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DEFINITIONS:

Carbapenemase-producing Enterobacteriaceae (CPE): include all Enterobacteriaceae that are

resistant to the carbapenems via the production of carbapenemases only.

Carbapenem-resistant Enterobacteriaceae (CRE): include all Enterobacteriaceae that are
resistant to the carbapenems via several mechanisms of resistance such as extended-spectrum f3-
lactamase (ESBL) production (including carbapenemases), ESBL-AmpC combination, outer-

membrane impermeability and efflux pumps.

Dehydropeptidase-1 (DHP-1): Dehydropeptidase is an enzyme found in the kidney and is

responsible for degrading the antibiotic imipenem.

recA: a protein that is responsible for the repair and maintenance of DNA.

Spheroplasts: a cell from which the cell wall has been almost completely removed, as by the

action of an antimicrobial agent. Once the microbial cell wall is digested, membrane tension

causes the cell to acquire a characteristic spherical shape.

Tubular brush-border: the proximal tubule which is the part of the duct system of the nephron of

the kidney leading from the Bowman’s capsule

Xiv
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Zwitterionic molecular charge: a neutral molecule with a positive and a negative electrical

charge, however multiple positive and negative charges may be present.
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PREFACE

Carbapenem resistance has been linked to many mechanisms including inactivating enzyme
production, outer membrane impermeability and efflux. In recent literature, carbapenemases
have been reported as the primary cause for the increase in carbapenem-resistance in Gram-
negative Enterobacteriaceae. These enzymes are -lactamases and have the ability to hydrolyse
almost all B-lactam antibiotics including carbapenems, which are used for the treatment of severe
nosocomial infections. Since 2011, individual cases and outbreaks with carbapenemase-
producing Enterobacteriaceae (CPE) have been reported in several hospitals in South Africa.
Carbapenem resistance limits antibiotic choices, especially in the hospital setting, and may result
in increased morbidity and mortality rates. As carbapenem resistance disseminates globally,
more reports surface describing outbreaks affecting primarily more vulnerable hospital
populations like neonates. Infection prevention and control (IPC) measures coupled with
antibiotic stewardship policies have become paramount in the care of hospitalised patients and
are crucial to addressing the problem of ever decreasing antibiotic choices. The rapid detection
of carbapenem-resistant Enterobacteriaceae (CRE) will greatly assist in the application of IPC

measures and the tailoring of antibiotic prescriptions within a facility.
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ABSTRACT

Carbapenemases are the primary cause for the increase in carbapenem resistance in Gram-
negative Enterobacteriaceae. These enzymes are -lactamases and have the ability to hydrolyse
almost all B-lactam antibiotics thereby inactivating carbapenems that are used for the treatment
of severe nosocomial infections. Multiple CPE outbreaks and epidemics have been reported in
several hospitals in South Africa since the year 2011. This resulted in an increase in the
morbidity and mortality rates and are slowly disseminating globally among more vulnerable
individuals including neonates. Therefore, the aim of the study was to determine appropriate
techniques for the rapid detection of carbapenem-resistant Enterobacteriaceae (CRE) (including
CPE) isolated from neonates from King Edward VIII Hospital as well as to determine the
molecular mechanisms conferring carbapenemase production in this subset of isolates. A total of
94 Klebsiella pneumoniae and 41 Enterobacter cloacae samples were isolated in this study.
Among these species 10 % (9/ 94) and 39 % (16/ 41) of K. pneumoniae and E .cloacae
respectively, were resistant to the carbapenems based on the Kirby-Bauer susceptibility tests,
microbroth-dilution and E-tests. However, screening for carbapenemase production using
chromogenic agar (Brilliance™ CRE agar and ChromID® CARBA agar), Modified Hodge test
and amoxycillin-clavulanate double disc synergy test did not correlate with these resistance
patterns and exhibited false positive results possibly due to the presence of extended spectrum
beta-lactamase (ESBL) production by these organisms. Due to such discrepancies in the
phenotypic results, further detection for the presence of carbapenemases was performed using
multiplex real-time PCR assays. This revealed the presence of the blaOXA-48 gene in only 1 K.
pneumoniae isolate. Further molecular characterisation will be required to determine if alternate

mechanisms of resistance are present in the resistant isolates detected in this study.
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CHAPTER ONE

INTRODUCTION

The family of Enterobacteriaceae comprises Gram-negative, rod shaped bacteria, some of
which are inclusive of Escherichia spp., Enterobacter spp., Klebsiella spp., Proteus spp.,
Citrobacter spp., Serratia spp., Salmonella spp., Shigella spp., Yersinia spp., Morganella
spp., and Providencia spp. (Martin et al., 2013). Some of these potentially pathogenic
organisms inhabit the intestinal tract and are common sources of hospital-acquired infections
(Nordmann et al., 2012). These organisms may cause gastrointestinal and extraintestinal
infections such as urinary tract infections, respiratory tract infections, skin and soft tissue
infections and infections of the central nervous system (Kurakawa et al., 2013; Nordmann et

al., 2012; Paterson, 2006).

A number of these pathogens have become prevalent in hospitals in the form Multi-Drug
resistant (MDR) strains (Kurakawa et al., 2013). These MDR strains occur more frequently
among patients with severe illnesses, including those in Intensive Care Units (ICUs)
(Kurakawa et al., 2013). Neonates are an especially vulnerable group due to their immature
immune systems (Vergnano and Heath, 2013; Zaidi et al.,, 2011). The main route of
transmission of Enterobacteriaceae in hospitals is via direct patient-to-hospital personnel and
patient-to-patient contact. Indirect contact may also occur due to contamination of inanimate
objects such as equipment or medication vials. An alternate means of transmission may be a

result of ingestion of contaminated food and water at the hospital (Nordmann et al., 2012).



Over the past few years, the resistance of Enterobacteriaceae to common antimicrobial
agents has increased significantly (DiPersio and Dowzicky, 2007). These antimicrobial
agents include tetracycline, B-lactams, fluoroquinolones, polymyxins, aminoglycosides and
co-trimoxazole, third- and fourth-generation cephalosporins (Bonelli et al., 2014; DiPersio
and Dowzicky, 2007; Tang et al., 2014). The increase in the prevalence of ESBL producing
organisms has led to an increased use of carbapenems. This has resulted in an increase in the
antibiotic pressure on carbapenems which lends to the activation of bacterial resistance genes
against these drugs (El-Herte et al., 2012). Carbapenem resistance may result from the
production of carbapenemases, outer membrane impermeability, efflux pumps, or a

combination of these.

Carbapenemase-producing Enterobacteriaceae (CPE) is on the increase and have been
reported globally (El-Herte et al., 2012). In developing countries like South Africa, CPE and
ESBL-producing Enterobacteriaceae are widespread (Martin et al., 2013). Therefore,
clinicians are faced with the decision to treat seriously ill patients with toxic empiric therapies

such as colistin and tigercycline (Martin et al., 2013).

Carbapenemase production by Enterobacteriaceae is viewed as the most clinically significant
resistance mechanism from a public health perspective (Martin et al., 2013). The genes
responsible for CPE are primarily plasmid-encoded and associated with various mobile
genetic elements (Gazin et al., 2012; Patel et al., 2009). These are able to accumulate
resistance genes to a number of different antibiotics and are easily transferrable between

bacterial species (Bush et al., 2013; DiPersio and Dowzicky, 2007). The implementation of
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strict infection control measures in order to prevent the spread of carbapenemase encoding
genes to unrelated clones or to other bacterial species is paramount. It is therefore essential
that patients colonised or infected with these organisms are rapidly identified and cohort
nursed with strict contact precautions. The reliable detection of carbapenem-resistant
organisms is also essential in outbreak detection and for the institution of appropriate

treatment options (Stuart and Leverstein-Van Hall, 2010; Kaase et al., 2012).

Many phenotypic tests can be used as indicators of resistance determinants, thereafter
molecular techniques may be perform for confirmation of these resistance determinants. It is
debatable as to which test is most effective (Stuart and Leverstein-Van Hall, 2010; Nordmann
et al., 2009; Thomson, 2010). However, carbapenemase production is linked to the
transference of plasmid-mediated genes encoding the carbapenemases within and between
species (Bush et al., 2013; DiPersio and Dowzicky, 2007). These enzymes are normally
produced in combination with several other B-lactamases, hence making it difficult to

identify carbapenemases using simple phenotypic methods (Bush et al., 2013)

The aim of this study was to screen for CRE amongst neonates at King Edward V111 Hospital,
Durban, South Africa by means of susceptibility testing and minimum inhibitory
concentration (MIC) determination. Additionally screening for CPE using previously
described phenotypic tests was evaluated and correlated with multiplex real-time polymerase

chain reaction (PCR) for the production of carbapenemases.



The objectives of this study were:

To isolate Enterobacteriaceae from rectal swabs.

To determine the carbapenem susceptibility based on the Brilliance™ CRE Agar and
Kirby-Bauer tests.

To compare the carbapenem MICs based on the microbroth dilution, E-Test and
VITEK® 2 Automated System.

To ascertain carbapenemase production based on the ChromID® CARBA agar,
Modified Hodge Test and Amoxycillin-Clavulanate Double Disc Synergy Test.

To link the results of the phenotypic tests with the results from the multiplex real-time

PCR for carbapenemase production.



CHAPTER TWO

BACKGROUND

2.1. INFECTIONS IN NEONATES

The World Health Organisation estimated that about 41% (3.6 million) of under 5 year old
deaths occur during the neonatal period (Hoque et al., 2011). Most of these deaths occur in
developing countries and approximately 1 million deaths are attributed to infections such as
neonatal sepsis, meningitis and pneumonia (Zaidi et al., 2011). In South Africa, the most
common reasons for neonatal deaths are birth asphyxia, prematurity, neonatal bacterial
infection and congenital abnormality (Pattinson, 2007). Neonates are highly susceptible to
bacterial infections, and an immature immune system may lead to the rapid progression of
disease. In addition, there may be a delay in recognition and treatment of such infections due

to poor recognition of symptoms and constraints of healthcare resources (Zaidi et al., 2011).

2.1.1 Acquisition of Neonatal Infections

Neonates are immunocompromised due to their thin skin and mucous membranes (which are
weak barriers against infections) and an immature immune system with respect to specific
and innate immunity (Vergnano and Heath, 2013). Infections in neonates may occur as a
result of vertical transmission in utero, acquisition during the peripartum period or

nosocomial infections following delivery.



In 1998, in South Africa, a rate of 21 per 1000 live births occurred. According to the
Statistics South Africa, in 2009, the neonatal mortality rate decreased to 14 per 1000 live
births, with a target decrease of 7 per 1000 predicted for the year 2015 (Lloyd and de Witt,
2013; Velaphi and Rhoda, 2012). The rate of mortality in under-fives has increased as a result
of HIV/ AIDS and has led to numerous deaths within the first 28 days of life (Pattinson,

2009).

The TORCH group (Toxoplasma gondii; Others such as Parvovirus B19, Varicella-Zoster
virus infection, Treponema pallidum infection, Hepatitis B; Rubella virus, Cytomegalovirus
infection and Herpes Simplex virus infection) comprise organisms that predominantly cause
congenital infection during pregnancy (van der Weiden et al., 2011). The gestational age of

the fetus influences the severity of such infections.

Early onset infections are referred to as infections that occur 2 to 3 days after birth, and are
caused by the transmission of pathogens from the birth canal during or before birth (Fleming
et al., 2012). The incidence of early onset infections vary from <1 to 10 per 1000 live births
(Vergnano and Heath, 2013). The most common pathogens leading to early onset infections
in developed countries are Group B streptococci and E. coli, followed by S. aureus and

Listeria monocytogenes (Capretti and Faldella, 2013).

Late-onset infections in hospitalised neonates occur after 48 hours of birth and are primarily

nosocomial (Fleming et al., 2012). The incidence of late-onset infection differs from 20 to 30
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per 1000 neonatal admissions in western countries (Vergnano and Heath, 2013). These
infections usually occur in the preterm population due to their prolonged stay and immune

deficiency.

In developed countries the most common infections are caused by coagulase-negative
staphylococci, followed by S. aureus, E. coli, Klebsiella spp., and other Enterobacteriaceae
(Fleming et al., 2012; Vergnano et al., 2011). Gram-negative rods are a common cause of
nosocomial infection in neonates in developing countries. K. pneumoniae has been shown to

account for between 16-28% of blood culture positives in septic neonates (Zaidi et al., 2005).

2.1.2 Factors influencing Neonatal Infections

Environmental risk factors associated with the transmission of infections are significant and
related to the seasonal changes in the frequency of neonatal hospital acquired infections.
Warmer climates are normally associated with increased colonisation with Enterobacter spp.
(Fryklund et al., 1993). An increase in the humidity in the nursery, propagates airborne
dispersion of Acinetobacter spp. and is associated with bloodstream infections (Srivastava
and Shetty, 2007). Hospitalisation results in the colonisation of skin and gastrointestinal tract
with resistant organisms present in hospitals (Srivastava and Shetty, 2007). This in turn leads

to bloodstream infections when there are abrasions on the skin or mucosa.



Nosocomial pathogens are known for causing common-source outbreaks since they flourish
in multi-use containers of medication, liquid soap, antiseptics, and disinfectants, as well as
inadequately disinfected or sterilised equipment (Zaidi et al., 2005). The primary source of

such infection is the hands of health-care personnel.

Vertically acquired pathogens have the ability to cause infection of the amniotic fluid and
stillbirths. In South Africa, the pathogens associated with neonatal sepsis suggest that many
neonatal infections may be primarily acquired from the environment. The organism
responsible for such infections is the group B Streptococcus (Cutland et al., 2009). Other
pathogens that contribute to an increase in the mortality rate in neonates in South Africa

include E. coli, Klebsiella spp., and Candida spp.

2.1.3. Infection, Prevention and Control

Several strategies may be implemented to prevent the spread of nosocomial pathogens in
neonatal nurseries, including entry restrictions, maintenance of a clean environment outside
the unit, and the promotion and practice of hand hygiene. In order to prevent or reduce the
multiplication of environmental organisms, regular cleaning, disinfection and sterilisation of
equipment and instruments are necessary (Shaffer, 2013). The transmission of organisms
between the neonates may be further prevented by: reducing overcrowding in incubators and
open cribs (Shaffer, 2013), promoting the use of disposable items and non-re-usable items,
and increasing the hospital personnel-to-patient ratio by adequate staffing (Uwaezuoke and

Obu, 2013). Whilst these strategies prevent colonisation and subsequent infection in



neonates, it must be partnered with antibiotic stewardship policies and practice to restrict the

emergence and spread of antibiotic resistant organisms.

2.1.4. Multi-Drug Resistant Nosocomial Pathogens

There has been an increase in the resistance amongst Gram-negative and Gram-positive
pathogens that cause infections in hospitals. These pathogens are referred to as ‘ESKAPE’
pathogens and comprise Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa and Enterobacter spp.
(Boucher et al., 2013). The alarming rates of MDR are driven by poor infection-control
practices as well as selective pressure of incorrect and prolonged used of antimicrobials. This
allows for the emergence and amplification of resistance within hospital nurseries.
‘ESKAPE’ pathogens have become a common occurrence in the healthcare environment
(Boucher et al., 2009). The development of resistance amongst this group of pathogens is

related to antibiotic usage patterns (Boucher et al., 2009).

K. pneumoniae is one of the most important neonatal pathogens that occur in developing
countries. Klebsiella spp. can be observed in the normal gastrointestinal and vaginal flora.
However, its detection in a MDR form in hospital-born babies suggests that highly
contaminated environmental reservoirs serve as a source of infection (Newman, 2002). The
prevalence of these pathogens amongst neonates is cause for concern since colonization

appears to occur at rapid rates (Chandrashekar et al., 1997; Newman, 2002).



2.2. B-LACTAM ANTIBIOTICS

2.2.1. Mechanisms of Action

B-lactams comprise a variety of antibiotics that are differentiated on the basis of their
chemical structure. They can be divided into four groups which include penicillins,

cephalosporins, monobactams and carbapenems.

The activity of B-lactam antibiotics against bacteria results in the inhibition of the synthesis
of the Peptidoglycan layer (PGL) (Nordmann et al., 2012). The final transpeptidation step
during PGL synthesis involves the transpeptidases known as peptidoglycan-binding proteins
(PBPs) (Nordmann et al., 2012). These PBPs differ in 2 ways: their affinity to bind to p-
lactams varies, and the quantity of PBPs differ between different species of bacteria
(Nordmann et al., 2012). According to Nordmann et al. (2012), the B-lactam antibiotic
structure is similar to that of D-alanyl-D-alanine, which has terminal amino acid deposits on
the N-acetyl muramique (NAM)/ N-acetyl glucosamine (NAG) peptide subunits of the
emerging peptidoglycan layer. This similarity allows for the binding of the B-lactams to the

PBPs active site.

The B-lactam nucleus of the molecule can become permanently bound to the Ser403 residue
of the PBP active site. This will prevent the crosslinking of the new peptidoglycan layer,
resulting in the disruption of the cell wall synthesis. Usually the peptidoglycan precursors

signal the reorganisation of the cell wall which encourages the activity of the autolytic cell
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wall hydrolases. However, if the crosslinking via B-lactams is inhibited; this results in the
accumulation of peptidoglycan precursors. This involves the assimilation of the existing
peptidoglycans by autolytic hydrolases in the absence of nascent peptidoglycan.
Subsequently, the bactericidal action of B-lactam antibiotics are enhanced to a greater extent
and the structural integrity of the cell wall decreases until lysis occurs. (Nordmann et al.,

2012).

2.2.2. Mechanisms of Resistance

In Enterobacteriaceae, the primary mechanism of resistance is the production of -
lactamases which hydrolyse B-lactams, while an altered expression of efflux pumps and/ or
porins is thought to play a minor role (Gazin et al., 2012). Depending on the substrate, the 3-
lactamases constitute of four functional groups which are: penicillinases (or classic f-
lactamases), ESBLs, carbapenemases, and AmpC-type cephalosporinases (Dhillon and Clark,
2009; Gazin et al., 2012). These four groups of B-lactamases are defined according to their
functions. Penicillinase inactivates penicillin but cannot cause degradation of cephalosporins,
aztreonam or carbapenems (Dhillon and Clark 2009; Nordmann et al. 2012).
Cephalosporinase inactivates cephalosporins and aminopenicillins, with the exception of
penicillins, aztreonam or carbapenems (Dhillon and Clark 2009; Nordmann et al. 2012).
ESBLs cause inactivation of all B-lactams excluding carbapenems but may be inhibited by
clavulanic acid, tazobactam, sulbactam, Ethylenediaminetetraacetic acid (EDTA), and
Sodium Chloride (NaCl). Finally, carbapenemases may selectively inactivate carbapenems
based on the enzyme produced, and a variety of B-lactam antibiotics (Dhillon and Clark 2009;

Nordmann et al. 2012).
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2.2.3. PB-Lactamase Inhibitors

Clavulanic acid, sulbactam and tazobactam are B-lactamases inhibitors (Nordmann et al.,
2012). These are derived from f-lactams and are most commonly used for clinical purposes
unlike other uncommon inhibitors like EDTA and NaCl. The inhibitors have weak
antimicrobial activity although they share the p-lactam ring trait from p-lactam antibiotics
(Nordmann et al., 2012). The similarity in the chemical structure of the inhibitory molecules
allows the substrate to act in a suicidal manner. This occurs by the covalent binding of the
inhibitor with the active sites of B-lactamases produced by the bacteria (Nordmann et al.,

2012).

The resistance of Gram-negative bacteria to antimicrobial agents is increasing rapidly. The
third generation cephalosporins initially could overcome the resistance caused by B-
lactamases (Paterson, 2006). Third-generation agents such as ceftriaxone, cefotaxime and
ceftazidime were stable in the presence of classic pB-lactamases (Paterson, 2006). However,
Gram-negative bacilli obtained from hospitals, such as K. pneumoniae, produced mutant
forms of B-lactamases that made them resistant to both third-generation cephalosporins and
monobactams (Goossens and Grabein, 2005; Paterson, 2006). Most hospital acquired
Enterobacteriaceae are resistant to third-generation cephalosporins due to the production of
B-lactamases. ESBLs that act by hydrolysing both broad- and extended- spectrum
cephalosporins, monobactams and penicillins, are examples of this resistance (Paterson,
2006). Therefore, ESBL-producing Enterobacteriaceae in most ICUs are MDR, making it

difficult to treat nosocomial infections (Gazin et al., 2012; Goossens and Grabein, 2005).
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Late detection and inappropriate treatment with cephalosporins for illnesses caused by ESBL

producers, have led to an increase in the mortality rate (Dhillon and Clark, 2009).

The genes encoding ESBLs commonly occur in the plasmids that also have genes encoding
aminoglycoside- and sulphonamide- resistance, are present in numerous Enterobacteriaceae
(Paterson, 2006). Organisms that produce ESBLs may therefore also be resistant to non-§3-
lactam antibiotics such as quinolones, aminoglycosides, and trimethoprim which reduces the
treatment options (Dhillon and Clark, 2009). ESBLs are transferred by means of a plasmid,
making it difficult to effectively control and treat organisms that produce this enzyme.
Another mechanism of resistance in Gram-negative bacteria is the hyperproduction of Bush
group 1 chromosomally mediated cephalosporinases such as AmpC p-lactamases (Goossens
and Grabein, 2005). This allows for the resistance to most B-lactams including third-
generation cephalosporins (Goossens and Grabein, 2005). The AmpC-producing strains that
undergo derepression are the organisms that are often isolated from hospitals, predominantly
from the ICU (Pfaller and Jones, 2002). This is commonly due to the use of broad-spectrum
B-lactams (Pfaller and Jones, 2002). The treatment for ESBL- and AmpC- producing
organ