpl were detected carried
on conjugative plasmids of different sizes and able to move via Libyan K.
pneumoniae and E. coli to sensitive bacteria via conjugation. Some isolates of

K. pneumoniae were clonally related and were in some cases found in
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different hospital revealing the outbreak of MDR K. pneumoniae in Libyan
hospitals. E. coli strains showed the emergence of more than one clone in one
hospital which indicates to the lack of hospital hygiene. Three novel sequence
types among K. pneumoniae were discovered in this study, one of which K
pneumoniae AES817 that assigned ST511 was collected from one of Benghazi
streets and was found carrying blacrx-m-15 and ISEcpl on a plasmid of 400kb.
Characterisation of P. aeruginosa showed the emergence of clonally related
strains carrying blayim-2, one was isolated from a patient admitted to Al-Jalla
hospital in Benghazi and the other from a stainless steel container from the
same hospital but different ward, this MBL was found on a novel integron in
both strains. Interestingly, blayim, was found chromosomally mediated
proposing that the dissemination of this MBL might be due to mobile genetic
elements. Perhaps the most interesting finding of this study is blarmp.; which
was detected in environmental strain swabbed from the floor of Tripoli central
hospital. This MBL was unusual in terms of the similarity this gene shares
with other known MBLs and also to the discovery of this MBL carried by
environmental bacteria A. xylosoxidans, it is moreover the first MBL

discovered in Libya.
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Chapter One

General Introduction



1.1 Antibiotics
1.1.1 Introduction

Selman Waksman was one of the most recognized investigators in the field of
bacteriology in 1940’s, Waksman defined the term “antibiotic” as the
substance that has the ability to kill bacteria (Bush, 2010a; Waksman &
Woodruff, 1942). The term was singularly used to refer to a molecule that was
bacteriostatic or bactericidal; however, today, the definition has changed and
expanded - it is applied to natural products and synthetic chemicals that have

antibacterial and antifungal activities. (Bush, 2010).

1.1.2 History of antibiotics
Antibiotics were introduced in the 1930’s as a result of the discovery of the

antibiotic penicillin from the fungus Penicillium notatum by Alexander
Fleming in 1928 and the prontosil (sulfonamidochrysoidine) discovered by
Gerhard Domagk in 1932. Such discoveries had a profound impact on human
health and provided rapid and effective treatment of patients suffering from

bacterial infections known to have been fatal. (Butler & Cooper, 2011).

B-lactam antibiotics were introduced clinically in 1940s exemplified by the
antibiotic penicillin to treat bacterial infections caused by human pathogenic
bacteria after approval of Food and Drug Administration (FDA) as before this
time of the antibiotic era, infections such as bacteraemia caused by
Streptococcus pneumoniae were the causative agents of mortality (Coates et

al., 2002; Dineen et al., 1976). The introduction of antimicrobial agents helped



to decrease the mortality rates, e.g. the subcutaneous use of sulfanilamide
caused reduction of acute meningococcal meningitis from 70-90% to nearly
10% (Powers, 2004). Between the 1930s and 1960s, more than 20 new classes
of antibiotics were discovered — mainly natural or semi-synthetic (Table 1.1).
As a result of these antibiotics to treat severe and life-threatening infections,
the story has become a successful one (Butler & Buss, 2006; Powers, 2004)
and has led to an over confidence on the ability of antimicrobials to eradicate

all infectious diseases.

After the 1960s, research for new and novel drugs slowed and pharmaceutical
industry paid less attention to antimicrobial research (Boucher et al., 2009).
This in part can be explained by the difficulty in discovering new antibacterial
agents with completely novel mechanisms of action and also the cost of

research — particularly clinical trials. (Coates et al., 2002; Powers, 2004).

Since the intensive work on antimicrobial agents in the 20" century, only two
new classes of antibiotics; daptomycin (Figure 1.1) and oxazolidinones
(Figure 1.2) have recently been utilised to treat Gram-positive infections,
whereas, innovation to address Gram-negative bacteria is still struggling and,
at best, can only rely on modification of existing drugs e.g. fluoroquinolones
(Figure 1.3), aminoglycosides (Figure 1.4), tetracyclines (Figure 1.5) and -

lactams. (Figure 1.6) (Bush & Pucci, 2011).



1.2 Gram-Negative Bacteria

Gram-negative bacteria are micro-organisms that are known to have an outer
“cell envelope” or outer membrane (OM), which differs considerably from
other bacterial strains in terms of structure and function. This “cell envelope”
is composed of three envelope layers; the OM layer, the periplasm and the

inner membrane or cytoplasmic membrane (Figure 1.7) (Gupta, 2011).

The structure of the OM has a unique lipid bilayer and its layers of
phospholipids are confined to the inner side of the OM ( Silhavy et al., 2010).
Glycolipids are main components of the OM and they are principally
lipopolysacharides (LPS) which are located as an outer leaflet of the Gram-
negative OM and play an important role as a functional barrier. LPS comprises
the core of polysaccharide, lipid A, and extended polysaccharide chain O
antigen. Lipid A is also known as the endotoxin, minute amounts of which can
cause fever and septic shock syndrome. (Ryan et al., 2004; Silhavy et al.,

2010).

The OM contains proteins which differ to proteins of the cytoplasmic
membrane. Those proteins are classified into two groups; lipoproteins and -
barrel proteins. The function of most lipoproteins are not known yet, whereas
the B-barrel proteins are known as Outer Membrane Proteins (OMPs) and

have different roles according to the kind of OMP, for instance the function of



OmpF and OmpC are known as porins in E. coli allows the passive diffusion

and facilitated movement of monosaccharides, disaccharides and amino

Table 1.1 History of antibiotic introductions and approval (according to

Powers, 2004)

Antibiotic Year of Discovery
Sulfonamides 1935 (launched)
B-lactams 1941 (launched)
Aminoglycosides 1944 (introduced)
Streptomycin 1947 ( launched )
Chloramphenicol 1949 (launched)
Tetracycline 1950 ( launched)
Macrolides 1952 ( introduced )
Glycopeptides 1956 ( introduced )
Rifamycins 1957 (introduced)
Nitromidiazoles 1959 (introduced)
Quinolones 1962 (introduced)
Nalidixic acid 1964 (introduced)
Gentamicin 1967 (launched)
Trimethoprim 1968 (launched)
Oxazolidinones 2000 (launched)
Linezolid 2000 (launched)
Lipopeptides 2003 (launched)
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acids across the OM (Sihavy et al., 2010; Greenwood, 2007; Ryan et al.,
2004). The OMPs in Klebsiella pneumoniae; OMPK35 and OMPK36, act as a
channel for antibiotics to pass through these porins to the cytoplasm and losing

either has shown to facilitate resistance to cephalosporins (Tsai, et al., 2011 ).

The periplasm lies between the two membranes (Figure 1.7) and is filled with
a fluid called the periplasmic gel and situated between the outer and the inner
membranes and considered as the interior part of the cell envelope. The
periplasm plays a crucial role as a transporter of sugars and amino acids and
because it is densely packed with proteins, it acts to sequester of the harmful
RNAse and alkaline phosphatase degradative enzymes. The periplasm is
inhabited with periplasm binding proteins and chaperon like molecules, both
have different functions. Periplasm binding proteins act as transporter of
sugars and amino acids as well as chemotaxis, whereas chaperon like
molecules function in envelope biogenesis (Silhavy et al., 2010) such as the
movement of synthesised molecules e.g. LPS from the cytoplasm to across
the periplasm be assembled on the outer membrane, specific transporters are
required; the periplasmic protein LptA, the OM lipoprotein LptE and the f-
barrel OM protein LptD. (Ruiz et al., 2009). Chromosomal, plasmid-mediated

or inducible B-lactamases present in the periplasm play an important role in

protecting the PBPs from B-lactam antibiotics (Sykes & Matthew, 1976).



The cell wall consists of a thin layer of peptidoglycan known as murein 5-10
(nm) linked to the outer membrane via lipoproteins. N-acetylglucosamine and
N-acetylmuramic acid molecules represent the main structure of the
peptidoglycan layer; moreover, they are cross-linked with penta-peptide side
chains (Vollmer et al., 2008). Despite the fact that the peptidoglycan in Gram-
negative bacterial cell wall is greatly reduced, it plays a significant role in
giving the cell its stability and rigidity and, accordingly, determines cell shape.
The reason for this is the composition of glycan chains in the form of N-
acetylglucosamine-N-acetylmuramic acid, which is found linked in alternative
ways to form murein saculus heteropolymer. The penicillin binding proteins
(PBPs) play a major role in the polymerization of the glycan strand that is
called transglycosylation. PBPs are the target of -lactam antibiotics but are

protected by B-lactamases in the periplasm (Sauvage et al., 2007).

1.3 Examples of anmtibiotics used in treatment of infection caused by
bacteria

Gram-negative bacteria are a leading cause of life-threatening infections and
include nosocomial infections (NI), nosocomial pneumonia (NP), urinary tract
infections (UTIs), intra-abdominal infections (IAls), pediatric bacterial
meningitis, septicaemia, neutropenia, community acquired infections (CAls),
and pelvic inflammatory diseases (Lamb ef al., 2002; Plosker et al., 1998;
Chaudhuri et al., 2011; Baughman, 2009). Since the discovery of antibiotics,

many classes of antibiotics have been employed and derivatives of established

10



antibiotics trialed to overcome increasing resistance. (Table 1.2) (Coates et al.,

2002).

Table 1.2 Main classes and examples of antibiotics and B-lactamase

inhibitors (according to Coates et al., 2002)

Class l Examples
B-lactams
Penicillin G, penicillin V, methicillin, oxacillin, cloxacillin, dicloxacillin, nafcillin,
Penicillins ampicillin, amoxicillin, carbenicillin, ticarcillin, mezlocillin, piperacillin, azlocillin,
temocillin
Cephalosporins

First generation

Cepalothin, cephapirin, cephradine, cephaloridine, cefazolin

Second generation

Cefamandole, cefuroxime, cephalexin, cefprozil, cefaclor, loracarbef, cefoxitin,

cefmetazole

Third generation

Cefotaxime, ceftizoxime, ceftriaxone, cefoperazone, ceftazidime, cefixime,

cefpodoxime, ceftibuten, cefdinir

Fourth generation

Cefpirome, cefepime

Carbapenems

Imipenem, meropenem

Monobactams

Aztreonam

B-lactamase inhibitors

Clavulanate, sulbactam, tazobactam

Streptomycin, neomycin, kanamycin, paromycin, gentamicin, tobramycin, amikacin,

Aminoglycosides o . o L o o
netilmicin, spectinomycin, sisomicin, dibekacin, isepamicin
. Tetracycline, chlortetracycline, demeclocycline, minocycline, oxytetracycline,
Tetracyclines . .
methacycline, doxycycline
. X Rifampicin (also called rifampin), rifapentine, rifabutin, bezoxazinorifamycin,
Rifamycins o
rifaximin
Macrolides Erythromycin, azithromycin, clarithromycin
Lincosamides Lincomycin, clindamycin
Glycopeptides Vancomycin, teicoplanin
Streptogramins Quinupristin, daflopristin
. Sulphanilamide, para-aminobenzoic acid, sulfadiazine, sulfisoxazole,
Sulphonamides .
sulfamethoxazole, sulfathalidine
Oxazolidinones Linezolid
Nalidixic acid, oxolinic acid, norfloxacin, pefloxacin, enoxacin,
i ofloxacin/levofloxacin, ciprofloxacin, temafloxacin, lomefloxacin, fleroxacin,
Quinolones . . o . . . _ )
grepafloxacin, sparfloxacin, trovafloxacin, clinafloxacin, gatifloxacin, moxifloxacin,
sitafloxacin
Others Metronidazole, polymyxin, trimethoprim

11




1.3.1 B-lactams

1.3.1.1 Cephalosporins

Cephalosporins are class of antimicrobials used to treat bacterial infections
due to Gram-negative and Gram-positive bacteria. Cephalosporins are divided
to 1%, 2" 3™ 4™ and 5th generations. The 1** generation was first introduced
in 1945 as natural product derivatives to disrupt the cell wall by interrupting
the synthesis of peptidoglycan causing lysis of bacteria. (Butler & Buss,
2006). Third generation cephalosporins are among the most widely used
subclass of antibiotics and include cefotaxime, ceftazidime, and ceftriaxone.
This class of antibiotics is administered to treat hospital acquired infections
particularly to eradicate infections caused by Enterobacteriaceae e.g. K.

pneumoniae and Escherichia coli.

1.3.1.1.1 Cefotaxime

Cefotaxime has a broad-spectrum of activity and plays an important role in the
treatment of Gram-negative bacterial infections in adult and pediatric patients.
It is administrated to treat bacterial infections due to skin and soft tissue
infections, nosocomial infections, pneumonia, complicated urinary tract
infections, meningitis, bone and joint infections and bacteraemia (Adu &

Armour, 1995; Plosker et al., 1998; Dajani, 1995).

12



1.3.1.1.2 Ceftazidime

Ceftazidime is an aminothiazolyl syn-methoxyimino cephalosporin, it is a B-
lactam antibiotic has broad-spectrum activity against Gram-negative.
Ceftazidime is administered to treat bacterial infections e.g. respiratory tract,
genitourinary tract, gynecological, bone and joint, septicaemia, intra-
abdominal, bacteraemia, meningitis, skin and tissue and ventilator associated

pneumoniae infections (VAPs). (Buijk ef al., 2002; Lorente et al., 2007).

1.3.1.1.3 Ceftriaxone

Ceftriaxone was introduced in 1980s and used extensively to treat bacterial
infections due to its stability against B-lactamases, particularly produced by
members of Enterobacteriaceae. It is used to treat broad range of infections;
these include meningitis in adults and infants, acute otitis media, CAls,
uncomplicated gonorrhea, pelvic inflammatory disease, acute pyelonephritis
and spontaneous bacterial peritonitis. (Lamb, ef al., 2002; Jones, et al., 1998;

Diekema, et al., 1999).

1.3.1.2 Carbapenems

Carbapenems are derived from the antibiotic thienamycin which is a natural
product of the Gram-positive bacterium Streptomyces cattleya. This class of B-
lactams includes meropenem, imipenem, ertapenem, and doripenem.
Carbapenems are often used as empirical therapy and to treat bacterial

infections caused by Gram-negative bacteria that produce resistant
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determinants against extended spectrum cephalosporins. Carbapenems are
classified into two groups. Group 1 comprises antibiotics that have limited
antibacterial activity against non-fermenters Gram-negative bacteria such as
ertapenem. Group 2 includes antibiotics active against non-fermenters and
recommended to treat nosocomial infections. (Shah & Isaacs, 2003; Livermore
and Woodford, 2000; Birnbaum et al., 1985; Ayalew et al.,2003; Zhanel et al.,

2007; Mohr, 2008).

1.3.1.2.1 Imipenem

Imipenem is N-formimodoyl-thienamycin (Figure 1.8) is not used on its own
because it is rapidly degraded by dehydropeptidase produced by the human
kidney and has an adverse toxic effect on the kidney, therefore imipenem
should be co-administrated with cilastatin in the ratio of 1:1 to act as an
inhibitor of the dehydropeptidase enzyme and to neutralize the toxic effect of

the antibiotic. (Rodloff et al., 2006).

Transpeptidases also known as penicillin binding proteins (PBPs) cross link
the peptidoglycan and provide the bacteria with a rigid cell wall are the main
targets for imipenem. Imipenem has been shown to inactivate the
transpeptidase of PBP-1A, PBP-1B and PBP-2, it moreover, inhibits the D-
alanine carboxypeptidase of PBP-4 and PBP-5 in E. coli. (Hashizume et al.,
1984). Imipenem is a broad-spectrum antibiotic indicated as initial empirical

therapy and in treating serious bacterial infections including NI, ventilator
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associated pneumonia (VAP), febrile neutropenia (Torres et al., 2000; Zanetti
et al., 2003; West et al., 2003; Raad et al., 2003; Cherif et al., 2004), hospital
acquired pneumonia (HAP), healthcare associated pneumonia (HCAP),
patients hospitalized suffering from intra-abdominal infections, patients with
skin and soft tissue infections and lower respiratory tract infections (Neu,

1983; Shah & Isaacs, 2003).

NH
§
OH o I
H '
{ NHCH
,/h ; ~SN
H,C , H.O
H/—N )
o COOH

Figure 1.8 (/N-formimodoyl-thienamycin). (Rodloff et al., 2006).

1.3.1.2.2 Meropenem

Meropenem is a member of carbapenems marketed to eradicate Gram-
negative bacterial infections and was approved by the FDA in 1996 (Zhanel et
al., 2007; Baldwin et al., 2008). Meropenem binds effectively to penicillin
binding protein (PBP) with high affinity, accordingly inhibiting the growth of
the micro-organism. It has high affinity to PBPs 2, 3, and 4 of E. coli and

PBPs 1 and 2 of Pseudomonas aeruginosa (Baldwin et al., 2008).
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Meropenem is effective in the treatment of several infectious diseases caused
by pathogenic bacteria, it is recommended for the treatment of NP, it can also
be used as an alternative to other antibiotics such as amikacin (Alvarez Lerma,
2001) or combinations of antibiotics e.g. ceftazidime and tobramycin
(Heyland et al., 2008). Meropenem is also very efficacious in treating patients
with complicated intra-abdominal infections (CIAI) (Zanetti et al., 1999;
Brismar et al., 1995). In one study, 153 patients with septicaemia, meropenem
was effective as an empirical therapy, and as effective as ceftazidime with or
without amikacin (Baldwin er al., 2008). Meropenem also displays high
efficacy in treating adults and paediatric patients suffering from cancer related
febrile neutropenia infected with E. coli, Klebsiella spp and P. aeruginosa
(Oguz et al., 2006; Kutluk et al., 2004; Feld et al., 2000; Cometta et al., 1996),
and patients with bacterial meningitis caused by K pneumoniae and
Haemophilus influenzae (Odio et al., 1999; Schmutzhard et al., 1995). It is
also highly active in treating complicated urinary tract infections (CUTI) (Cox
et al., 1995); complicated skin and skin structure infections (CSSSIs) (Fabian
et al., 2005) and acute pulmonary infections caused by P. aeruginosa in

patients with cystic fibrosis (Blumer et al., 2005).

1.3.1.2.3 Ertapenem
Ertapenem has a broad-spectrum activity against Gram-negative bacteria but
not non-fermenters as it has limited antibacterial activity and it is

recommended for CAls (Keating & Perry, 2005). Ertapenem is active against
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Enterobacteriaceae producing extended-spectrum B-lactamases (ESBLs) and
AmpC B-lactamases. Ertapenem binds to PBPs, subsequently interferes with
bacterial cell wall synthesis and due to occurrence of 1B-methyl substituent,
co-administration with cilastatin with ertapenem is not required as ertapenem

is stable against renal dehydropeptidase I. (Alhambra et al., 2004)..

1.3.1.2.4 Doripenem

Doripenem was approved by FDA in 2007 to be used to treat CIAI and CUTIs
(Paterson & Daryl, DePestel, 2009). Its activity resembles that of meropenem
(Jones et al., 2005a; Mushtaq et al., 2004). Doripenem forms a stable acyl-
enzymes and causing weakness bacterial cell wall and consequently lead to
cell wall rupture as a result of osmotic pressure forces (Stratton, 2005). PBP2
and PBP3 in P. aeruginosa and E. coli are the prime targets for doripenem
(Davies et al., 2008).

Doripenem is very similar to meropenem in the treatment of post-surgical
infections (Lucasti et al., 2008); and can be employed to treat CUTIs,
pyelonephritis and baseline bacteremia, hospital acquired pneumonia

including VAP (Rea-Neto et al., 2008; Chastre, et al., 2008).

1.4 Mechanism of antibiotic action
1.4.1 Introduction
Antibiotics were discovered and introduced as to be used to treat bacterial

infections by interrupting the physiological mechanisms inside the bacterial
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envelope/cytoplasm that allow normal cellular function. Two main
mechanisms of bacterial inhibition are known, bactericidal drugs induce cell
death while bacteriostatic drugs act as cell growth inhibitors (Kohanski, ef al.,
2010). Herein, I will describe the effect of antibiotics on protein synthesis, cell

wall and DNA synthesis.

1.4.1.1 Inhibition of protein synthesis

Protein synthesis occurs at the ribosome of bacteria and during phases of
synthesis, initiation, elongation and termination, more specifically on the 50S
and 30S subunits (Figure 1.9). Inhibitors of protein synthesis differ according
to the target site, inhibitors of 50S subunit of Gram-negative bacteria include
lincosamide e.g clindamycin and chloramphenicol (Katz & Ashley, 2005).
Aminocyclitol family and tetracyclines are among the 30S ribosome inhibitors
and include kanamycin, gentamicin and streptomycin. These antibiotics inhibit
the bacterial growth by interrupting the access of aminoacyl-tRNAs to the
ribosome (Chopra & Roberts, 2001). Protein mistranslation can also occur as
a result of the interaction between aminoglycosides and 16S rRNA, such
interaction causes alteration in the complex between mRNA and aminoacyl-
tRNA at the ribosome and consequently mismatching of tRNA will take place

leading to protein mistranslation (Pape et al., 2000).

18



F " ,$E

$@%,%0

$@%,85

1

$)Q~

1A

) # #
# #
& > W6 #
# n ) n
*  0A,A*
6 L
# ! .6) 6@*6G6
JEEO0*$ !
n ' n 6 n ) J < 1
1 6 # !
S, A*S 7
H |
n 6 n
" 1 .8,
0A,A*$
# # G



G

)F "

*

$1

$ -
7 #6 $"$
JE>=P Q * $1 OA,A*$
%" )
& &!)
&
$ %
+
%"( $
)
& &)
! .6
*  0A,A*
2 # " "2 2 2 2
< G
% % Y
z
2 2 2 2 2 2 2 2
| : )
*  0A,A*



1.5 Mechanism of antibiotic resistance in Gram-negative bacteria
Several factors have been attributed to the ascending level of bacterial
resistance to antimicrobial agents used in clinical settings and have led to the

emergence of multi-drug resistant strains.

1.5.1 Efflux pump mediated antibiotic resistance

Efflux is considered one major mechanism by which bacteria can expel
antimicrobials outside the cell. Efflux pumps are often chromosomally
mediated; however, some plasmid mediated pumps have been reported. Five
families of efflux pumps were reported, ATP binding cassette superfamily
(ABC), the multi-drug and toxic compound extrusion family (MATE), the
major facilitator superfamily (MFS), the small multi-drug resistance family
(SMR) and the resistance nodulation division superfamily (RND). (Li &

Nikaido, 2004; Li & Nikaido, 2009).

Single or multi-drug resistance in E. coli is in part attributed to the occurrence
of efflux transports in addition to other resistance mechanisms. More than 37
efflux pumps were found in the genome of E. coli belonging to different
families; seven RND type, seven ABC type, 1 MATE type and 19 MFS.
AcrAB is known to work with the outer membrane protein TolC as the
combination system shows broad substrate specificity toward B-lactams,
chloramphenicol and novobiocin as well as dyes, detergents and organic

solvents (Li & Nikaido, 2004). Twelve types of RND type efflux system have
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been described as responsible for resistance of P. aeruginosa to
antimicrobials, detergents, chemicals, molecules, dyes and antiseptics for
instance MexAB-OprM, MexCD-Opr], MexEF-OprN, MexGHI-OprD and
MexXY efflux pumps. MexAB-OprM efflux provides a wide range of
resistance to antibiotics, B-lactam, tetracycline, trimethoprim, chloramphenicol

with intrinsic resistance toward flouroquinolones (Askoura et al., 2011).

1.5.2 Outer membrane permeability and antibiotic resistance

The outer membrane in Gram-negative bacteria has already been described in
(section 1.2). Antibiotics undertake two pathways to penetrate the outer
membrane targeting the cytoplasmic membrane; the lipid-mediated pathway
and general porin diffusion. Some antibiotics use both ways to enter the cell
e.g. tetracycline and quinolones. Hydrophobic antibiotics enter the Gram-
negative bacterial outer membrane via the lipid-mediated pathway whereas the
hydrophilic antibiotics use porins to reach their target (Delcour, 2009).
Gentamicin, kanamycin, erythromycin, rifamycin, fusidic acid and cationic
peptides are known as hydrophobic antibiotics able to enter the cell through

the outer membrane bilayer (Vaara, 1992; Nikaido, 2003).

Bacteria use the LPS core region as a barrier for hydrophobic antibiotics.
Some antibiotics and chemicals play a major role in the sensitivity of bacteria
to antimicrobials, e.g. Tris/EDTA and polymyxin B. The target of Polymyxin
B is the cytoplasmic membrane; it penetrates the cell and by binding to

negatively charged LPS causes destabilisation of the outer membrane, the fatty
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acid tail of the antibiotic causes disruption to the membrane integrity leading
to the antibacterial action. Resistance of bacteria to polymyxin B is achieved
by esterification of the lipid A phosphates by the occurrence of 4 to 6 times of
4-aminoarabinose and more phosphoethanolamine, these compounds lower the
negative charge of the LPS leading to more resistance to polymyxin B

penetration (Cardoso, 2007; Delcour, 2009).

The term porin refers to B barrel proteins that act as a channel crossing the cell
membrane. The classical porins that are known to facilitate the diffusion of
molecules are OmpC and OmpC subfamilies; however, some exceptions
should be taken into consideration such as PhoE in E. coli and OprD of P.
aeruginosa and others. (http://www.membranetransport.org/). The porin
channel provides an entry for B-lactams and fluoroquinolones but Gram-
negative bacteria have developed some mechanisms to withstand antibiotics,
such as changing porin type or the levels expressed, modification of the target
site and synthesis of pore blocking molecules. (Pagés et al., 2008). For
example, OmpK35, one of the characteristic porins of K. pneumoniae and of
the OmpF porin group was replaced with OmpK36 as a result of the exposure
to treatment of patients harbouring the K. pneumoniae with pB-lactam
antibiotics (Doménech-Sanchez et al., 2003). In vivo and in vitro evidence
show that mutation occurred in OprD of P. aeruginosa causing carbapenem
resistance in the presence or absence of carbapenemase production (Ochs et

al., 2000; Wolter et al., 2004).
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1.5.3 p-lactamases

1.5.3.1 Introduction

The term B-lactamase refers to the enzymes produced by micro-organisms that
hydrolyses B-lactam molecules and thus singularly or in part enables -lactam
resistance. More than 500 B-lactamase enzymes have been reported to date
(www.lahey.org/studies.webt.htm). It is considered the most common f-
lactam resistance mechanisms that contribute to wide spread resistance among
Gram-negative bacteria (Bush & Jacoby, 2010). B-lactamases differ from one
another in substrate profiles which depend on the number and types of
antibacterial agents they can inactivate. They also differ in terms of their
inhibitor profile. Moreover, the amino acid composition of these enzymes is
another factor in distinguishing the similarities and the existence of active
hydrolytic parts of the enzyme (Ambler, 1980; Bush, 2010 b). In Gram-
negative bacteria, the occurrence of B-lactamase mediated resistance is either
expressed chromosomally or is plasmid borne. However, the spread of B-
lactamases is frequently associated with plasmid encoded ESBLs, specifically
the CTX-M family, and serine carbapenemases KPC and the Metallo-B-
lactamases (MBLs) VIM, IMP and NDM-1 (Pitout, 2010). Based on substrate
specifications, four major groups of B-lactamases have been identified so far;
penicillinases, AmpC-type cephalosporinases, ESBLs and carbapenemases.
For the purpose of my thesis, I will primarily focus on ESBLs and

carbapenemases rather than the less-extended B-lactamases.
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1.5.3.2 Classification of f-lactamases

The importance of the antibiotics penicillins and cephalosporins to treat
infectious diseases has led to the focus on exploring the characteristics of
enzymes produced by bacteria that hydrolyze these antibiotics. Many bacteria
are able to exhibit a new approach to withstand antibiotics, more specifically
B-lactams. This is frequently noticed by the insertion of new nucleotide
sequences in the genetic context of a particular antibiotic resistance gene or by
changing of one or more nucleotides in the nucleotide sequence that lead to
different amino acid sequences e.g. TEM group of p-lactamases.
Consequently, this may result in a different substrate hydrolysis profile that
can lead to a higher level of antibiotic resistance. However, a decrease in
antibiotic hydrolysis may also be observed. By 2009 more than 500 unique
protein sequences for  —lactamases had been reported (Bush & Jacoby, 2010).
B-lactamases have been classified in two ways, the first classification is
Ambler classification based on the classification of B-lactamases according to
their primary structure (Ambler, 1980), while Bush, Jacoby, Medeiros
classification is based on functional characteristics of B-lactamases (Bush et

al., 1995).

1.5.3.3 Extended spectrum B-lactamases (ESBLs)
ESBLs are a group of enzymes able to hydrolyze and confer resistance to
penicillins cephalosporins, monobactams and oxyimino-cephalosporins that

include cefotaxime, ceftazidime, ceftriaxone, cefuroxime and cefepime. These
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enzymes do not affect some cephamycins such as cefoxitin and cefotetan.
ESBLs have no or little activity towards carbapenems. They are inhibited by
the classical [-lactamase inhibitors; clavulanic acid, sulbactam and
tazobactam. The majority of ESBLs have been classified under Ambler class
A B-lactamases, these enzymes include blasyy and blateym that have evolved
from e.g. blasyy.) and blarpm.) encoding genes. Such derivation is attributed to
one or more point mutations occurring on the -lactamase active site (Paterson

& Bonomo, 2005).

ESBLs are often found carried on large plasmids. In addition, a number of
antibiotic resistance genes that confer resistance to antibiotics such as
aminoglycosides and trimethoprim/sulphamethoxazole are also found on the
same plasmids. ESBLs are considered among the largest group of B-lactamase
known to activate antibiotics such as penicillins and cephalosporins rendering
carbapenems as the last choice for treating infections, this results in more
pressure on carbapenems. (Bush, 2010b). CTX-M enzymes are among the
wide spread ESBLs, since their first description in 1989 (Bauernfeind et al.,
1990), over 120 CTX-M type ESBLs have been discovered to date
(http://www.lahey.org/studies/other.asp#tablel). CTX-M ESBLs are grouped
into five major clusters; CTX-M-1,2,8,9 and 25 (Barlow et al., 2008 &
Bonnet, 2004), CTX-M 1 and CTX-M 9 being the most diverse clusters with
31 and 22 variants identified respectively. CTX-M enzymes comprise a wide

range of subgroups for instance; CTX-M groupl 1, 2 and 9 are known to
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include more members of CTX-M variants than CTX-M 8 and 25 e.g, CTX-
M-1,3,10,11,12,32,36 and CTX-M-15, CTX-M group 2 encompasses CTX-M-
2,20,31,5,6,56,7 and others, CTX-M-9 includes for instance; CTX-M-
9,13,14,17,47,48 and CTX-M-55. CTX-M groups 8 and 25 includes only few
variants (Novias et al., 2010 & Harada et al., 2008). The dissemination of
CTX-M ESBLs is oftentimes associated with the occurrence of Insertion
Sequence Common Regions (ISCRs) which are found to be located upstream
of antibiotic resistance genes and can activate their transmission. The
occurrence of CTX-M ESBLs in E. coli isolates from nine patients in Norway
has been recently assessed. Six of the ESBL genes were blacrtx.m-15 and one
blactxms. All blactx-m-15 bore resemblance to each other in terms of their
sensitivity to antimicrobials used with minimum inhibitory concentrations
MICs), =2 256 pg/ml and >256 pg/ml for cefotaxime and ceftazidime,

respectively (Naseer et al., 2007).

1.5.3.4 Carbapenemases

Carbapenems are hydrolysed by carbapenemases produced by Gram-negative
bacteria such as members of Enterobacteriaceac and non-fermenters. These
enzymes have been classified into three classes according to Ambler
classification; class A, B and D. Class A and D are known as serine
carbapenemases and Class B are called metallo- B-lactamases (MBLs) (Walsh,

2010).
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1.5.3.5 Class A carbapenemases

Class A carbapenemases are also known as group 2f, according to Bush ez al.,
1995, comprises five phylogenetic groups; NMC, IMI, SME, KPC and GES
and are subdivided into chromosomally and plasmid mediated groups. SME,
NMC and IMI are chromosomally mediated whereas KPC and GES groups
are, in most cases, plasmid mediated. These enzymes possess hydrolytic
activity towards_most B-lactams including carbapenems, cephalosporins,
penicillins, and aztreonam and have been found in Enterobacteriaceae and P.
aeruginosa. SME-1, SME-2 and SME-3 were chromosomally mediated in
Serratia marcescens whereas IMI-1, IMI-2 and NMC-A are detected on the
chromosome of Enterobacter cloacae. GES-2 was found plasmid mediated in
P. aeruginosa, GES-4 has been detected on a plasmid in K. preumoniae
isolated from a Japanese patient whereas GES-5 and GES-6 were plasmid
mediated in E. coli and K. prneumoniae isolated from Greece (Queenan and

Bush, 2007; Walsh, 2010).

KPC enzymes are among the plasmid encoded class A serine carbapenemases,
mostly from K. pneumoniae, and are considered the most frequently detected
class A enzymes that have a potent threat to antimicrobials used to treat
infections. KPC enzymes were first discovered in K. pneumoniae isolated
from a patient from North Carolina, USA in 1996. KPC-1 was followed by
KPC-2 and, later on KPC3, KPC-4, KPC-5, KPC-6 and KPC-7 as variants of

KPC-1 and KPC-2. KPC genes have been reported on plasmid in
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Enterobacterial species; E. coli, Salmonella cubana, E. cloacae, Proteus
mirabilis, and K. oxytoca. Self transferable KPC genes have been determined
to be transferred to E. coli, they have also been detected carried on a 10kb
transposon, Tn4401, and associated with the insertion sequences ISKpn6 and
ISKpn7 (Nass et al., 2008; Nordmann er al., 2009; Walsh, 2010; Queenan and

Bush, 2007).

1.5.3.6 Class D B-lactamases

This class of B-lactamases includes enzymes called oxacillinases, these
enzymes hydrolyze cloxacillin, oxacillin, extended spectrum cephalosporins
and carbapenems. Oxacillinases such as blapxa-1 and blaoxa-10 are among
enzymes that show increased hydrolysis of cloxacillin or oxacillin whereas
blapxa-11 and blaopxa.is hydrolyse cloxacillin or oxacillin and even oxyimino-
B-lactams less efficiently than others. Some p-lactamases can target
carbapenems for instance blapgxa-23 and blapgxa-ag in addition to cloxacillin and
oxacillin, these enzymes have been detected plasmid mediated in
Enterobacteriaceae (Poirel et al., 2004; Walther-Rasmussen and Hoiby, 2006).
Four clusters of oxacillinases are responsible for carbapenem hydrolysis in
Gram-negative bacteria; blaoxa-23, blaoxa-2a, blaoxa-ss and blaoxa.ag (Walther-
Rasmussen & Hoiby, 2006). blapxa-23 cluster comprises two enzymes; blaoxa-
27 and blaoxa-9. The majority of these enzymes are found in Acinetobacter and

can be chromosomally or plasmid mediated (Poirel & Nordmann, 2006).
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1.5.3.7 Metallo-B-lactamases (MBLs)

MBLs are enzymes capable of readily hydrolysing all B-lactam antibiotics
with the sole exception of monobactams. In addition they are not inhibited by
the classical serine B-lactamase inhibitors (Walsh et al., 2005), (Jones ef al.,
2005b; Poirel et al., 2010a; Samuelsen et al., 2010; Walsh et al., 2005). At
molecular level, MBLs are a disparate group of proteins, they are classified to
three classes; B1, B2 and B3 based on sequence identity and other structural
features. Classes B1 and B3 possess two zinc ions in their active sites and
class B2 possesses only one zinc ion. The widely spread enzymes belong to
class B1, these enzymes posses the key zinc coordinating residues of three
Histidine and one cysteine such as; IMP, VIM, GIM and SPM-1, class B2
include enzymes that posse asparagine instead of Histidine (Walsh et al.,
2005) Most MBL genes are located on mobile genetic elements, the majority
of these MBL encoding genes are carried in the form of gene cassettes on class
1 integrons and/or Tn402-type transposons (Marchiaro et al., 2010; Poirel et
al., 2010b; Borgianni et al., 2011; Lee et al., 2005; Castanheira et al., 2004;
Santos et al., 2010) whereas some of these genes are associated with insertion
sequences such as ISCR4 (blaspm.1), (Salabi et al., 2010; Poirel et al., 2004)
and IS26/Tn3 transposon (Yong et al., 2009) which can facilitate their global
spread. MBLs have been reported worldwide in non-fermenting Gram-
negative bacteria (Osano ef al., 1994) and more recently in Enterobacteriaceae

(figure 1.12) (Kumarasamy et al., 2010)
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The continuous emergence of MBLs and their association with MDR
phenotypes in Gram-negative bacteria are considered major threats in the
treatment of infectious diseases. To date 9 acquired MBLs have emerged
worldwide (Figure 1.12); IMP (Osano et al., 1994), VIM (Lauretti et al.,
1999), SPM-1 (Toleman et al., 2002, GIM-1 (Castanheira et al., 2004), SIM-1
(Lee et al., 2005), AIM-1 (Gupta, 2008), KHM-1 (Sekiguchi et al., 2008),
NDM-1 (Yong et al., 2009) and DIM-1 (Poirel et al., 2010) genes in addition

to the novel TMB-1 that was recently detected in Libya (see chapter 6).

The prevalence of carbapenem resistance strains of P. aeruginosa has been
reported in China during the period of 2004 to 2005. P. aeruginosa strains
have been collected from different cities in China including a large teaching
hospital in Beijing and data shows that 10 % of all imipenem resistant P.
aeruginosa carry blayyy type MBLs. 12 out of 14 strains of P. aeruginosa
were positive for class 1 integrons carrying blayim.;. These results reveal that
blayu.> type MBL genes disseminated horizontally in China between different
cities, due to patients transfer among cities inside the country. (Yu et al.,

2006).

Numerous strains of Gram-negative bacteria possess chromosomes that have
become a mosaic as a result of the horizontal gene transfer and the vertical
inheritance of genes (Waldor, 2010). Four mechanisms by which antibiotic

resistance genes can horizontally be mobilised from a chromosome to a

31



). "1 0A,,* # ) # O H 1 0A,,*$
6 %.+
6 7 +6
6 + 6
6 % +6
M 6 +6
6 QJ+6
*06) 141/ (! & )* + (' $ C&( ' (& O $# /010B 4
14, (I & )* + (I + + "ol (" + ) $ $" n ) & %* n
F+" )
7 #6 " 1 # #
6! # * *
# n # n I ## )
! $ 2 6 # 1 | -
# # n # $
! )56 # 2 |
! ! .6 # 6 % 8 !
# ) * $1 O0A,,P * $1 O0OAA=*$% #

>/



OAACB0AAE1

1

#
# < n #
2 6 #
+6 % 8 “
A | Il 6
$,5% )  #* $1 0AA>*$
# 9 # !
K6+6,2 K6+6,?
K6+65 - Koxes
K6+6E Kore
K6+6,A
K6+ 6E
K6+6,@
F" ,$,5 #o ! K6+ %8
) # * $1 0OAA>*
#
#

% 8

| 26+6 1 && 26#

# 9 )F"



increasing trend in the resistance of these micro-organisms to antimicrobials
used. The surveillance showed that E. coli isolates collected from European
countries exhibited high resistance to aminopencillin, extended-spectrum
cephalosporins and aminoglycosides. European antimicrobial resistance
surveillance (EARS-Net) data also shows a continuing increase in
flouroquinolone resistance. High proportion (85-100%) of E. coli isolates
resistant to extended-spectrum cephalosporins were due to ESBLs indicating
the high prevalence of ESBL producing E. coli in European hospitals
(http://ecdc.europa.eu/en/publications/Publications/1011_SUR_annual EARS

_Net_2009.pdf).

A high proportion of resistance of K. pneumoniae to extended-spectrum
cephalosporins, fluoroquinolones and aminoglycosides is evident. K
pneumoniae isolates from two countries; Greece and Cyprus in the
Mediterranean Gulf also show high resistance to carbapenems. Half of the
countries involved in the surveillance program reported the incidence of multi-
drug resistant (MDR) K. pneumoniae to extended-spectrum cephalosporins
(Figure 1.14), aminoglycosides and fluoroquinolones whereas northern
European countries such as Denmark and Norway reported an increasing trend
of resistance to specific classes of antibiotics whilst emergence of resistance in
UK showed a consistent reduction (http://ecdc.europa.eu/en/publications

/Publications /1011 _SUR _annual EARS Net 2009.pdf).
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With respect to EARS-Net data on P. aeruginosa in Europe, data on the
resistance trends from the eastern and southern parts of Europe show a higher
proportion of antibiotic resistance. Overall, of 8129 P. aeruginosa isolates
collected from the 28 countries participating in the surveillance, 1541 have
shown resistance to carbapenems; imipenem and meropenem (Figure 1.15).
(http://ecdc.europa.eu/en/publications /Publications /1011_SUR  annual

EARS_Net_2009.pdf).

Carbapenems were introduced as a first line therapy to treat infections caused
by non-fermenters in the 1980s, they have also been used for ESBL-producing
Enterobacteriaceae after the increasing trend of resistant enterobacterial
species to 3™ generation cephalosporins. Since then acquired carbapenemases
started to appear and attracted increasing attention most notably MBLs and to
lesser extent other carbapenemases such as class A. Since the discovery of
MBLs, 9 of these enzymes with their variants have been reported in Latin
America, USA, Europe, Africa, Southern Asia, India and Australia and
recently TMB-1 in Libya (see chapter 6). Recently MBLs were found in K.
pneumoniae, E. coli and E. cloacae such as blanpm.; that first emerged in
India, followed by the UK, and currently has been detected in many countries
worldwide (Pfeifer et al., 2011; Chen et al., 2011; Wu et al., 2010; Perry et

al.,2011; Solé et al., 2011; Jovcic et al., 2011; Yamamoto et al., 2011).
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(http://www.hps.scot.nhs.uk/haiic/amr/earsurveillance.aspx) and others. The
monitoring of these programs provides information on the increasing or
decreasing level of antibiotic resistance rate worldwide. It moreover offers a
guide for empirical treatment regimens. The massive use of antimicrobial
agents is the leading cause of the prevalence of antibiotic resistant strains in

community and hospital settings.

As an example, a longitudinal study was carried out from 1993 to 2004 aimed
to assess the resistance rates of Gram-negative bacilli that cause infections in
the intensive care units in the United States (Lockhart et al., 2007). Forty three
US states in addition to Columbia were included in this study and 74,394
isolates belong to 11 species of Gram-negative bacteria were collected and
tested against 17 antibiotics. The results showed that 22.2 % of all Gram-
negative isolates were P. aeruginosa followed by 18.8 % E. coli and 14.2 %
K. pneumonia, with additional low percentages of other Gram-negative
bacteria. Furthermore, P. aeruginosa was the highest among UTIs with 29.9
%. E. coli represented the highest among urine isolates with 42.4 %, while it
counted as 23.9 % in the blood. Antibiotic susceptibility testing revealed that
the highest resistance rate have been recorded for ampicillin-sulbactam, with
five-fold increase in the resistance of P. aeruginosa, while evaluation of the
rate of multi-drug resistance between 1993 and 2004 showed that a
longitudinal increase in MDR has been observed (Table 1.3). It has been

noticed that there is an association between fluoroquinolone usages as a
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therapy and resistance, because the prolonged use of these antibiotics have
attributed to the rise of ESBL producing E. coli and P. aeruginosa. (Lockhart
et al., 2007). According to the CDC, MDR is defined as the resistance of

bacteria to > 3 classes of antibiotics.

Table 1.3 Longitudinal increase in multi-drug resistance in USA

(Lockhart et al., 2007)

1993 2004
Organism
No. of MDR No. of MDR % of
% of MDR
isolates/total no. isolates/total no. MDR
. isolates
of isolates of isolates isolates
P. aeruginosa 13/769 1.7 93/1004 93
E. coli 0/724 0 16/808 2
K. pneumoniae 26/513 5.1 84/633 13.3
E. cloacae 13/397 33 24/406 59
Acinetobacter spp. 19/285 6.7 101/338 29.9
E. aerogenes 6/213 2.8 0/154 0
P. mirabilis 1/174 0.6 1/142 0.7
| ¢ freundii 5/95 53 7/63 1.1
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Another study conducted in Sierallana Hospital in Spain sought factors that
may have an additional effect on patients admitted with bacteraemia. Blood
samples from 15045 patients were collected to determine the causative agents
of bacteraemia in the period from 1997 to 2005. Antibiotic susceptibility tests
were performed wusing the following antimicrobials; ampicilin,
amoxicillin/clavulanate, pipracillin/tazobactam, cefotaxime and trimethoprim/
sulfamethoxazole. 14.9 % of the patients had positive blood cultures, of
which, 4.4 % of isolates were E .coli. It has been reported that the factors that
attributed to the occurrence of bacteraemia in this hospital were; MDR E.coli,
ESBL producing E. coli, age of patients, time of treating with antibiotics and
the presence of severe sepsis, which collectively had a role in the morbidity

due to E. coli infections (Peralta et al., 2007).

The activity of meropenem and 11 other antimicrobial agents including third
generation cephalosporins has been assessed in the USA for 10 years in the
period between 1999-2008 to demonstrate any increase or decrease in the rate
of antibiotic resistance. A steady increase in the resistance rate of
ciprofloxacin was observed among E. coli (Figure 1.16), an increase in the
resistance of K. pneumoniae strains was detected for meropenem, ceftazidime,
piperacillin/tazobactam, tobramycin and ciprofloxacillin from 2004 to 2007,
however the resistance rate to these drugs slightly decreased in 2008 (Figure

 1.17). (Rhomberg and Jones, 2009)
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In Arabia, data on antimicrobial resistance is lacking. However, in Tunisia the
appearance of blacrx.m family occurred in 2005 after the identification of
blactxm-27 associated with ISEcpl in Salmonella enterica and continued to
appear in 2006, 2009 and 2010. MBLs were only found in three isolates,
blayp.> in two isolates of P. aeruginosa and blayps produced by K
pneumoniae in addition to other ESBL genes. Oxacillinases started to be
reported in 2007 when blapxa-1s was detected in P. aeruginosa and different
OXA enzymes continued to emerge up to the discovery of blapxaas the
carbapenem hydrolysing enzyme in K. pneumoniae in 2010. (Figure 1.18)
(Chouchani et al., 2011). The first report of blacrx.m.15 and blactxm-3 in E.
coli, K. pneumoniae and E. cloacae isolated from two hospitals in Bejaja,
Algeria appeared in 2006 (Touati et al., 2006) followed by detection of blacrx-
m-15 in K. pneumoniae and E. coli from hospital environment (Touati et al.,
2007) and in Salmonella enterica isolated from patients in Algeria (Touati et
al., 2008). blayn-19 was reported as a novel MBL found in Enterobacteriaceae
in Algeria (Robin et al., 2010). Mechanism of antibiotic resistance in clinical
isolates of P. aeruginosa from patients admitted to the University affiliated
hospital of Tlemcen in Algeria was due to the production of blapxa.10 and
blatemiio (Drissi et al., 2008). The first description of CTX-M producing
Gram-negative bacteria in Egypt was from clinical isolates of E. coli in 2006
- (Mohamed Al-Agamy et al., 2006) while the first report of blatem and blasyy
appeared in 2009 (Ahmed et al., 2009), showing the lack of research on this

subject. blanpm-» was the only MBL detected in 4. baumannii from Egypt
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1.7 DNA structures that spread antibiotic resistance

1.7.1 Plasmids in multi-resistant Gram-negative bacteria

Plasmids are extra-chromosomal DNA found in the cytoplasm of bacteria as
independent genetic moieties capable of autonomously reproducing copies of
the same plasmid within the cell in the presence of mechanisms to control
plasmid copy number and the stability of plasmid inheritance. Plasmids carry
essential genes for establishing and directing replication. Furthermore, they do
not normally have any functional contribution that is necessary for the cell or
cell growth. Plasmids are circular and sometimes linear double stranded DNA
segments that normally replicate without affecting the circular chromosome
(Carattoli et al., 2005). Plasmids are known to carry genes code for
detoxification, ecological interactions, virulence and antibiotic resistance.
Plasmids can confer and mobilize resistance to antimicrobials by acquiring
resistance genes via horizontal gene transfer and consequently increase the
genetic diversity of bacteria.

Resistance genes in Enterobacteriaceae have different constraints for host
ranges depending on the plasmids that carry them. It is supposed that genes
carried on IncP, IncA/C and IncQ can move to genera of Enterobacteriaceae in
addition to Pseudomonas and even Gram-positive bacteria due to their larger
host range. Other plasmids such as IncFII have a limited host range restraining
the transferability of antibiotic resistance genes located on these plasmids, for

instance blacrx-m-15 does not have the ability to move to non-fermenters such
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as Acinetobacter and Pseudomonas and only limited for Enterobacteriaceae

(Carattoli, 2009; Smillie ef al., 2010).

1.7.2 Pathogenicity islands (Multi resistance in bacteria)

The multi-resistance genotype can reflect the occurrence of resistance islands
that include a considerable number of resistance markers and are known as
genomic islands (Schmidt & Hensel, 2004). Several bacterial species have
shown that the multi-drug resistance phenotypes were mainly attributed to the
incidence of resistance islands. These isolates include; Shigella flexneri, S.
enerica, Vibrio cholera and Staphylococcus aureus with genomic islands sized

20 to 60 kb (Dobrindt et al., 2004).

One of the first resistance islands to be fully characterised from genomic
sequencing was that by Fournier et al. that reported an 86kb island from A.
baumannii. This strain, AYE, included 45 antibiotic resistance genes, 25 of
which belong to B-lactams, aminoglycosides, fluoroquinolones, tetracyclines,
trimethoprim, chloramphenicol, rifampicin and sulphonamides. Several
antibiotic resistance genes were previously reported in Acinetobacter spp for
instance blapxa-10 and blavgg.1, aac3, aadA1/B and dhfrl, were also found in
this island whereas some other resistance genes had not been reported in
Acinetobacter species before such as aac6, tetA, cmlA, dfrX and blaoxaes.
“aac6 confers resistance to aminoglycosides except gentamicin, fetd is a
tetracycline resistance gene, cml/A encodes the multidrug efflux pump

Cmr/MdfA, dfrX confers resistance to trimethoprim and blaoxa.eo is a class D
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1.7.3 Transposons

Some transposons contribute to the movement of antibiotic resistance genes as
part of class 1 integrons. These transposons include the Tn3 family, the
Tn5053 family and Tn402-like transposons. These families differ from each
other in terms of structure and transposase genes carried by these transposons.
The Tn3 family is composed of two subgroups; Tn3-like and Tn2/-like
transposons, they share the same 38bp Inverted Repeat IR, transposase gene
(tnpA), a resolution site (res) and resolvase gene (tnpR). These transposons
carry antibiotic resistance genes as part of class 1 integron, moreover, they
carry mercury resistance genes and genes specific for transposition functions.
Unlike the Tn3 family of transposons, the Tn5053 family and Tn402-like
transposons are responsible for carrying and spreading antibiotic resistance
genes captured by class 1 integrons. Two major steps have been proposed to
elucidate the mechanism by which class 1 integron has become part of the
Tn402-like transposons. The first step was by inserting the integron inside the
Tn+402-like transposons while the other step suggest the formation of the
conserved segment (qacEA/sull) followed by the loss of part of tni. (Toleman
et al., 2007; Sajjad et al., 2011). Tn402-like differ from the Tn3 family in
having three transposase genes; tnid, tniB, tniQ, the resolution site res is
located between these genes and the resolvase gene iR and sometimes called
miC gene. Tn402-like transposons are increasingly reported carrying antibiotic
resistance genes in the form of gene cassettes embedded in class 1 integrons.

(Partridge, 2011).

47



Transposons such as Tn5090/Tn402 carrying blaym., was detected in a
clinical isolate of Indian P. aeruginosa. Sequencing of the full transposon,
including the integron showed that this structure is very much like the
American and Russian blayy.; integron structures harbouring aacA7, blayim-2,
dhfrB5 and tniC. All three integrons had the same variable region structure
and lacked the conserved segment considered a character of class 1 integrons
harboured by TNJ3090/Tn402 transposons, resulting from excision and

acquiring of gene cassettes. (Toleman et al., 2007).

1.7.4 Integrons:

Integrons are genetic elements found in most cases, plasmid mediated and
recently some large integrons were detected on the chromosome. Integrons
carried on plasmids are responsible for the incorporation of antibiotic
resistance genes known as gene cassettes inside the integrons and as a result of
this integration they enhance the expression of the gene conferring resistance
to antimicrobials. (Walsh, 2006; Mazel, 2006). The first integron was detected
in Gram-negative bacteria as a mechanism by which integrons in cooperation
with transposons can express multi-resistance phenotype. Integrons are
classified in two kinds; mobile integrons and superintegrons. Mobile integrons
are always plasmid located and are divided into five classes; class 1 integrons
originated from Tn402 and is found inserted in Tn2/ (mazel, 2006). Class 1
integrons are largely associated with acquiring and mobilising antibiotic

resistance genes and are counted as the main responsible system for such
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occasion in Enterobacteriaceae. The wild-type class 1 Integron is composed of
two sequences; 5 conserved sequence which is also known as (5°CS) and 3
conserved sequence (3°CS) where 5°CS represents the Intgrase gene and 3'CS
comprises quaternary ammonium compound resistance gene (qacAE1) and
sulphonamide resistance gene (su/1), respectively. (Cambray et al., 2010).

This class of mobile integrons is responsible for conferring resistance to some
B-lactams such as aminoglycosides, trimethoprim, rifamycin, erythromycin,
streptothricin, chloramphenicol, fosofomycin, quinolones and antiseptics. The
integrase (/ntl) gene is the functional constituent of the integron; it encodes an
enzyme called site-specific tyrosine recombinase and it operates to excise and
integrate gene cassettes on the attachment site (attC). It is called
recombination process (Walsh, 2006). The majority of gene cassettes are
promoter-less and requires Pc promoter embedded on the integrase gene or attl

site. (Cambray et al., 2010).

Class 2 Integrons are found embedded on large transposon called Tn7 and
despite the fact that class 2 integrons encode for non-functional proteins due to
a nonsense mutation in codon 179, they are likely to confer resistance to six
antibiotics, whereas Class 3 integrons are less frequent than class 2 integrons.
Class 4 and 5 are mainly related to trimethoprim resistance in V. cholerae.
Super Integrons are larger than mobile Integrons and they have been described

‘in V. cholerae and because of their location on the chromosome; alone, they
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are not mobile and consequently are not capable of mobilising genes (Mazel,

2006).

Class 1 integrons in particular play an important role in disseminating
carbapenemase encoding genes such as MBLs in addition to other antibiotic
resistance determinants in Enterobacteriaceae and non-fermenters. The most
virulent and crucial factors for high levels of resistance to carbapenems
particularly MBLs were identified as carried on class 1 integrons, for instance;
blanpm-1, blayim-1, blaviv-2, blape and blapp.; (Poirel et al., 2010; Yong et
al., 2009; Walsh et al., 2005; Zhao et al., 2009). Class 1 integron was also
found to have contributed to dissemination of antibiotic resistance genes to
unrelated clinical isolates in Brazil where it has been detected carrying blamvp.|
and a new aminoglycoside resistance gene, aac(6)-31 in P. putida, different

isolates of 4. baumannii and Acinetobacter sp.(Mendes et al., 2007)

Integrons have also been detected in bacterial strains collected from manured
soil with increased prevalence of integrons after slurry application. Class 1 and
2 integrons were determined in Acinetobacter, Aerococcus, Bacillus,
Enterococcus, Pseudomonas and Enterobacteriaceae (Byrne-Bailey et al.,
2011). Class 1 integrons were also identified in sewage treatment plants
occurring at different levels in affluent water, activated sludge and effluent
water. It has been shown that 57 isolates out of 189 isolates belonging to E.
vcoli, Klebsiella, Aeromonas salmonicida, A. veronii and A. media, were

identified carrying class lintegrons (Ma et al., 2011).

50



1.7.5 Insertion Sequence Common Regions (ISCRs)

Common Regions (CRs) have been discovered since the mid-1990s as being
associated antibiotic resistance genes. It has a size of 2154 bp and
incorporated an open reading frame, orf313, that was found inserted adjacent
to class 1 integron and beside the sull gene (Toleman et al., 2006a). They
comprise orf5/3 and 33 bp sequence of DNA and they argued that it might
play a role in what is called recombination crossover site (RCS). Common
regions can promote the expression of some resistance genes in E. coli, K.
pneumoniae and A. baumannii and these genes are: gnrA, blacrx-m-9, blacrx-m-

»and dfrA10 (Rodriguez-Martinez et al., 2006).

Common Regions or Insertion Sequence Common Region (ISCR) have now
become an established mechanism of gene movement. It is proposed that ISCR
possess two ends, orilS and terIS as insertion and termination sites of ISCR,
respectively. These insertion sequences have been found as truncated parts at
the right side of 3°CS of class 1 Integron and associated with two genes; gac
and sul. Furthermore, this insertion sequence has been found without terIS —
providing evidence that a deletion event occurred. Misreading of rerIS and
passing through many events of transcriptions and translocation resulted in the
development of these “complex class 1 Integron”, together with misreading
and homologous recombination has resulted in genes gac and sul added to the

end of 3’CS (Toleman et al., 2006a).
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Many derivatives of ISCRs have been discovered and associated with the
mobilisation of antibiotic resistance genes. These insertion elements were
firstly described in In6 and In7 class 1 Integrons. ISCRI can carry
trimethoprim resistance genes such as dfr423 and dfrA18, also they have been
found to be associated with quinolones resistance (Stokes ef al., 1989). ISCRI
has been detected upstream of gnrA in class 1 Integrons and virtually all
isolated genes were identical in spite of their country of origin. ISCR1 plays a
major role in the resistance of Gram-negative bacteria to aminoglycosides
where it has been detected upstream of armA genes. Additionally, ISCR1 is
associated with ESBLs that inhibit the activity of the antibiotic cefotaxime and
class A B-lactamases such as blaygp.3, blaper-3, blacmy-1 and blacymy.s. ISCR2
is also widely disseminated and associated with resistance islands such as SXT
via orfA. Despite the fact that ISCR2 is not associated with class 1 integrons, it
has been found associated with sul2 gene. ISCR3 seems to be more specific
for Salmonella genomic island 1 genetic element (SGI 1 element) and
erythromycin gene (erm). However, it has also been proposed that it is
associated with the resistance of Stenotrophomonas maltophilia to

trimethoprim/sulfamethoxazole. (Toleman et al., 2006b)

1.7.6 Insertion Sequences
Insertion sequences are considered as the simplest bacterial mobile DNA
interms of their structure, they comprise more than 19 families, they have

different sizes but in general they range between 600 to 3000 bp. They consist
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of one or more open reading frame that code for transposase proteins flanked
with short sequences of inverted repeates (Wagner et al., 2007) ISEcpIB is
another paradigm of insertion sequences that is associated with mobilisation
and expression of some antibiotic resistance genes. It is characterised by
several features; it can express and mobilise as well as disseminate the
cefotaxime resistance gene blacrx.m-19. Promoter sequences, which are located
close to its inverted right repeat (IRR), can also facilitate expression of genes.
ISEcplB has been found associated with blacrx-m-19 in a strain of K
pneumoniae resistant to ceftazidime (Poirel et al., 2003). Lartigue and
colleagues described the ability of ISEcplB to mobilise and express the B-
lactamase gene, blactxm from a transposon, which was located on a
chromosome of Kluyvera ascorbata and moved to a plasmid (Lartigue et al.,

2006).

1.7.6.1 Integrative and Conjugative Elements (ICE)

Integrative and conjugative elements (ICE) are mobile genetic elements
known as self-transmissible and found in Gram-positive and negative bacteria.
ICE can be transferred from one strain to another by conjugation and lateral
gene transfer. Like plasmids and phages, ICEs compromise of three modules
divided according to functions responsible for maintenance, dissemination and
regulation. ICEs maintain their virtual inheritance by integrating into a
replicon of the host either plasmid or chromosome by means of gene encoding

a recombinase called Int that catalyze a#tP on the ICE and a target sequence
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attB on the chromosome. ICE, on the circular form, can be integrated into the
chromosome by recombination between attP and attB, creating two ICE
chromosome junction sequences, aatl and artR. ICEs are excised by
excisionases called Xis and require the presence of attL and aftR to perform
excision. Dissemination of single stranded DNA of ICE is carried out by
conjugation, genes specific for synthesis of mating machinery to enable the
initiation between donor and recipient cell to deliver DNA to the recipient cell.

(Wozniak & Waldor, 2010; Burrus & Waldor, 2004).
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1.8 Objectives of study

Libya is located in North Africa bordered by the Mediterranean Sea from the
north, Egypt from the east, Sudan from the southern east, Chad and Niger
from the south and Algeria and Tunisia from the west. Libya is considered a
very rich country; it has one of the most important resources worldwide, oil.
Compared with other Arabic, European and Asian countries, Libya should
have been one of the best countries in terms of development, infrastructure,
investments and education; however, the last 40 years obfuscation and perfidy

have retarded this potential.

Given that there is little information known on antibiotic resistance in Gram-
negative bacteria in Libya and North Africa, I took the opportunity to
investigate the mechanisms of antibiotic resistance in Gram-negative bacterial
isolates collected from clinical, non-clinical and environmental settings in

Tripoli and Benghazi, Libya.

The study focuses on the characterisation of antibiotic resistance mechanisms
of isolates collected from patients admitted to different wards, in particular
Intensive Care Units (ICUs). Moreover this study investigates the spread of
MDR bacteria in the hospital environment to understand the occurrence of
outbreaks within an individual hospital or among different hospitals. The
emergence of MDR bacteria in non-clinical samples was also investigated in

this study in order to associate the spread of nosocomial pathogens among
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patients, within the hospital and outside the clinical settings. This is the first
molecular study conducted on antibiotic resistance on bacterial strains isolated
from Libya and will hopefully provide a useful insight on the problem of

antibiotic resistance in Libya and in general Arabia.
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Chapter Two

Methods and Materials



2.1 Bacterial collection.

Isolates used in this study were collected randomly from Tripoli and Benghazi
from hospitals and environment outside the hospital during 2008-2009.
Collection of the clinical samples included specimens from inpatients;
outpatients and the hospital environment. Environmental swabs were collected
from Tripoli and Benghazi streets, cafes etc. whereas the hospital environment
samples refer to swabs collected from hospital floors, corners, toilets, walls,
bedsides, sinks, curtains, trolleys, gauze containers, work tables and medical
devices such as; mechanical ventilators, oxygen cylinders, baby incubators,
nebulizers, anaesthesia, hypolizer, suction machine, tip of catheter. Bacterial
isolates cultured from the swabs were identified by the use of Phoenix (Becton
and Dickinson, USA). E. coli topolO kit (Stratagene, Amsterdam, the
Netherlands) was used in the cloning experiments. The swabs were transferred
to the lab in transferring charcoal media (Technical Service Consultants Ltd,

Heywood, UK).

2.1.1 Ethical considerations
The limited amount of information required for each specimen was such that
ethical approval was not considered necessary and because there is no ethical

board in Libyan hospitals.
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2.2 Safety considerations
Regulations and safety were undertaken according to the Ionising Radiation

Regulations, 1999.

2.3 Bacterial strains used

The following bacterial strains were used in cloning experiments

Strain Genotype Reference/Source
F$80lacZAMI15A(lacZY A-
g argb)Ul9 recAl endAl
DHSa-T1 Invitrogen Ltd

hsdR17(r, mi') phoA supE44
thi-1 gyrA19 relAl tonA

Nordmann et al.,

2008

E. coli J53 -

A modified Escherichia coli
HB101 (UAB190) was used as
the recipient strain [rifampicin
E. coli GFP Mata et al., 2011
and aminoglycoside resistant

and green fluorescent

protein (GFP) producing].

Pseudomonas
) Barkay et al.,
aeruginosa -
1993
PAO1

2.4 Chemicals, reagents, and Radioactive labels.
Chemicals were purchased from BDH Chemicals Ltd and Sigma. Media

constituents were obtained from either Oxoid laboratories or Fisher Scientific
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laboratories. Radiolabelled Phosphorus 32p was supplied from PerkinElmer,
Boston, MA02118, United State of America (USA), 800-762-4000, Random
primer labelling kits were supplied from Agilent Stratagene products, USA.
PCR Gel extraction kits and plasmid miniprep purification kits were supplied
from QIAGEN GmbH, D-40724 Hilden, Lambda Ladder PFGE Marker was
obtained from New England Biolabs.Inc. Digestive enzymes; Xbal, S1 and
Spel were purchased from Fermentas Life Sciences company. PCR Master
Mix was supplied from Thermo Fisher Scientific ABgene House, Blenheim

Road, Epsom, Surrey, UK.

2.5 Growth Media.
2.5.1 Luria Bertani Broth
L.B. broth was made up according to the manufacturer’s instructions (Fisher

Scientific Ltd).

2.5.2 Luria Bertani Agar
L.B. Agar was made following the manufacturer’s instructions (Fisher

Scientific Ltd).

2.5.3 Mueller-Hinton Agar
MHA was supplied by Oxoid Ltd plate poured ready to use in Etest

experiments
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2.5.4 MacConkey Agar No.3
MA no.3 was used to distinguish phonotypically between K. pneumoniae and
E. coli in conjugation experiments, the medium was made up according to the

manufacturer’s instructions (Oxoid Ltd).

2.5.5 MacConkey Agar

MA was purchased from Oxoid Ltd plate poured ready to use.

2.5.6 MacConkey Agar for isolation of ESBL/MBL positive isolates
MA was made up and supplemented with 10mg/1 of ceftazidime to be used as
selective media; preparation of media was carried out according to the

manufacturer’s instructions (Oxoid Ltd).

2.5.7 S.0.C Medium
This was used as part of the TOPO10 cloning kit purchased from Invitrogen,

Life Technologies, Carlsbad, California, USA.

2.6 Sterilisation of Media.

Media was sterilised by autoclaving at 0.75kg cm™ for 20min at 121°C.

2.7 Isolation of environmental strains
Swabs collected from non-clinical settings and the environment outside the
hospitals were cultured on MacConkey agar supplemented with 10mg/l of

ceftazidime to select for isolates resistant to third generation cephalosporins.
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Pure cultures were obtained by sub-culturing mixed cultures from the primary
MA plates on a new selective MA plates supplemented with the same

concentration of antibiotic.

2.8 Etest experiments
Etest strips containing imipenem (IP) and EDTA as MBL inhibitor (IPI) were
purchased from. (BioMérieux, Paris, France). They were used to detect the

occurrence of metallo-p-lactamases (MBLs) in carbapenem resistant isolates.

2.9 Antimicrobial Susceptibility Testing and MIC determination

Antibiotic resistance profile tests and minimum inhibitory concentration
(MIC) determination for clinical, non-clinical and environmental isolates were
performed according to the Clinical Laboratory standards Institute (CLSI) by
the use of Phoenix 100 (Becton-Dickinson, Oxford, UK). MICsy and MICg
were defined as the minimal concentration that inhibited 50% and 90% of

bacterial growth (Hsu et al., 2011).

2.10 Phenotypic and Genotypic Detection of ESBLs

2.10.1 Amplification of DNA sequences using the Polymerase Chain
Reaction (PCR)

| 2.10.1.1 Amplification of blacrx-m type ESBLs

K. pneumoniae and E. coli isolates were screened for the occurrence of

blactx-m type ESBLs that belongs to the phylogenetic groups, 1, 2, 8, 9 and 26
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using multiplex PCR primers (Table 2.1) targeting a unique region in each
group. The PCR experiments were performed using a set of specific primers
and PCR conditions as described by Woodford and co-workers in 2006, the
PCR products were then run on 1% (w/v) agarose gel to study their number
and size in accordance to each phylogenetic CTX-M group (Woodford et al.,
2006). Some of the PCR products were selected to represent the source of
samples from Tripoli and Benghazi, the PCR products were then cut of the gel
and purified using PCR purification kit (QIAGEN GmbH, D-40724 Hilden),
the purified PCR products were sequenced by an automated sequencer (377,
ABI, Perkin-Elmer, CT) using the same amplification primers for each group

of CTX-M family.

The reaction conditions used in the Thermal Cycler were as follows:

94°C for Smin 11 cycle
94°C for 25s 1

52°C for 40s | 30 cycles
72°C for 50s .

72°C for 6min ] 1 cycle
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Table 2.1 Multiplex PCR for CTX-M- groups 1,2,8,9 and 26

CTX-M group DNA sequence Gene size
Group 1
CTX-M-1F 5-AAA AAT CAC TGC GCC
AGTTC-3 415
CTX-M-1 R 5-AGC TTATTC ATCGCCACGTT
Group 2
CTX-M-2F 5-CGACGCTAC CCCTGC TAT T-3
552
CTX-M-2 R 5-CCAGCGTCAGATTTT TCA GG-3
Group 8
CTX-M-8F 5-TCG CGT TAA GCG GAT GAT
GC-3
666
CTX-M-8 R 5-AAC CCA CGA TGT GGG TAG C-
3
Group 9
CTX-M-9F 5-CAA AGA GAG TGC AACGGA
TG-3
205
CTX-M-9R 5-ATT GGA AAG CGTTCA TCA
CC-3
Group 26
CTX-M-26 F 5-GCA CGA TGA CAT TCG GG-3
CTX-M-26 R 5-AAC CCA CGA TGT GGG TAG C- 327

3
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2.10.1.2 Detection of blacrx.m group 1 and ISEcpl genes

E. coli and K. pneumoniae isolates positive for CTX-M group 1 were
subjected to PCR experiments to examine the incidence of blacrx-m-is
encoding genes and the insertion sequence ISEcp/ gene that is located
immediately upstream of the PB-lactamase gene. Specific primers were
designed to read and amplify the blactx.m group 1 alone and in association
with the ISEcpl (see appendix Table A.2), PCR conditions used were as
follows; 1 cycle of heating at 94°C for Smin followed by 30 cycles of heating
at 94°C for 25s, 52°C for 40s and 72°C for 1min, the reaction ended with 1
cycle of heating at 72°C for 6 min, for amplification of blactx-m group 1. The
same PCR conditions were used to detect blactx-m group 1 in association with
ISEcpl with extended annealing time to 90s. Positive controls were not used
as some PCR products were sequenced. When required, new primers were
designed using primer designer version 1.01, scientific and educational

software.

2.10.1.3 Amplification of blargm and blasyy, blaAmpC, class 1 integrons
and transposons

K. pneumoniae and E. coli isolates that were confirmed for ESBLs production
were further examined for the occurrence of TEM, SHV, blampc, class 1
integrons transposons Tn402 and Tn2/ genes by PCR using specific primers

(see appendix Table A.2). The same conditions applied for blactx.m-is
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amplification were used in these experiments. The alleles were cut, purified

and sequenced as previously described.

2.10.2 Phenotypic detection of MBLs

Carbapenem susceptibility of the positive isolates to MBLs was performed
using Etest strips (AB BioMerieux, La Plane, France) and the results were
interpreted in accordance with the manufacturer’s guidelines. PCR was also
conducted to study the occurrence of blaspm-1, blavim, blagim, blanpm-1, blamp,
blasmm-1, blaxum-1, blaam-1and blapn.;. The PCR conditions used to amplify
class 1 integron(s) were the same as described in section 2.9.1.1 and for
primers used (see appendix Table A.3) with a slight modification where the
annealing temperature in these conditions was 53°C and the elongation
temperature was 68°C. All the PCR products were run on 1% (w/v) of agarose
gel and the gels were then photographed. The resultant PCR products were
purified from the agarose gel and sequenced using an automated sequencer

(377, AB, Perkin-Elmer, CT).

2.11 Detection of blagxa-ss and 1S71999

PCR experiments were performed on K. pneumoniae isolates to detect the
occurrence of blapxa4s and the insertion sequence IS/999 using specific
primers targeting the forward and reverse side of both genes (Table 2.2). PCR
products were run in 1% of (w/v) agarose gel in TBE buffer, the

electrophoresed gels were photographed.
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Table 2.2 Oligonucleotide sequences to detect blapxa-4s and 1S1999

Primer
Gene target Sequence Reference
name
OXA-48 A blaOXA-48 5'TTG GTG GCA TCG ATT ATC GG '3 Poirel, L. et al., 2004
OXA-48 B blaOXA-48 | 5 GAG CAC TTC TTT TGT GAT GGC'3 | Poirel, L. et al., 2004
IS1999 A 151999 5'CAG CAATTC TTTCTC CGT G 13 Poirel, L. et al., 2004
IS1999 B 1S1999 5'CAA GCA CAA CATCAAGCGC '3 | Poirel, L. er al., 2004

2.12 Random amplified polymorphic DNA (RAPD) typing

2.12.1 RAPD DNA extraction by Chelex prep

It is a PCR-based technique used to differentiate between bacterial species by

using short primers (Table 2.3) to anneal various locations of the bacterial

DNA. A 24 h growth of K. pneumoniae isolates plated on MacConkey agar

were used without selection and bacterial colonies were picked from the plate

by inserting a sterile 200 pl plastic pipette tip into the colonies and dipped into

50 ul of an autoclaved solution of 5% Chelex® 100 resin (Biorad,

Hertfordshire, UK).
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To resuspend the mixture in the tube, it was agitated briefly. DNA extraction
was carried out twice by heating the mixture to 89°C for 5 minutes on a heated
block; the samples were immediately transferred to a 4°C chilled block. To
sediment the chelex resin and cell debris, the samples were centrifuged for 5
minutes at 13.000 g and 2 pl of the clear supernatant was used as a template

DNA to run the PCR.

2.12.2 Random amplified polymorphic DNA (RAPD-PCR)

RAPD-PCR fingerprinting was performed on 80 isolates of K. pneumoniae
(12 isolates per reaction) as described by Mahenthiralingam et al., 1996.
RAPD-PCR was conducted using primer 272 (table2.3) for all reactions. For
confirmatory purposes; RAPD-PCR using primer 270 (table 2.3) was carried
out on subsets of K. preumoniae isolates. PCR master mix was prepared prior
to each experiment (1X PCR buffer, 1X Q-solution, 3mM MgCl,, 200 uM
dNTPs mixture, 1.6 uM RAPD primer, 1 U of Taq polymerase and 2ul of
Chelex template DNA. PCR was run on a Flexigene Thermal Cycler (Techne
Ltd., Newcastle, UK) using the following PCR conditions; 5 minutes of
heating at 94°C, 4 cycles at 36°C for Sminutes, 72°C for 5 minutes and 94°C
for 5 minutes, followed by 30 cycles of 94°C for 1 minute, 36°C for 1 minute

and 72°C for 2 minutes. The last step was 72°C for 10 minutes.
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2.12.3 DNA profile analysis by Agilent Bioanalyzer

1 ul of each PCR product was run for 20 minutes on an Agilent Bioanalyzer
2100 (Agilent Technologies UK Limited, Cheshire, UK) and a DNA 7500
chip contained 13 wells was used; 12 wells filled with samples, 1 pl in each
and one filled with the ladder marker. The wells were also loaded with DNA
gel matrix and an internal marker according to the manufacturer’s protocol.

After each run the results were saved as csv files.

2.12.4 GelCompar analysis

All csv-files were converted to a format compatible to GelCompar, similarities
between fingerprints were calculated to the Pearson coefficient and
unweighted pair group method with arithmetic means (UPGMA) was used to

construct the dendrogram.

2.13 Multilocus sequence typing (MLST)

A subset of K. pneumoniae isolates were selected according to the RAPD-PCR
fingerprinting results and MLST analysis was carried out as described by
Diancourt ef al., 2005 and the MLST website (http:/ /www .pasteur .fr
/recherché/genopole/PF8/mlst/Kpneumoniae.html) developed by Jolley et al.,
2004. Specific primers were used (Table 2.3) to amplify fragments of the
following 7 housekeeping genes; B-subunit of RNA polymerase (rpoB ),

glyceraldehyde 3-phosphate dehydrogenase (gapA), malate dehydrogenase
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(mdh), phosphoglucose isomerase (pgi), phosphorine E (phoE), translation

initiation factor 2 (nfB) and periplasmic energy transducer (tonB).

The PCR conditions used for rpoB, mdh, pgi, phoE and nfB were as follows

94°C for Smin ]11 cycle
94°C for Smin 1

50°C for 30s | 30 cycles
68°C for 1min -

68°C for 10min 11 cycle

The same PCR conditions were used for gap4 and tnoB apart of the annealing
temperature which was 50°C for gap4 and 60°C for tnoB. All PCR products
were run on 1% (w/v) Agarose gel and the gels were photographed. All PCR
products were sequenced using an automated sequencer (377, ABI, Perkin-
Elmer, CT) and the same amplification primers apart of inf forward primer
which was replaced with (5’- ACT AAG GTT GCC TCC GGC GAA GC -37)
and pgi primers were replaced with pgi2F; (5°’- CTG CTG GCG CTG ATC

GGC AT -3’) and pgi 2R (5°- TTA TAG CGG TTA ATC AGG CCG T-3%).
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Table 2.3. Oligonucleotides used for PCR amplification and DNA

sequencing
Gene Primer
Primer sequence Reference
target name
ropB ropB F 5’-GGCGAAATGGCWGAGAACCA-3’ Diancourt ez al., 2005
ropB ropB R 5’-GAGTCTTCGAAGTTGTAACC-3’ Diancourt et al., 2005
gapA gapAF 5’-TGAAATATGACTCCACTCACGG-3’ Diancourt et al., 2005
gapA gapA R 5’-CTTCAGAAGCGGCTTTGATGGCTT-3’ Diancourt et al., 2005
Mdh MdhF 5’-CCCAACTCGCTTCAGGTTCAG-3’ Diancourt et al., 2005
Mdh Mdh R 5’-CCGTTTTTCCCCAGCAGCAG-3’ Diancourt et al., 2005
Pgi pgi F 5’-GAGAAAAACCTGCCTGTACTGCTGGC-3’ Diancourt et al., 2005
Pgi pgiR 5’-CGCGCCACGCTTTATAGCGGTTAAT-3’ Diancourt et al., 2005
phoE phoE F 5’-ACCTACCGCAACACCGACTTCTTCGG-3’ Diancourt et al., 2005
phoE phoER 5’-TGATCAGAACTGGTAGGTGAT-3’ Diancourt et al., 2005
infB infBF 5’-CTCGCTGCTGGACTATATTCG-3’ Diancourt et al., 2005
infB infBR 5°-CGCTTTCAGCTCAAGAACTTC-3’ Diancourt et al., 2005
thoB thoB F 5’-CTTTATACCTCGGTACATCAGGTT-3’ Diancourt et al., 2005
tnoB tnoB R 5’-ATTCGCCGGCTGRGCRGAGAG-3’ Diancourt et al., 2005
Integrase
VAF 5’ GCCTGTTCGGTTCGTAAGCT 3’
gene
PAPD-
Mahenthiralingam et al..
PCR 272 5’- AGC GGG CCA A -3
1996
Primer
PAPD-
Mahenthiralingam et al.,
PCR 270 5’-TGC GCG CGG G -3’
1996
Primer
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2.14 Plasmid identification

Plasmids are circular extra-chromosomal DNA; they are known to play a role
in changing the diversity of the bacterial genome by acquiring or losing genes
such as antibiotic resistance genes, subsequently contribute to the movement
and transfer of resistance mechanisms from bacteria to bacteria by means of
horizontal gene transfer (Carattoli, A. et al., 2005). PCR-based replicons
typing was performed to identify plasmids contributed to the dissemination of
ESBL and MBL genes among Libyan isolates using 5 multiplex and 3 simplex
PCR experiments as described by Carattoli, A. et al., 2005. This procedure is
used to identify the major plasmids that are known as incompatible plasmids
by recognizing FIA, FIB, FIC, HI1, HI2, I1, Iy, L/M, N, P, W, T, A/C, K, B/O,
X, Y, F and FIIA using eighteen pairs of primers designed to be conducted on
8 PCRs. The 5 multiplex PCRs are designed to recognize three plasmids for
each reaction (see appendix Table A.4). Positive controls were used to
comaper size of plasmids. The PCR conditions used to detect all plasmids

apart of F simplex were as follows

94°C for Smin 11 cycle
94°C for 1min 1

60°C for 30s | 30 cycles
72°C for 1min -

72°C for Smin ]11 cycle

72



Whereas the conditions of F simplex PCR were almost the same with only one

difference as the annealing temperature was changed to 52°C.

2.15 Transconjugation experiments

Conjugation experiments were carried using E. coli J53 and GFP as recipients.
Fresh colonies of parents and recipients were grown separately on LB broth
media (Fisher Scientific, USA Products) in 50 ml Falcon tubes and incubated
overnight at 37°C for 18 h. Each isolate of parents was mated with E. coli J53
or GFP E. coli in aliquots of 1:1 in a fresh LB broth media and incubated
overnight at 37°C in shaking incubator. Transconjugants were selected by
culturing 100 pl of each mating mixture on LB medium (Fisher Scientific,
USA Products) supplemented with 200 pl/ml of sodium azide and 10 mg/l of
ceftazidime. Parents that were mated with GFP E. coli, the selection was
performed on L.B agar supplemented with 50mg/] of rifampicin and 10mg/] of
ceftazidime. The plates were subsequently incubated overnight at 37°C for 18
h. Pure colonies of E. coli from each plate were picked and transferred to a
fresh LB broth media supplemented with 200 pl/ml of sodium azide and 10
mg/l of ceftazidime for E. coli J53 transconjugants and with 50mg/l of
rifampicin and 10mg/l of ceftazidime for GFP E. coli transconjugants. The
transconjugants were then plated on LB media supplemented with the same
concentrations of antibiotics used for parents and incubated overnight at 37°C
for 18 h. The transconjugants that were grown on LB media were stored at -80

°C for further investigation. PCR experiments were performed on
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