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Summary 

Background 

Escherichia coli and Klebsiella pneumoniae are common causes of Bloodstream Infections 

(BSI). β-lactam antibiotics, such as cephalosporins and carbapenems, are commonly used 

to treat these infections. Increasing resistance has been noted, usually due to plasmid 

mediated β-lactamases such as Extended-Spectrum β-lactamases (ESBLs) and 

carbapenemases. This study describes the antibiotic resistance profiles, outcomes and 

epidemiology of Gram negative BSIs in a tertiary hospital in Cape Town, South Africa. 

Methods 

Patients with E. coli (n=70) and K. pneumoniae (n=70) bacteraemia identified at Tygerberg 

Hospital between April 2015 and March 2016 were included. Identification and Antibiotic 

Susceptibility Testing (AST) were performed as part of routine testing. Patient data was 

obtained through record review. ESBL and carbapenemase genes were characterised by 

Polymerase Chain Reaction (PCR) and DNA sequencing. Isolates were typed using rep-

PCR and Pulsed Field Gel Electrophoresis (PFGE). Chi-square and Mann-Whitney tests 

were used to estimate significance of correlation. 

Results and discussion 

45% of patients were male, and 30.7% were paediatric. 66.4% of BSI were hospital-

acquired. K. pneumoniae accounted for 61.3% of hospital-acquired isolates; 72.3% of 

community-acquired isolates were E. coli. 55.7% of K. pneumoniae and 15.7% of E. coli 

were cephalosporin resistant (presumed ESBL); one K. pneumoniae isolate was 

carbapenem resistant. Increased antibiotic resistance and ESBL production was seen in 

hospital-acquired isolates.  

ESBL genes were harboured in 35.7% of isolates; 50.7% contained β-lactamase genes and 

13.6% no β-lactamase genes. Most TEM genes (98%) were β-lactamases; 47.4% of SHV 

genes were β-lactamases, 7% were ESBLs and 45.6% were SHV genes whose spectrum is 

uncertain. Isolates containing SHV genes with uncertain spectrum were phenotypically 

susceptible to cephalosporins, suggesting these enzymes do not have extended-spectrum 

activity. Multiple β-lactamase genes were present in 60% of K. pneumoniae isolates, and 

only 5.7% of E. coli isolates. CTX-M genes were the most common ESBL genes, with most 

(91.3%) of these belonging to group 1. CTX-M genes were found in combination more often 

than not (84.8%). No carbapenemase genes were detected.  
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Molecular and phenotypic resistance agreed in 95.3% of isolates. The 30-day mortality rate 

was 30%, with no association between mortality and hospital-acquired infection, or with 

ESBL production (phenotypic or molecular). Molecular and phenotypic resistance was 

associated with hospital-acquired isolates (P=0.001, P<0.001). 

Both strain typing techniques showed substantial diversity among isolates, with minimal 

clustering; which suggests multiple clones in the hospital, precluding any possibility of 

assessing associations. 

Conclusion 

Increased resistance was observed in hospital-acquired isolates, and the association 

between hospital-acquired isolates and ESBL presence was significant, which is not 

unexpected. Isolates were genetically diverse and showed minimal clustering, suggesting 

that resistance may be due to horizontal transmission. Continuous efforts towards 

surveillance of the epidemiology and resistance patterns of circulating strains are required to 

monitor and guide antimicrobial stewardship, infection prevention and control (IPC) practises 

and empiric therapy.  
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Opsomming 

Agtergrond 

Escherichia coli en Klebsiella pneumoniae is alombekend om bloedstroominfeksies (BSI) te 

veroorsaak. Hierdie infeksies word grotendeels behandel met β-laktam antibiotika, soos 

kefalosporiene en “carbapenems”, Verhoogde β-laktam antibiotika weerstandigheid word 

toegeskryf aan  plasmied-gemedieërde β-laktamases soos die “Extended-Spectrum  

β-lactamases” (ESBLs) en “carbapenemases”. Hierdie studie beskryf die antibiotiese 

weerstandsprofiele, uitkomste en epidemiologie van Gram negatiewe BSI’s in ‘n tersiêre 

hospitaal in Kaapstad, Suid-Afrika. 

Metodes 

E. coli (n=70) en K. pneumoniae (n=70) bakterieë vanaf kliniese monsters van Tygerberg 

Hospitaal tussen April 2015 en Maart 2016 was ingesluit. Spesie-identifikasie en 

antibiotiese-vatbaarheidstoetse was uigevoer as deel van roetine toetse. Pasiënt data was 

deur middel van mediese rekords verkry. ESBL en carbapenemase gene is met 

polimerasekettingreaksie (PKR) en DNA-volgordebepaling gekarakteriseer. Isolate is 

getipeer met rep-PKR en “Pulsed Field Gel Electrophoresis” (PFGE). Chi-kwadraat en  

Mann-Whitney toetse was toegepas om die statistiese betekenisvolheid van korrelasie te 

skat. 

Resultate en bespreking 

45% van pasiënte was manlik en 31.4% was pediatries. 66.4% van BSI was hospitaal-

geassosieerd. 61.3% van die hospitaal-geassosieerd isolate was K. pneumoniae; 72.3% van 

die gemeenskaps-geassosieerde isolate was E. coli. 55.7% van K. pneumoniae en 15.7% 

van E. coli was kefalosporien-weerstandig (veronderstelde ESBL); een K. pneumoniae 

isolaat was carbapenem-weerstandig. ‘n Toename in antibiotiese weerstandiheid en ESBL-

produksie was waargeneem in die hospitaal-geassosieerd isolate. 

ESBL gene was teenwoordig in 35.7% van die isolate; 50.7% bevat β-laktamase gene en 

13.6% bevat geen β-laktamase gene nie. TEM gene (98%) was grotendeels β-laktamases; 

47.4% van die SHV gene was β-laktamases, 7% was ESBL en 45.6% was SHV gene 

waarvan die spektrum onbekend was. Isolate met SHV gene met onbekende spektrums was 

fenotipies vatbaar vir kefalosporiene, wat voorstel dat hierdie ensieme nie uitgebreide 

spektrum aktiwiteit gehad het nie. Verskeie β-laktamase gene was teenwoordig in 60% van 

K. pneumoniae isolate en 5.7% E. coli isolate respektiewelik. CTX-M gene was die mees 

algemeen ESBL gene en die meerderheid (91.3%) behoort aan groep 1, wat die 
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wêreldbekende CTX-M (CTX-M-15) bevat. CTX-M gene was grotendeels waargeneem in 

kombinasie (84.8%). Geen carbapenemase gene was gevind nie.  

Molekulêre en fenotipiese weerstandigheid het in 95.3% van die isolate ooreengestem. Die 

30-dag mortaliteit was 30%, met geen assosiasie tussen hospitaal-geassosieerde infeksie, 

of met ESBL produksie (molekulêr of fenotipies) nie. Molekulêre en fenotipiese 

weerstandigheid was geassosieer met hospitaal-geassosieerde isolate (P=0.001; P<0.001). 

Beide tiperingstegnieke het aansienlike diversiteit bevestig tussen die isolate met minimale 

groepering. Dit dui daarop dat verskeie klone voorkom in die hospitaal, en dat enige 

moontlikheid om die assosiasies tussen tipe, weerstands-fenotipe of -genotipe of uitkoms 

bepaal kan word.  

Gevolgtrekking 

‘n Toename in weerstandigheid was waargeneem in alle hospitaal-geasosieerde isolate. Die 

assosiasie tussen hospitaal geasosieerde islolate en die teenwoordigheid van ESBL’s was 

statisties relevant. Isolate was geneties divers en het minimale groepering in identiteit 

vertoon, dit stel voor dat die verspreing horisontaal plaas kon gevind het. Verdere navorsing 

in epidemiologie en weerstandigheids patrone van verspreidende stamme is noodsaaklik om 

antimikrobiese verhoudings, infeksie beheer en empiriese terapie te kan bevorder. 
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Chapter 1: Literature review 

1.1 Antimicrobial resistance: an overview 

Bacterial infections affect numerous people worldwide, including South Africans. Antibiotics 

have decreased the burden of bacterial infections and have become heavily relied upon 1. 

There has been a notable increase in antibiotic resistance in bacteria and unfortunately, the 

growing resistance far outpaces the development of new therapies 2. Drug resistance 

presents a treatment problem, as many bacteria have acquired one or more resistance 

mechanism. These strains are problematic due to the fact that they harbour multiple 

resistance genes encoding resistance to more than one type of antibiotic. Infections with 

these bacteria are difficult to treat due to the reduced number of treatment options 3.  

The antimicrobial resistance rates vary widely across the globe, depending on the bacterial 

species, antibiotic group and location 4. Many studies world-wide have cited an increase in 

resistance to third generation cephalosporins and carbapenems 4–6. The increasing 

prevalence of resistance and multi-resistant bacteria has led to the use of combination 

therapies, expensive second-line antibiotics and older antibiotics, such as colistin, that are 

less appealing due to high levels of toxicity 7. This may then place selective pressure on the 

bacteria and select for colistin resistant isolates, further exacerbating the resistance problem. 

Plasmid-mediated colistin resistance has already been cited and this is cause for great 

concern as the options for treatment are running out and development of  truly pan-resistant 

bacteria may soon become a reality 8. Expensive second-line antibiotics are not commonly 

used in low- and middle-income countries due to their cost, resulting in increased morbidity 

and mortality in these countries 1.  

Extended-Spectrum β-lactamase (ESBL) producing bacteria were originally considered to be 

only healthcare-associated as infections and outbreaks of this organism were only seen in 

these settings. However, bacteria carrying these resistance mechanisms are becoming more 

common in community settings and have been seen in patients without previous exposure to 

healthcare settings 9.  

Antibiotics are often overused, creating increased selection pressure for resistant bacteria 

and driving the evolution of resistance 10. Studies have shown a link between antibiotic 

consumption and the emergence of resistant strains 10.  A study by Van Boeckel et al. looked 

at antibiotic consumption from 2000 to 2010 by analysing pharmaceutical sales data, and 

found that consumption of antibiotics increased by 35% over the investigated time period 1. 

The largest absolute increase in consumption was observed in cephalosporins, broad-

spectrum penicillins and fluoroquinolones; additionally cephalosporins and broad-spectrum 
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penicillins constituted 55% of the total antibiotics consumed 1. They also noted significant 

increases in the use of carbapenems (45%) and polymyxins (13%) such as colistin 1. This 

study also noted that consumption of antibiotics increased considerably in developing 

countries, with the highest rates being seen in the BRICS (Brazil, Russia, India, China, and 

South Africa) countries and French West Africa 1. Distressingly, 76% of overall increase in 

global antibiotic use was attributed to the BRICS countries 1. 

Other factors which contribute to antimicrobial resistance include the over the counter sale of 

antibiotics in some countries, self-medication with these drugs, non-adherence to the 

treatment recommended by doctors, which is common in Africa, and incorrect or 

unnecessary prescribing of antibiotics 10,11.  

Antibiotics are extensively used in agriculture, particularly in livestock 10. These antibiotics 

are used to promote growth and prevent infection, producing larger yields and higher quality  

product 10. It is estimated that as much as 80% of the antibiotics sold in the United States of 

America are used by the livestock industry 10. These antibiotics are ingested by humans 

when they consume these animal products, thereby increasing selection pressure within 

humans for antibiotic resistant bacteria 10. Antibiotics are also excreted by animals in stool 

and urine, which along with the spraying of antibiotics on crops results in higher 

concentrations of antibiotics in the environment 10. 

Several factors have been associated with increased risk of infection with an antibiotic 

resistant pathogen, including previous antibiotic use, recent or current hospitalisation, 

immunosuppressive drugs or disease, hospital overcrowding and international travel 11,12.  

Infections with resistant organisms are costlier as patients have longer hospital stays and 

need expensive antibiotics. These infections may also result in prolonged exposure to 

invasive medical devices and procedures, affecting patient morbidity and further prolonging 

time spent in hospital. The hospitals need to spend money decontaminating the area when 

patients are infected with resistant bacteria, and ensure extra care is taken to prevent the 

spread of these resistant organisms to other patients. The increased prevalence of 

resistance combined with the absence of new antibiotics has resulted in improved efforts 

towards infection control as well as antibiotic stewardship 13. The efficacy of antibiotics 

needs to be maintained so that we can continue to prevent infection in immunosuppressed 

patients and when performing invasive surgery and to treat bacterial infections 10. 

Antimicrobial resistance has been described in a wide range of organisms, with increasing 

resistance in Enterobacteriaceae being of particular concern. Infection with these bacteria is 

frequent and development of multiple resistance mechanisms has seen therapeutic options 
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dwindling. Prevention of infections with Enterobacteriaceae may be particularly difficult as 

these bacteria are found in many environments and form part of the human microflora 14.  

1.2 Enterobacteriaceae 

Enterobacteriaceae are one of the largest groups of clinically important Gram negative 

bacilli. These organisms can be found in many environments, such as soil and water and 

also form part of the intestinal flora of various animals, including humans 14. Clinically 

important species in this family include Escherichia coli, Proteus mirabilis, Klebsiella 

pneumoniae, Shigella spp. as well as Salmonella spp. This heterogeneous group of bacteria 

range from commensals to obligate pathogens. Some members of the Enterobacteriaceae 

family, such as E. coli, form part of our normal flora and usually only cause disease in 

immunocompromised hosts. Others such as Shigella spp., are always associated with 

disease, i.e. obligate pathogens 14. 

Enterobacteriaceae are a common cause of community- and healthcare- acquired infections, 

including Bloodstream Infections (BSI), Urinary Tract Infections (UTI), respiratory and wound 

infections 14,15. Among the Enterobacteriaceae, E. coli and K. pneumoniae are frequently 

associated with bloodstream infections and commonly harbour β-lactam resistance 

mechanisms 16,17. 

E. coli consists of a large diverse group of bacteria which occur naturally in the human 

gastro-intestinal tract. Most strains of E. coli are not known to cause illness in heathy hosts, 

although some strains are pathogenic and can cause serious illnesses, as a result of various 

virulence factors. Pathogenic E. coli may cause a variety of illnesses such as diarrhoea, 

UTIs, and pneumonia. E. coli is a common cause of bacteraemia and a major causative 

agent of food-borne illnesses 4. E. coli is usually transmitted through ingestion of 

contaminated food, person-to-person contact, animal contact or contact with environments 

that are contaminated with faecal matter 18.  

K. pneumoniae is said to be the most clinically relevant species within the Klebsiella genus 

as it is responsible for the majority of infections caused by Klebsiella species 19. Klebsiella is 

often found in the gut of humans and animals and is known to be a cause of opportunistic 

infections in compromised hosts 20. K. pneumoniae is frequently isolated in hospitals and has 

a notable ability to survive on hands, which facilitates its spread 19,20. This species of bacteria 

often carries resistance genes such as β-lactamases, ESBLs and carbapenemases 21,22. 

This characteristic makes infections with these bacteria more concerning and difficult to 

treat.   

Stellenbosch University  https://scholar.sun.ac.za



4 
 

1.3 Bloodstream infections  

Bloodstream infection (BSI), or bacteraemia, is defined as the presence of viable bacteria in 

the blood 23,24. It is a major source of morbidity and death with mortality rates ranging from 

10 to 70% 17,23,25,26. A systemic review estimates bacteraemia to be amongst the top seven 

causes of death in European and North American countries, with 2 million episodes and 

250 000 fatalities annually 27.  

Bacteraemia may arise as a primary infection, or secondary to an infection at a defined 

anatomical site (e.g. urinary tract, lower respiratory tract) 25. Patients who are 

immunocompromised or critically ill have an increased risk of developing a BSI 23. BSIs can 

be classified into community- or hospital-acquired based on where the infection was 

contracted 28. Studies have found that the different types of BSIs can differ in epidemiology, 

severity and mortality rate 17,23. Sepsis arises when there is a systemic response from the 

host to the BSI 29. This is characterised by increased heart and respiratory rate,  elevated 

white blood cell count as well as an abnormally high or low body temperature 23. 1.8 million 

cases of sepsis are reported every year, although this most likely an underestimation due to 

lack of reporting 23. 

Over time, the aetiology of BSIs has changed; from Gram negative bacteria to Gram positive 

in the 1990s, and recently Gram negative bacteria have re-emerged as the predominant 

source of BSIs 28,30. Enterobacteriaceae in particular are presently one of the major causes 

of BSIs 28. 

Healthcare-associated infections have a higher incidence rate (at least double) in low 

income settings compared to high income settings 31. African studies reported a prevalence 

of 15,5 patients per 100 compared to 7,1 reported by European studies and 4,5 reported by 

studies conducted in the United States of America. It has been estimated that healthcare-

associated bacteraemia is the cause of 25 000 deaths of African children each year 32. 

E. coli and K. pneumoniae are two major agents implicated in the cause of BSIs 33. A study 

done in 2012 at Groote Schuur Hospital in South Africa, found that E. coli and  

K. pneumoniae were the most common Gram negative bacteria causing bacteraemia 17. A 

retrospective study done at Tygerberg Hospital in South Africa described BSIs in paediatric 

patients from 2008 to 2013 32. This study found that Gram negative bacteraemia dominated, 

with K. pneumoniae and E. coli being the most common Gram negative pathogens. The 

study also described an association with healthcare-associated bacteraemia and Gram 

negative pathogens as well as a higher antimicrobial resistance in bacteria causing 

healthcare-associated bacteraemia. BSIs with Gram negative bacteria were associated with 

higher mortality, as observed in other studies carried out in Africa 34,35.  Concerningly, this 
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study observed a high rate of antimicrobial resistance among community-associated 

bacteria, particularly in K. pneumoniae and E. coli. 

A study conducted on Kenyan children found that healthcare-associated BSIs had a 

mortality rate of 53%, compared to 24% in community-acquired BSIs 35. They also observed 

a higher mortality rate when bacteraemia was caused by Gram negative bacteria, 61%, 

versus 38% for Gram positive infections.  

It is necessary to identify the bacteria responsible for the BSI in order to effect appropriate 

treatment. These bacteria are usually identified by blood culture, as this is the current gold 

standard 23. Blood from the patient is inoculated into the appropriate culture medium and 

incubated. This technique takes between 24 and 72 hours to obtain cultures and additional 

time to identify the bacterium and obtain the antibiogram, depending on the testing platform 

used. For this reason, empiric treatment is often relied on until more information is available, 

however some countries rely on empiric treatment alone if diagnostic facilities are not 

available 36. The emergence and spread of various antibiotic resistance mechanisms has 

made the treatment of BSIs increasingly difficult and detrimental to patients 37. This is 

because patients are often given incorrect empirical treatment leading to increased morbidity 

and mortality, especially when causative bacteria harbour resistance mechanisms such as 

ESBLs and carbapenemases 38. It is therefore important to have current information 

regarding the epidemiology of circulating pathogens as well as their resistance rates.  

1.4 β-lactam antibiotics 

Infections with Enterobacteriaceae are usually treated using β-lactam antibiotics. β-lactams 

are a large group of antibiotics, which are all characterised by a β-lactam ring. These 

antibiotics are one of the oldest and most widely used antibiotic families 18,39. The different 

groups within this family are distinguished by the structure of additional rings attached to the 

β-lactam ring 20. Antibiotics in this group include penicillins, monobactams, cephalosporins 

and carbapenems. Table 1.1 summarizes the different classes of β-lactams.
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Table 1.1: The different classes of β-lactam antibiotics and some of their properties  

(Adapted from Versalovic (2011) 18 & Vasconcillos (2010) 40) 

 

β-lactams act on a vital component of the bacterial cell, the cell wall. Specifically, they bind 

to enzymes called Penicillin-Binding Proteins (PBPs) which form an integral part of cell wall 

construction. These enzymes facilitate the final cross-linking of cell wall structures  

N-acetylmuramic (NAM) acid and N-acetylglucosamine (NAG); these two molecules form the 

building blocks of peptidoglycan and they form a rigid mesh which gives the cell wall its 

strength 14. Binding of β-lactams to these enzymes results inhibition of cross-linkage and 

leads to the loss of the cell wall’s integrity, ultimately leading to cell lysis 39. β-lactams may 

also have a bactericidal effect by triggering autolytic enzymes in the cell envelope due to 

accumulation of cell wall precursors 41.  

Penicillins were some of the first antibiotics discovered, changing the treatment of infections. 

Penicillins consist of a thiazolidine ring attached to a β-lactam ring 41. While they are 

naturally synthesized by many Penicillium spp., many semi-synthetic variations are also 

manufactured 41. Penicillins are active against many Gram positive bacteria, and have some 

Class Penicillins 

(penams) 

Cephalosporins 

(cephems) 

Carbapenems 

(penems) 

Monobactams 

Core 

structure 

 
 

 

 

 β-lactam ring fused 

to a thiazolidine 

ring. 

β-lactam ring fused 

to a dihydrothiazine 

ring. 

β-lactam ring fused 

to a hydoxyethyl 

side chain. 

β-lactam ring with 

various side-chains. 

Spectrum 

of activity 

Most Gram positive 

and some Gram 

negative and 

anaerobic 

organisms. 

Grouped by 

generations based 

on their activity. 

Third generation 

(broad spectrum) 

are less active than 

first against Gram 

positive cocci but 

are more active 

against 

Enterobacteriaceae 

and P. aeruginosa.  

Widest spectrum. 

Excellent activity 

against Gram 

positive species. 

Most potent  

β-lactam against 

anaerobes.  

Active against 

aerobic Gram 

negative bacteria, 

including  

Enterobacteriaceae. 

Examples Ampicillin 

Cloxacillin 

Amoxicillin 

Cefotaxime 

Cefepime 

Ceftazidime 

Imipenem 

Meropenem 

Ertapenem 

Aztreonam 

Tigemonam 

Tabtoxin 
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limited activity against Gram negative bacilli. Examples of these antibiotics include ampicillin 

and amoxicillin.  

Monobactams are monocyclic β-lactams that consist of a single β-lactam ring with various 

attached side chains 41. They are narrow spectrum antibiotics which target aerobic Gram 

negative bacteria 42. Monobactams are stable against most plasmid and chromosomally 

mediated β-lactamase enzymes which hydrolyse β-lactam antibiotics 42. Currently, 

aztreonam is the only monobactam in clinical use 41.  

Cephalosporins are a group of β-lactams characterised by a six membered dihydrothiazine 

ring attached to the β-lactam ring 41. Antibiotics in this group can be further classified into 

different generations (first to fifth) based on their spectrum of activity and stability against  

β-lactamases 43,44. First generation cephalosporins, such as cefazoline, display activity 

focused on Gram positive bacteria. Second generation cephalosporins maintain activity 

against Gram positive cocci, but they have increased activity against Gram negative bacilli. 

Cefoxitin is an example of a second generation cephalosporin. Third generation 

cephalosporins demonstrate a considerable increase in activity against Gram negative 

bacilli, however some members have decreased action against Gram positive cocci. 

Commonly used cephalosporins of this generation include cefotaxime and ceftazidime. 

Agents classified as fourth generation cephalosporins have the widest spectrum of activity 

including most Gram negative bacilli and Gram positive cocci. These cephalosporins are 

also less susceptible to hydrolysis by β-lactamases. A well-known example of a fourth 

generation cephalosporin is cefepime. Third and fourth generation cephalosporins are 

considered to be extended-spectrum cephalosporins. The fifth generation cephalosporins, 

such as ceftaroline, are active against methicillin resistant staphylococci and also have 

broad-spectrum activity against Gram negative bacteria 44.  

Penicillins and some cephalosporins are often combined with β-lactamase inhibitors to 

increase their activity against Gram negative bacilli, particularly those producing  

β-lactamases. β-lactamase inhibitors alone are weakly bactericidal but form a good adjuvant 

when combined with β-lactam antibiotics. This is due to their ability to breakdown  

β-lactamases, which prevents the hydrolysis of the β-lactam antibiotic, thereby retaining the 

activity of the β-lactam antibiotic despite the presence of a β-lactamase 44,45. Examples of  

β-lactamase inhibitors include clavulanic acid, sulbactam and tazobactam. Examples of 

commonly used β-lactam-β-lactamase inhibitors include piperacillin-tazobactam and 

amoxicillin-clavulanate. These are a good carbapenem-sparing treatment option 45.  

Carbapenems are said to be one of the most important β-lactam antibiotics due to their 

broad spectrum of activity and high potency 46. This is due to their efficient penetration 
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though the bacterial outer membrane as well as their high affinity for PBPs 44. This group has 

a five membered ring attached to the β-lactam ring but it differs structurally from other  

β-lactams by its hydroxyethyl side chain 41. This antibiotic is usually used to treat patients 

infected with multi-resistant organisms, as it is less affected by certain resistance 

mechanisms, including β-lactamases 47. This is as a result of the antibiotic’s unique structure 

18. Commonly used carbapenems include imipenem, meropenem and ertapenem 48.  

1.5 β-lactam resistance 

Bacteria often develop strategies to persist in the presence of antibiotics. This is a natural 

phenomenon in bacteria, but is accelerated by the increased use of antibiotics in humans 

and animals through natural selection of resistant bacteria 49. These methods of resistance 

include antibiotic inactivation or modification (usually by enzymes), target alteration or 

preventing accumulation of the antibiotic inside the cell by decreasing permeability of the cell 

membrane/wall or increasing efflux 50. The emergence of these resistance mechanisms in a 

bacterial population is associated with certain factors, the most important of which being 

mutation rate, horizontal transmission of resistance genes and the fitness costs that these 

gene/s could impose on the bacterium 51. Increasing resistance in members of the 

Enterobacteriaceae family has resulted in multi-resistant and in some cases pan-resistant 

species i.e species resistant to all tested antibiotics. These once simple to treat organisms 

now pose a major problem as treatment options are considerably reduced due to increasing 

resistance 12.  

β-lactam resistance in Enterobacteriaceae is most often due to the production of  

β-lactamase enzymes. These enzymes confer resistance to β-lactam antibiotics by 

hydrolysing the chemical bonds within the antibiotic’s structure, specifically the bonds within 

the β-lactam ring 52 (Figure 1.1). This breaking of the β-lactam ring causes the loss of the 

activity or binding affinity of the β-lactam 18,52. β-lactamases also belong to the same family 

of serine proteases as PBPs 14.  

 

Figure 1.1: β-lactamase activity. β-lactamases hydrolyse β-lactam antibiotics which results in breaking 

of their β-lactam ring and consequently results in their loss of activity.  
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β-lactamases can be classified using two general schemes, the Ambler molecular 

classification scheme and the Bush-Jacoby-Medeiros functional classification system 22. The 

Ambler classification scheme separates β-lactamases into four major classes, A to D, based 

on amino acid homology. Classes A, C and D are made up of serine β-lactamases, while 

class B is made up of metallo-β-lactamases 22. The Bush-Jacoby-Medeiros classification 

scheme groups β-lactamases by their functional similarities. This scheme originally divided 

β-lactamases into 4 groups but has now been revised to 3 groups with multiple sub-groups 

53. While structural groupings like the Ambler scheme are simple and more objective, 

functional groupings assist in relating the enzyme’s properties to their clinical role 53.  

It has long been known that K. pneumoniae and E. coli produce β-lactamases, such as  

SHV-1 and TEM-1 respectively, which are able to hydrolyse amino-penicillins (such as 

amoxicillin and ampicillin), but not cephalosporins 9. The cephalosporins were specifically 

designed to withstand hydrolysis by these enzymes and overcome the β-lactamase 

mediated resistance.  9.  

1.5.1 Extended-spectrum β-lactamases 

Extended-Spectrum β-lactamases (ESBLs) are β-lactamases which are able to hydrolyse an 

extended-spectrum of β-lactamase antibiotics including penicillins, 1st-, 2nd- and  

3rd-generation cephalosporins and the monobactam, aztreonam. It is suggested that this 

resistance mechanism developed as a result of increased selection pressure due to the 

wide-spread use of extended-spectrum cephalosporins 54. The first published report of this 

type of β-lactamase was in 1983, and since then many other ESBLs have been discovered 

22. ESBLs have been found in a range of Enterobacteriaceae, but they are most common in 

K. pneumoniae and E. coli 55. Bacteria have developed two main approaches for the 

development of ESBLs, namely by the expansion of activity of β-lactamases and by 

acquiring genes encoding enzymes with ESBL activity, which can occur alone or in 

combination 56. Different families of ESBLs have been described based on amino acid 

sequences, and the most commonly detected and clinically significant ESBLs belong to the 

TEM, SHV and CTX-M families 57. 

TEM family 

All TEM-ESBLs are derivatives of the β-lactamases TEM-1 and TEM-2. The TEM family is 

named after Temoneira, the first patient from whom a β-lactamase producing bacterium was 

isolated 22, in 1965. TEM-ESBLs have developed as a result of amino acid substitutions 

which have altered their substrate profile and isoelectric point. Some amino acid residues 

along the blaTEM gene have been said to more important for changes to the enzyme’s 
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phenotype, particularly to create the ESBL phenotype 58. These changes can be seen in the 

figure below (figure 1.2).   

 

Figure 1.2: Amino acid substitutions in the TEM gene that are important to the ESBL phenotype. 

Adapted from Bradford (2001) 58. 

SHV family  

The SHV β-lactamases are named after the sulfhydryl variable. The progenitor of this family, 

SHV-1, is commonly found in K. pneumoniae 59. The first ESBL-SHV, SHV-2, was 

discovered when an SHV enzyme was found to hydrolyse a third generation cephalosporin, 

cefotaxime 58. Sequencing revealed a mutation resulting in a serine residue in place of a 

glycine at position 238. This mutation accounted for the extended-spectrum properties of this 

β-lactamase and is therefore found in the majority of blaSHV genes possessing an ESBL 

phenotype 58.  

CTX-M family 

The CTX-M family is a more recently discovered group of ESBLs, however they have 

disseminated worldwide and have quickly become the most prevalent ESBL 60. CTX-M 

ESBLs were named due to their preferential hydrolysis of the antibiotic cefotaxime 59.   

blaCTX-M genes are not closely related to blaSHV or blaTEM genes as they only show a 

40% sequence similarity 55,59. CTX-M ESBLs and β-lactamases of Kluyvera spp. are closely 

related and the adjacent gene sequences of both resistance genes also show similarity 59. 

This suggests that CTX-M genes originated in Kluyvera spp. and mobilised onto a mobile 

element facilitating their dissemination to other bacterial species. CTX-M ESBLs also differ in 

their preferred substrates, as TEM and SHV ESBLs preferentially hydrolyse ceftazidime, 

while CTX-M ESBLs prefer cefotaxime 9. 

CTX-M enzymes can be clustered into 5 sub-groups based on their amino acid sequences, 

namely CTX-M1, CTX-M2, CTX-M8, CTX-M9 and CTX-M25 (Figure 1.3) 60. These groups 

have been named after the first member in the group to be described 56. The amino acid 

homology of different CTX-M ESBL groups differs by 10% or more 9. CTX-M 15, belonging 

to group 1, has become the most commonly found CTX-M ESBL worldwide 9.  
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Figure 1.3: A tree diagram depicting the sub-groups of CTX-M enzymes 56. The branches represent 

the five sub-groups of CTX-M ESBLs. From left to right they are CTX-M-1, CTX-M-2, CTX-M-25, CTX-

M-8 and CTX-M-9. 

1.5.2 Carbapenemases 

Infections with ESBL producing organisms have a few treatment options, the most popular 

being β-lactam/β-lactamase inhibitor combinations and carbapenems 22. Carbapenems are 

becoming increasingly favoured, leading to increasing carbapenem use and subsequent 

selection pressure for carbapenem resistance 61,62. 

Bacteria may become resistant to carbapenems in a few ways, one of these being 

production of carbapenemases. This mechanism of resistance is potentially more concerning 

than the others, as it is more easily transferred to other bacteria via plasmids 63. Other 

carbapenem resistance mechanisms include permeability defects and efflux pumps, 

sometimes combined with increased expression of β-lactamase enzymes that have limited 

carbapenemase activity in isolation 19. Production of carbapenemases is considered to be 

the most clinically significant mechanism of carbapenem resistance 64. 

Carbapenemase enzymes were first identified in the 1980s and since then have successfully 

disseminated globally 15. Carbapenemase enzymes have a similar mode of action to other  

β-lactamases, and are considered to be the most powerful of the β-lactamases as they are 

able to hydrolyse most β-lactam antibiotics 63. There are a number of different types of 

carbapenemase enzymes and they can be divided into different classification groups based 

on their amino acid homology 65. The acquired carbapenemases can be grouped into the 

Ambler classes A, B and D 66. The different carbapenemases found so far include KPC, 

NDM, VIM, GES, SME, OXA-48, IMP, NMC, GIM, SPM, SIM, IMI, CMX and CcrA.  
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Morrill et al. stated that KPC, NDM, IMP, VIM and OXA-48 are the mostly commonly found 

carbapenemases in Enterobacteriaceae and are also those with the greatest clinical 

importance 7. The relatedness of these carbapenemase families has been demonstrated in 

the phylogenetic tree below (figure 1.4) and notable characteristics of these families have 

been laid out below in table 1.2. 

 

Figure 1.4: Phylogenetic tree demonstrating the relatedness of common carbapenemase genes. A, B 

and D refer to the Ambler classes. Adapted from Diene and Rolain (2014) 67. 

Table 1.2: Characteristics of common carbapenemase families. 

Carbapenemase 
family 

First discovered Class Hydrolysis profile 

KPC Northern America 
1996 

Ambler class A 

Serine β-lactamases 

Penicillins, carbapenems, all 
cephalosporins and 
aztreonam 

IMP Japan 1991 Ambler class B 

Metallo-β-lactamases 

All β-lactams except 
aztreonam 

VIM Italy 1997 Ambler class B 

Metallo-β-lactamases 

All β-lactams except 
aztreonam 

NDM India 2008 Ambler class B 

Metallo-β-lactamases 

All β-lactams except 
aztreonam 

OXA-48 Scotland 1993 Ambler class D 

Oxacillinases 

Penicillins, carbapenems and 
first generation 
cephalosporins 
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The spectrum of hydrolysis of β-lactam antibiotics depends on the specific carbapenemase 

enzyme 48,66. For example, aztreonam is hydrolysed by NMD, VIM and IMP, but not by KPC 

enzymes. KPC confers high-level resistance to carbapenems, whereas IMP and OXA-48 

carbapenemases may need efflux pumps or low outer membrane permeability additionally to 

achieve high-level carbapenem resistance 66. Carbapenem Resistant Enterobacteriaceae 

(CRE) are particularly concerning as they often carry additional resistance genes making 

them multi-resistant 68. The prevalence of these enzymes has increased significantly over 

the past decade, warranting increased concern 69.   

A review of carbapenemase resistance in South Africa reported that NDM and OXA-48 

carbapenemases are most commonly observed 64.  

KPC 

The first KPC carbapenemase, KPC-1, was isolated from a K. pneumoniae isolate in 

Northern America 48. The KPC enzymes belong to class A of the Ambler classification and 

are inhibited by clavulanic acid 66. They have the ability to hydrolyse penicillins, 

carbapenems, cephalosporins and aztreonam 48. KPC carbapenemases are powerful 

enzymes and do not need other resistance mechanisms to achieve high-level resistance 48. 

There are 11 variants (KPC-2 to KPC-12) of the first KPC enzyme, KPC-1 15.  

IMP 

IMP enzymes are grouped into class B of the Ambler classification, or the metallo-β-

lactamases of the Bush-Jacoby-Medeiros classification. They were the first acquired metallo-

β-lactamases, detected in Japan in 1991 15. Since then 33 variants have been identified 15. 

They have a broad substrate profile which includes all β-lactams with the exception of 

aztreonam 48. IMP carbapenemases are often found as part of gene cassettes situated 

inside integrons, along with other resistance genes 15.  

VIM 

VIM-1 was first reported in Verona, Italy in 1997. They are metallo or class B β-lactamases. 

They have a similar substrate profile to IMP enzymes, although they share little sequence 

similarity 48. Like IMP enzymes, they are also found on gene cassettes inside integrons 15. 

There are 33 known variants of this carbapenemase 15.  

NDM 

This type of metallo-β-lactamases was first discovered in 2008, isolated from a patient 

previously hospitalised in New Delhi, India 15. This emerging group of carbapenemases has 

since been identified worldwide and 13 variants have been described 70. These 

carbapenemases hydrolyse all β-lactams excluding aztreonam 70. Many NDM producing 

Stellenbosch University  https://scholar.sun.ac.za



14 
 

strains have been found to express additional resistance mechanisms such as ESBLs, 

AmpC cephalosporinases and other carbapenemases 15.  

OXA-48 

OXA-48 carbapenemases are classified as oxacillinases or Ambler class D β-lactamases. 

OXA-48 enzymes hydrolyse penicillins and carbapenems, but not extended-spectrum 

cephalosporins. Isolates harbouring OXA-48 carbapenemases usually do not show high 

levels of resistance to carbapenems 15. This can make detection of these carbapenemases 

difficult in routine microbiology laboratories and may result in the underestimation of their 

prevalence 15.  

1.5.3 Epidemiology of β-lactam resistance in Enterobacteriaceae  

The distribution of resistant bacteria varies geographically, and differences may be due to 

patterns of antimicrobial use/misuse, healthcare practices, as well as environmental factors 

4. Understanding local epidemiology is important to guide empiric treatment, to understand 

potential transmission patterns, and to establish priorities for research and action. It can also 

assist in identifying risk factors and thereby strategies to prevent infection.  

The European Centre for Disease Prevention and Control (ECDC) compiled a report from 

the European Antimicrobial Resistance Surveillance Network (EARS-Net) which included 

antimicrobial resistance data from 30 European Union countries from 2012 to 2015 4. This 

report noted that resistance to third generation cephalosporins increased significantly in  

E. coli and K. pneumoniae and a large portion of these isolates produced an ESBL. For  

E. coli in 2015, the resistance to third generation cephalosporin’s ranged from 1.7% (Iceland) 

to 38.5% (Bulgaria), while the population weighted mean for all included countries was 

13.1%. For K. pneumoniae in 2015, the resistance ranged from 0% (Iceland) to 75.5% 

(Bulgaria), with a mean of 30.3%. Overall, both organisms showed an increase in resistance 

to third generation cephalosporins between 2012 and 2015; from 11.9 % to 13.1 % in E. coli 

and from 25.8 % to 30.3 % in K. pneumoniae 4. 

The rate of resistance to carbapenems observed in E. coli was quite low, with a population 

weighted mean of 0.1%. Many countries including Iceland, Belgium, Bulgaria, Finland, 

Lithuania and Slovakia saw no resistance to carbapenems in E. coli. Greece and Romania 

had the highest levels of carbapenem resistance in E. coli at 1.2% and 1.9% respectively. 

Carbapenem resistance in K. pneumoniae showed large variation between countries. Many 

countries reported resistance below 1% with a few countries, such as Iceland, Finland, 

Sweden and Lithuania reporting 0% resistance in 2015. The population weighted mean saw 

a significant increase from 6.2% in 2012 to 8.1% in 2015. Romania and Italy showed higher 

levels with 24.7% and 33.5% resistance respectively. Greece showed a concerningly high 
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level of resistance at 61.9%. It was also observed that generally countries with higher levels 

of resistance to a combination of third generation cephalosporins, aminoglycosides and 

fluoroquinolones also showed higher levels of carbapenem resistance. 

A non-systematic literature review looking at ESBL producing Enterobacteriaceae in Africa 

reviewed 65 studies published from 2008 to 2012 and found an ESBL prevalence of 1.3 to 

96% across Africa 71. This review included studies with various specimens. Some of the 

included studies were carried out in hospital settings only, with others in hospital and 

community settings. A summary of the prevalence of the ESBLs found in different African 

countries can be seen in the table below (table 1.3).  

Table 1.3: ESBL prevalence in African countries based on data from a review by Storberg (2014) 71. 

 Country ESBL prevalence (%) 

Northern Africa Algeria 16.4 – 31.4  

Egypt 11 – 42.9 

Guinea-Bissau 32.6 

Morocco 1.3 – 7.5 

Libya 16 

Tunisia 11.7 – 77.8 

Eastern Africa Ethiopia 62.8 

Kenya 37.4 

Rwanda 5.9 – 38.3 

Central Africa Cameroon 17.2 – 82.8 

Central African Republic 11.3 

Western Africa Ghana 49.4 

Mali 63.4 – 96 

Niger 40 

Nigeria 10.3 – 27.5 

Senegal 10 

Southern Africa South Africa 8.8 – 13.1 

 

A meta-analysis of the available literature about the prevalence of ESBLs in 

Enterobacteriaceae in East Africa found rates of between 30.9-61.7%, with an average of 

42% 11. More specifically, the ESBL proportion estimate for the specific countries were 

Tanzania 38.8%, Kenya 45.8%, Ethiopia 30.9%, Uganda 61.7%, and Rwanda 38.3%.  

A study in Ghana collected Enterobacteriaceae isolates from various sites in 2008 72. 

Overall, they found an ESBL prevalence of 49.3%. In K. pneumoniae and E. coli specifically, 

the prevalence was 61.5% and 43% respectively.  
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A study conducted in Morocco in 2013 examined the prevalence of ESBLs and 

carbapenemasas from rectal swabs 73. The prevalence of ESBL producing 

Enterobacteriaceae was found to be 42.8%; for E. coli and K. pneumoniae the prevalence 

was 48.5% and 39.4% respectively. The prevalence of carbapenemases was 12.8%, all of 

which were OXA-48 carbapenemases.  

A similar study examining the prevalence of ESBLs in Enterobacteriaceae from rectal swabs 

of children in Gabon, found an overall carriage rate of 45% 74. Interestingly, this carriage rate 

increased with length of stay before the rectal swab was collected. When sampling at 48 

hours after admission, the prevalence was 33.6%, this increased to 46.5% by 3-4 days, 

66.6% by 5-6 days and 94.1% when swabbed 7 or more days after admission. This indicates 

possible nosocomial transmission of ESBL producing Enterobacteriaceae 74.  

A report in 2011 that looked at BSIs at public sector hospitals across South Africa, found that 

3-17% of E. coli isolates and 55-74% of K. pneumoniae isolates were ESBL producers. 

However the majority of these isolates (96-100%) were susceptible to carbapenems 6. The 

specific data on ESBL production is not reported reliably, and therefore ESBL production is 

often inferred from cephalosporin resistance. This study also looked at rates of resistance in 

Tygerberg Hospital and found that 11% of E. coli isolates were ESBL producers (vs 16% 

average for all sites included in the study) and all E. coli were susceptible to carbapenems 6. 

The prevalence of ESBLs was much higher in K. pneumoniae at 56%, and similarly, all 

isolates were susceptible to carbapenems.  

The National Institute for Communicable Diseases (NICD) and Corporate Data Warehouse 

(CDW) at the National Health Laboratory Service (NHLS) compiled a report which examined 

antimicrobial resistance trends in South African hospitals 5. The data was obtained from 

results generated by public health laboratories across South Africa for the year of 2015. The 

report stated that it did not see a significant increase in the resistance to the β-lactam group 

of antibiotics (including third generation cephalosporins and carbapenems) for E. coli from 

2014 to 2015. Resistance to third generation cephalosporins was assumed indicative of 

ESBL production and was found to be 22% overall for E. coli. Levels of carbapenem 

resistance in E. coli remained low, ranging from 0% to 4%, with the majority of sites reporting 

a 0% resistance rate. Overall, antimicrobial resistance in K. pneumoniae was much higher, 

with resistance to third generation cephalosporins at 69%. The resistance rates to the 

carbapenem, ertapenem, remained unchanged from the previous year at 4%, while for 

meropenem and imipenem it increased from 3% to 6%. The majority of carbapenem 

resistant isolates (for all bacterial species) were submitted to the NICD to confirm the 

presence of carbapenemases and identify the type of carbapenemase. The majority (63%) 
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of the isolates were K. pneumoniae and the most common carbapenemase gene isolated 

was NDM (50%) followed by OXA-48 (27%).  

A meta-analysis study examining the ESBL epidemiology in Enterobacteriaceae in East 

Africa, found CTX-M ESBL genes to be the most common (45.4-88.5%) followed by TEM 

(16-55%) and then SHV (3-64%) 11. 

An investigation into the carriage of ESBLs in Enterobacteriaceae from rectal swabs of 

children in Gabon, found CTX-M to be the most commonly found ESBL 74. The specific 

prevalence of genes found in K. pneumoniae was 89.6% CTX-M, 70.1% SHV and 85.1% 

TEM. For E. coli, the prevalence was 86.7% CTX-M, 6.7% SHV and 56.7% TEM. The most 

commonly found CTX-M was CTX-M-15.  

A study carried out in South Africa in 2004 looked at ESBL genes present in K. pneumoniae 

isolates identified as ESBL producers by phenotypic testing 75. This study gathered isolates 

from various sites across South Africa. SHV and TEM β-lactamases and ESBLs were the 

most common ESBLs, which were most commonly found together (66% of the isolates). 

Unfortunately, they did not distinguish between β-lactamase and ESBL TEM and SHV 

genes. Interestingly, no CTX-M enzymes were found in the isolates. This is different to other 

studies conducted which report CTX-M as the most common ESBL.  

A study conducted in the Eastern Cape of South Africa from 2011- 2014 looked at ESBL 

production and screened for ESBL genes 76. This study focussed on Klebsiella species, and 

found that 69% of K. pneumoniae isolates phenotypically presented as ESBL producers by 

disc diffusion. When examining the prevalence of ESBL genes in these isolates, they found 

most common profile was TEM, SHV and CTX-M (56%) followed by SHV alone (16%). No 

isolates contained carbapenemase genes, although only NDM and KPC genes were 

screened for.  The study calculated the prevalence of TEM, SHV and CTX-M genes alone or 

in combination over the study duration, the total prevalence of TEM genes was 67%, SHV 

was 77% and CTX-M was 57%.  

Comparison of results from different studies is challenging as reporting systems differ as well 

as study design. Variation may be seen as a result of the methods used to estimate 

resistance. Some studies report on phenotypic methods while other use molecular methods 

or a combination of both 11. Site of infection and type of specimen may also play a role in the 

estimates of ESBL prevalence. It has also been said that stools tend to show a higher 

prevalence of ESBLs 71. The setting of the study may also influence the estimates, and in 

hospital settings the particular ward may also influence the prevalence of ESBLs 11. 
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1.5.4 Molecular epidemiology of antibiotic resistance in E. coli and K. pneumoniae 

Many studies have investigated the relationship between resistance genes and certain 

strains of E. coli and K. pneumoniae, known as Sequence Types (STs). STs have identical 

allelic profiles and may be considered bacterial clones. Specific clones carrying resistance 

genes have spread globally, these clones are considered to be highly successful or high-risk 

clones 51. Certain STs of E. coli and K. pneumoniae commonly harbour specific resistance 

genes or combinations of resistance genes 77. It has been suggested that resistance 

plasmids are essential in the rapid spread of high-risk clones and that these clones harbour 

resistance genes and therefore play a major role in the spread of these genes 51,77. The 

resistance genes are spread vertically from generation to generation by the bacterium and 

can also be transferred horizontally to other bacteria 77.  

Certain STs of E. coli , such as ST648, ST617, ST167, ST410, ST224, and ST117, have 

been linked to ESBL production 78. Most notably E. coli ST131 has been linked to the 

worldwide dissemination of the CTX-M-15 gene 77,78. This clone is known to carry additional 

resistance determinants and is therefore multi-drug resistant 51. Studies have shown the 

increasing prevalence of this clone, not only in clinical settings but also in the community 78. 

K. pneumoniae STs have also been linked to carriage of specific resistance genes, such as 

the association between ST258 and the carbapenemase KPC 77. Studies have also found 

certain β-lactamase genes to be associated with one another as well as with other 

resistance genes, such as CTX-M-15, TEM-1, OXA-1 and the aminoglycoside modifying 

enzyme aac(6’)-Ib-cr 79.  

In some countries, resistant isolates mostly belong to these successful clones, while in 

others the resistant isolates are more diverse 77. For example, in some countries the E. coli 

population is dominated by the clone ST131, while in other countries several clones are 

found 77. It has been highlighted that even specific widespread clones may harbour different 

resistance genes based on their environment 77. While there are trends in clonal lineages 

and the resistance genes they harbour, each country may have its own frequency of clones 

and resistance. This highlights the epidemiological importance of investigating the sequence 

type and genes conferring drug resistance in local populations. 

Various strain typing techniques can be used to elucidate the population structure and clonal 

relatedness of circulating strains and may also assist in identifying the source of infections, 

which may be particularly helpful during an outbreak 80. Strain typing of isolates in a 

particular setting is also helpful for surveillance as well as evaluating the efficacy of the local 

Infection Prevention and Control (IPC) strategies 81. There are a number methods available, 

with molecular methods taking the forefront, due to their higher discrimination and ability to 
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type unculturable bacteria 81. Frequently used molecular typing techniques make use of 

DNA-based methods that investigate chromosomal or plasmid DNA using probes, restriction 

enzymes, Polymerase Chain Amplification (PCR) and sequencing 81. Some commonly used 

strain typing techniques include rep-PCR, Pulsed Field Gel Electrophoresis (PFGE), 

Multilocus Sequence Typing (MLST) and Variable Number Tandem Repeat (VNTR) 

analysis. The development of newer technologies such as microarrays and Whole Genome 

Sequencing (WGS) has greatly enhanced strain typing. Each strain typing method has 

different performance variables, such as discrimination, throughput, cost, speed and 

availability, which are considered before implementing a technique 81. Often a combination of 

techniques is used to increase reliability of results.  

1.6 Conclusion 

Therapeutic decisions need to be made based on local epidemiology. Surveillance systems 

need to be established in order to determine the burden of infections with resistant bacteria, 

the specific risk factors for their acquisition and the outcome of infection with these bacteria 

11. This type of data from other settings may not be transferable to more resource limited 

African settings; therefore, surveillance studies need to be undertaken.  

Action needs to be taken to ensure antibiotics are used as effectively and sparingly as 

possible. A balance must be found between curing infections now and conserving antibiotics 

so that they may also be effective for future use. It is important to make sure patients are 

receiving optimal doses of antibiotics and that antibiotic treatment is de-escalated to 

narrower spectrum agents or monotherapy after receiving species identification and 

antibiotic susceptibility results from the laboratory.  

There is a great need to acquire as much information as possible about the epidemiology in 

our local area as well as the specific risk factors associated with these infections and place 

great importance on the value of infection prevention and control, so that we can prevent 

these infections as far as possible, treat them as effectively as possible and prevent their 

spread.  
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Aim and objectives 

The aim of this study was to describe the epidemiology of E. coli and K. pneumoniae strains 

isolated from blood cultures at Tygerberg Hospital over the period of one year.  

Objectives: 

1. Detect and identify ESBL genes in the isolates using a PCR assay 

2. Detection and identification of carbapenemase genes by PCR 

3. Perform strain typing on collected isolates using rep-PCR and PFGE 

4. Determine whether there is a link between strain type and resistance mechanisms 

5. Differentiate community-acquired and healthcare-acquired infections and investigate 

the shared features among these groups. 
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Chapter 2: Prevalence and susceptibility of 

collected isolates 

1. Introduction 

Bloodstream infection (BSI), or bacteraemia, is defined as the presence of viable bacteria in 

the blood 23,24. It is a notable cause of morbidity and mortality, and has fatality rates ranging 

from 10 to  70% 17,23,25,26. BSIs can be categorised by where they were acquired, causative 

microorganism and focus of infection 82.  

One method of classifying BSIs is based on where the infection was contracted, namely 

community- or hospital-acquired 28. Community-acquired infections are those which were 

present or incubating at the time of admission to hospital, while hospital-acquired infections 

are those which occur after admission to the hospital, typically defined as acquisition 48 

hours or more after admission 82. These different types of BSIs can differ in epidemiology, 

severity and mortality, and importantly may influence the choice of empiric therapy 17,23. 

BSIs may also be classified by the type of microorganism, and the microorganism/s causing 

infection may differ between settings 82. Recently Gram negative bacteria, and the 

Enterobacteriaceae in particular, have re-emerged as a predominant cause of BSIs 28. 

Escherichia coli and Klebsiella pneumoniae are two organisms implicated as major causes 

of BSIs 33. Studies conducted in South Africa have found E. coli and K. pneumoniae to be 

the most common causes of Gram negative bacteraemia 17,32.  

Bacteraemia may arise as a primary infection, or secondary to an infection at a defined 

anatomical site. The focus of infection may also be used to classify bacteraemia. Common 

foci of BSIs include urinary tract infections and lower respiratory tract infections 82. Hospital-

acquired BSIs are commonly associated with central venous catheters 82.   

Identification of the causative organism is essential for effective treatment of BSIs, and is 

usually done by blood culture. Blood from the affected patient is cultured and the cultured 

organism is identified and tested for antibiotic susceptibility. These tests take 24 to 72 hours 

to obtain results; therefore empiric treatment is frequently relied on until more information is 

available. In some resource limited settings where there is little or no access to diagnostic 

facilities, empiric treatment is often relied on alone 36.  

Correct and timely treatment has been found to reduce mortality from serious bacterial 

infections 83
 . However, increasing rates of antibiotic resistance in bacteria has made the 
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empiric selection of appropriate agents increasingly challenging, and thus detrimental to 

patients 37. This highlights the need for recent information about the epidemiology of 

circulating pathogens as well as their resistance rates. Studies have shown that improper 

empiric treatment results in increased morbidity and mortality, especially when these 

bacteria contain resistance mechanisms such as Extended Spectrum β-lactamases (ESBLs) 

and carbapenemases 38. 

Surveillance of BSIs will help to estimate the burden of these infections, predict outcome and 

identify potential risk factors. The aim of this chapter was to investigate the antibiotic 

resistance and mortality rate of Gram negative BSIs in our setting and to differentiate 

between community-acquired and healthcare-acquired infections.  

2. Materials and Methods 

2.1 Sample selection 

Isolates of E. coli and K. pneumoniae were obtained from positive blood cultures at the 

National Health Laboratory Service (NHLS) microbiology diagnostic laboratory in Tygerberg 

Hospital over 12 months, from April 2015 to March 2016. Only isolates from patients being 

treated at Tygerberg Hospital were included and isolates were convenience samples. These 

included blood cultures from adult and paediatric patients. The blood cultures were taken as 

part of regular patient investigation. All collected isolates were processed and identified 

using the laboratory’s standard operating procedures. Isolate information was obtained from 

the Laboratory Information System (LIS) and stored in a secure database.  

2.2 Sample processing 

Blood culture bottles were incubated using the BacT/ALERT instrument (bioMérieux, 

France). Once a bottle was identified by the machine as positive, the bottle was removed 

from the machine and processed. Processing entails Gram staining, followed by culturing the 

organism to identify the species and generate the organism’s antibiogram. Isolates were 

cultured using Tryptone Bile agar (TBA), MacConkey agar (MCC) and Chocolate agar 

(CHOC) and incubated overnight. This culture was then used to identify isolates using the 

VITEK®2 Advanced Expert SystemTM (bioMérieux, France) as per manufacturer’s 

specifications. Antibiotic susceptibility testing was performed directly from the blood culture 

bottle by disc diffusion testing using the Kirby-Bauer method, using Mueller Hinton (MH) agar 

plates and antibiotic susceptibility discs (Mast Diagnostics, United Kingdom and Oxoid 

Limited, United States of America). Antibiotic susceptibility results were interpreted using the 

Clinical and Laboratory Standards Institute (CLSI) guidelines (2016). If the isolates showed a 

highly resistant profile, were suspected ESBL producers or had inconsistent results, 
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antibiotic susceptibility profiles were confirmed using the VITEK®2 Advanced Expert 

SystemTM as per manufacturer’s instructions. Resistance to the cephalosporin cefotaxime, 

was used as a marker for ESBL production. 

The selected isolates were cultured on TBA to obtain pure colonies and then stored using 

MicroBank™ (Pro-Lab Diagnostic, United Kingdom) beads. This was done by taking a loop 

full of culture from the agar plates and inoculating the cryopreservative in the tube. The tube 

was then inverted 10 times and allowed to incubate on the bench for at least 2 minutes. 

Thereafter, the cryopreservative was removed using a pipette. The tube of beads was then 

stored in a labelled box at -80°C.  

2.3 Patient information and statistical analysis 

Specific patient information was obtained from the Hospital Information System (HIS), 

CLINICOM, and the LISs Disalab and TrakCare. This information included age, gender, 

ward, date of admission, duration of hospital stay and outcome. 

BSIs were categorised as community-acquired or hospital-acquired based on where the 

infection was contracted. If the infection was present at admission or within 72 hours it was 

classified as community-acquired; if it was only observed after 72 hours in hospital it was 

classified as hospital-acquired. However, if the patient was previously hospitalised for two or 

more days within the past 90 days, the infection was classified as hospital-acquired 84. A 72 

hour cut off was opted for instead of a 48 hour cut off as only date of admission was 

available not the specific time, therefore this cut off would give a better indication of 

community- or hospital-acquired infections.  

Statistical analysis was performed with the assistance of the Biostatistics unit from the 

Centre for Evidence-based Health Care at Stellenbosch University. IBM SPSS statistics 

version 25 was used for all statistical analysis. The chi-square test was used to estimate the 

significance of the correlation with statistical significance defined as <0.05.  

Ethical approval for this study was obtained from the Human Research Ethics Committee 

(HREC) of Stellenbosch University (HREC# N14/06/069).  

3. Results 

3.1 Sample selection 

One hundred and forty isolates (70 E. coli and 70 K. pneumoniae) were collected from April 

2015 to March 2016. A total of 257 blood cultures cultured E. coli (n=142) and  

K. pneumoniae (n=115) over this period, therefore 54.4% of blood cultures were collected.  
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3.2 Patient demographics 

Approximately one third of the patients (43/140; 30.7%) were paediatric, i.e. 15 years or 

younger 85, and two thirds were adult patients (97/140; 63.3%). The youngest patient was 

four days old while the oldest was 84 years old. Twenty-five (58.1%) of the paediatric 

patients were less than 12 months old.  Forty-three (44.3%) adult patients were over 50 

years, and 15 (15.5%) were 65 years or older. Sixty-three (45%) of patients were male, 76 

(54%) were female and one patient was intersex. These patients were situated in various 

wards throughout Tygerberg Hospital (Table 2.1).  

Table 2.1: Distribution of patients at Tygerberg Hospital. 

Ward Number of patients 

Adult emergency 29 20.7% 

Adult surgery 26 18.6% 

Paediatric medical 25 17.9% 

Adult medical 17 12.1% 

Obstetrics 12 8.6% 

Adult ICU 10 7.1% 

Paediatric ICU 7 5% 

Paediatric surgery 6 4.3% 

Paediatric emergency 6 4.3% 

Out patient 2 1.4% 

 

Ninety-three (66.4%) of the BSIs were hospital-acquired, while 47 (33.6%) were community-

acquired (table 2.2). Of the hospital-acquired isolates, 57 (61.3%) were K. pneumoniae and 

36 (38.7%) were E. coli. Of the community-acquired isolates, 13 (27.7%) were  

K. pneumoniae and 34 (72.3%) were E. coli. The distribution of E. coli and K. pneumoniae 

isolates in community- and hospital-acquired infections was statistically significant 

(p<0.0001).  

Table 2.2: Distribution of hospital- and community-acquired isolates. 

Type of BSI Organism  Total 

Hospital-acquired 57 K. pneumoniae (61.3%) 93 (66.4%) 

36 E. coli (38.7%) 

Community-acquired 13 K. pneumoniae (27.7%) 47 (33.6%) 

34 E. coli (72.3%) 
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The duration of hospitalisation before and after the blood culture was taken was recorded. 

Patients spent an average of 11 days in hospital before the blood culture was taken, ranging 

from 0 to 133 days, with a median of 4.5 days. Patients spent on average 18 days in hospital 

after their blood culture was taken, with a median of 12 days. The number of days spent in 

hospital after the blood culture was taken ranged from 0 to 105 days. 

The 30-day outcome for all patients is shown in figure 2.1. The crude 30-day mortality rate 

was 30% (42/140), although exact cause of death is not known. The crude mortality rate for 

the paediatric patients (32.6%; 14/43) was slightly higher than for adult patients (28.9%; 

28/97) but this was not statistically significant. The mortality rate for E. coli and  

K. pneumoniae BSIs was similar, at 28.6% (20/70) and 31.4% (22/70) respectively. 

 

Figure 2.1: 30-day outcome of patients. 

The crude mortality for hospital-acquired BSIs was 33.7% (31/92), while it was lower in 

community-acquired infections at 22.9% (11/48). This was also not statistically significant 

(p=0.183).  

3.3 Phenotypic resistance 

The antibiotic susceptibilities of the isolates can be seen in figure 2.2. K. pneumoniae 

isolates showed more resistance than E. coli to all antibiotics, except for co-trimoxazole, to 

which E. coli isolates were slightly more resistant. Little resistance to amikacin and 

ertapenem was seen in the isolates.  
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Figure 2.2: Antibiotic resistance results of all isolates. 

Fifty isolates tested resistant to cefotaxime and were classified phenotypic ESBL producers. 

The resistance profile of ESBL producers compared to non-ESBL producers can be seen in 

figure 2.3. Increased resistance was seen in ESBL producers, particularly to co-trimoxazole, 

ampicillin, co-amoxclav, ciprofloxacin, gentamicin and piperacillin-tazobactam. 

 

Figure 2.3: Comparison of antibiotic resistance of ESBL producers versus non-ESBL producers.  
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The resistance profiles of isolates classified as hospital- or community-acquired can be seen 

below (table 2.3). Phenotypic ESBL production in hospital-acquired isolates was higher at 

46.2% (43/93), compared to community-acquired isolates at 14.9% (7/47). The association 

between hospital-acquired isolates and phenotypic ESBL production was statistically 

significant (p<0.0001). 

Table 2.3: Antibiotic susceptibility results (sensitivity), shown as percentage of total number of 

isolates. 

 E. coli (n=70) K. pneumoniae (n=70) Total (n=140) 

 Antibiotic HA 
(n=36) 

CA 
(n=34) 

HA 
(n=57) 

CA  
(n=13) 

HA 
(n=93) 

CA 
(n=47) 

Co-trimoxazole 25.0 44.1 26.3 76.9 25.8 53.1 

Ampicillin 11.1 35.3 0.0 0.0 4.3 25.5 

Co-amoxiclav 58.3 79.4 38.6 69.2 46.2 76.6 

Ciprofloxacin 75.0 76.5 61.4 92.3 66.7 80.9 

Cefotaxime 80.6 88.2 36.8 76.9 53.8 85.1 

Gentamicin 88.9 79.4 43.9 76.9 61.3 78.7 

Amikacin 97.2 100.0 93.0 100.0 94.6 100.0 

Piperacillin-tazobactam 80.6 97.1 71.2 92.3 74.2 95.7 

Ertapenem 100.0 100.0 98.3 100.0 98.9 100.0 

4. Discussion 

4.1 Patient demographics 

Fifty-four percent of E. coli and K. pneumoniae isolates from blood cultures were collected. 

Although, not all E. coli and K. pneumoniae isolated over the one year time period were 

included due to isolates being collected by convenience, the collection of isolates is believed 

to be representative of the total population. A third of patients included in the study were 

paediatric, with 56.8% (25/44) of these patients being less than 12 months old. BSIs are 

known to affect patients at the two extremes of life 24, however not many patients of 

advanced age were seen in this study. Patients whose blood cultures were included in this 

study were located in various wards across Tygerberg hospital.  

Two thirds of the isolates were classified as hospital-acquired. This may be influenced by the 

fact that Tygerberg is a tertiary hospital and patients are referred from other healthcare 

facilities, and usually have more complex pathology. Nonetheless, this provides an 

opportunity to reduce these infections through preventative measures, such as improved 

hand hygiene and removing intravenous lines as soon as possible 17.  

Hospital-acquired isolates were predominantly K. pneumoniae (61.3%; 93/140), while 

community-acquired isolates were mostly E. coli (72.3%; 47/140).  A study conducted at 
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another hospital in Cape Town, which investigated community- versus healthcare-acquired 

BSIs, also observed that more K. pneumoniae isolates were healthcare-acquired than 

community-acquired (15.8% vs 7.1%), and more E. coli isolates were community-acquired 

than healthcare-acquired (19.8% vs 9.9%) 17. Likewise, a Tanzanian study on BSIs in 

children (0-7 years) observed more K. pneumoniae isolates to be healthcare-acquired than 

community-acquired (24.5% vs 12.3%), and more E. coli isolates to be community-acquired 

than healthcare-acquired (15.5% vs 9.4%) 34. K. pneumoniae is a known nosocomial 

opportunistic pathogen that is often found in hospital settings and has notable ability to 

survive on hands, facilitating its spread 19.  

Patients spent an average of 11 days in hospital before the blood culture was taken, and an 

average of 18 days after it was taken. It has been found that BSIs increase hospital stays by 

10 days 86. A lengthier hospital stay increases a patient’s risk for subsequent infection, due 

to underlying morbidity and invasive procedures 87. Unfortunately, this study did not include a 

control group to better define the additional length of stay for patients with BSI.  

The 30-day mortality rate of 30% (42/140) is a crude estimate as the exact cause of death 

was not ascertained. However, 30-day crude mortality is a common outcome in similar 

studies and at least allows for some comparisons. The mortality in this study was higher than 

another study conducted in Tygerberg Hospital from 2008 to 2013, 20.4%,  and studies 

conducted in the United States of America, 11.5-16%, Canada, 14-22.5%, Denmark, 12-16% 

and Spain 19-24% 27,32,82,88. This may be because these studies included BSIs caused by 

Gram positive and negative bacteria and fungi.  Studies have noted a lower mortality in 

Gram positive BSIs than Gram negative BSIs 32,34,35. Aiken et al. found fungal infections to 

have a higher mortality than Gram positive BSIs, but still much lower than Gram negative 

BSIs, in contrast, Dramowski et al. found fungal bacteraemia to be associated with mortality. 

The mortality in this study was lower than reported in a Tanzanian study, 43.5%, and a 

Kenyan study, 61% 34,35. Both studies focussed on paediatric patients and included patients 

with other severe co-morbidities such as HIV-infection and malnutrition. The Kenyan study 

only included hospital-acquired infections, which may explain why the mortality rate is 

higher. Blomberg et al. noted that expensive second-line antibiotics are not readily available 

in Tanzania.  

The mortality rate was higher in hospital-acquired isolates (33.7%; 31/92) than community-

acquired (22.9%; 11/48) isolates, although this was not statistically significant. Other studies 

have also found increased mortality in hospital-acquired infections as opposed to 

community-acquired 32,35,88,89. A study conducted in Kenya reported an alarming mortality 

rate of 53% in hospital-associated BSIs versus 24% in community-acquired infections 35. 

Hospital-acquired infections have an increased mortality rate as hospitalised patients often 
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have co-morbidities such as HIV-infection, cancer and tuberculosis, and may be 

immunocompromised due to the treatment they are receiving. Hospital-acquired bacteria are 

also often antibiotic resistant thereby complicating and delaying effective treatment.  

4.2 Phenotypic resistance 

High levels of resistance were seen to co-trimoxazole (65%; 91/140) and ampicillin (88.6%; 

124/140). Most isolates remained sensitive to amikacin (96.4%; 135/140) and ertapenem 

(99.3%; 139/140), and piperacillin-tazobactam also retained a reasonable level of 

susceptibility (81.4%; 114/140).  

Susceptibility data was only recorded as categorical and not Minimal Inhibitory 

Concentrations (MIC), as not all isolates were tested on the VITEK®2. This places limitations 

on the analysis of the data. Additionally, if an isolate is a suspected ESBL producer, all 

cephalosporins are recorded non-susceptible. A similar problem exists with co-amoxiclav, 

piperacillin-tazobactam, gentamicin and amikacin, which may be reported as non-

susceptible by the VITEK®2 if an underlying resistance mechanism is detected.  

Resistance to the third generation cephalosporin, cefotaxime, was used as a marker for 

phenotypic ESBL production. Fifty isolates (35.7%) were ESBL producers, 78% (39/50) of 

these were K. pneumoniae isolates and 22% (11/50) were E. coli isolates. This translates to 

55.7% of K. pneumoniae isolates and 15.7% of E. coli isolates being ESBL producers. A 

study conducted in a hospital in Cape Town in 2012 found similar rates of ESBL production 

in blood culture isolates, 30%, although this was for all Enterobacteriaceae isolates 17. A 

study done on BSIs at Tygerberg Hospital reported similar rates of ESBL production in  

E. coli (12-22%), but much higher rates in K. pneumoniae (76-78%) 32. This may be as a 

result of only paediatric patients being included in the study. 

A report on BSIs at public sector hospitals across South Africa in 2011, found that 3-17% of 

E. coli isolates and 55-74% of K. pneumoniae isolates were ESBL producers 6. At Tygerberg 

Hospital, they reported 16% of E. coli isolates and 56% of K. pneumoniae isolates to be 

ESBL producers, which is akin to what our study found. A report looking at resistance in 

public hospitals across South Africa in 2015 reported a higher rate of resistance to third 

generation cephalosporins, at 22% for E. coli and 69% of K. pneumoniae 5. The resistance 

rates they reported at Tygerberg Hospital were similar to what was found in our study, 13% 

for E. coli and 54% of K. pneumoniae. This report included all specimen types in the 

resistance rates. The European Centre for Disease Prevention and Control (ECDC) reported 

the average resistance to third generation cephalosporins for European Union (EU) 

countries; and found a similar resistance rate of 13% for E. coli, while for K. pneumoniae the 

resistance was much lower than found in this study at 30% 4.  
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The resistance profile of the subset of isolates classified as ESBL producers was determined 

and compared to non-ESBL producers (figure 2.3). An increase in resistance was seen to 

most antibiotics, i.e. co-trimoxazole, ampicillin, co-amoxiclav, ciprofloxacin, gentamicin and 

piperacillin-tazobactam. ESBL genes are often harboured on large plasmids that contain 

other resistance genes, resulting in resistance to other antibiotics such as aminoglycosides, 

tetracyclines, chloramphenicol and sulphonamides 90. ESBL producing bacteria are also 

known to be more resistant to fluoroquinolones 90. Studies conducted across Europe from 

2004-2007 found ESBL production to be associated with resistance to other antibiotics such 

as to co-trimoxazole, tetracycline, gentamicin, and ciprofloxacin 60. ESBL producers retained 

their sensitivity to amikacin and ertapenem. This is beneficial as these antibiotics are often 

used to treat ESBL producing organisms 17.  

Resistance was compared between the hospital- and community-acquired isolates. 

Increased resistance was seen to most antibiotics in the hospital-acquired isolates, although 

most isolates remained sensitive to amikacin (94.6%; 88/93) and ertapenem (98.9%; 92/93). 

ESBL prevalence was much higher in hospital-acquired isolates (46.2%; 43/93), compared 

to community-acquired isolates (14.9%; 7/47). Increased resistance in hospital-acquired 

isolates is expected, as increased use of antibiotics in hospital settings places considerable 

selection pressure on circulating bacteria 17.   

Although community-acquired isolates were more susceptible to antibiotics than hospital-

acquired isolates, reduced susceptibility was still observed in these isolates. Resistance was 

observed to co-trimoxazole (46.8%; 22/47), ampicillin (74.5%; 35/47), co-amoxiclav  

(23.4%; 4/47), gentamicin (21.3%; 10/47), ciprofloxacin (15.2%; 9/47) and cefotaxime 

(14.9%; 7/47). Little resistance was seen to piperacillin-tazobactam (4.3%; 2/47) and no 

resistance was seen against amikacin or ertapenem. These resistance rates are lower than 

what was reported in a study in Cape Town looking at community- versus healthcare-

acquired BSIs 17. A study on paediatric BSIs in Tanzania recorded higher rates of resistance 

in community-associated E. coli and K. pneumoniae isolates, except for ciprofloxacin which 

had low levels of resistance (0-8%) 34. Dramowski et al. noted a concerningly high level of 

antibiotic resistance in community-acquired E. coli and K. pneumoniae isolates from 

Tygerberg, although specific values were not given 32. Antibiotic resistance in community-

acquired bacteria may be due to previous antibiotic use or prior time spent in healthcare 

facilities. Previous antibiotic use is a known risk factor for resistance 91. 

A review looking at the prevalence of ESBLs in BSIs in Africa found that African countries 

have a lower prevalence of ESBLs in community settings as compared to hospital settings 

92. African countries reported varying rates of resistance, with most reporting an increase in 

ESBL prevalence in hospital settings. Tunisia recorded community setting prevalence of 0.7-
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7.3% and hospital setting prevalence of 11.7-77.8%, across five studies. Kenya and Ethiopia 

reported a prevalence of 11% in community settings and 42.9% in hospital settings. The 

review also recorded an ESBL prevalence of 0.3-4.7% for community-acquired isolates and 

8.8-13.1% for hospital-acquired isolates in South Africa. This is much lower than what was 

observed in this study. This may be due to the fact that these studies were carried out from 

2002 to 2009 and prevalence has since increased. A study which focused on BSIs at a 

hospital in Cape Town in 2011 reported a similar rate of ESBL producers in hospital-

acquired Enterobacteriaceae isolates, 39.6%, but a much lower rate in community-acquired 

isolates, 5% 17.  

Within the hospital-acquired isolates, reduced susceptibility to all antibiotics was observed 

for K. pneumoniae compared to E. coli (table 2.3). A considerable reduction in sensitivity 

was observed for cefotaxime (ESBL production) and gentamicin in K. pneumoniae, 36.8% 

and 43.9% respectively, in comparison to E. coli, 80.6% and 88.9%. Similar differences in 

ESBL production between hospital-acquired E. coli and K. pneumoniae BSIs were reported 

in a previous study carried out in Tygerberg Hospital 32. They reported an ESBL production 

of 75.7% in K. pneumoniae and 21.7% in E. coli.  

5. Conclusion 

Two-thirds of isolates included in this study were hospital-acquired. Hospital-acquired BSIs 

were mostly caused by K. pneumoniae, while community-acquired infections were mostly 

caused by E. coli.  

A crude mortality rate of 30% was reported for this study, which is higher than reported in 

other studies in Africa and Europe. A higher mortality was reported for hospital-acquired 

infections, although this was not significant. The reported mortality figures are crude; 

however it would be advantageous to gain further clinical information into cause of death to 

determine whether mortality is a direct cause of the BSI or as a result of other comorbidities. 

Additional clinical information may also assist to identify further risk factors for infection and 

mortality. A prospective study is underway to collect such data. 

Isolates resistant to the third generation cephalosporin, cefotaxime, were presumed ESBL 

producers.  Fifty isolates (35.7%) were ESBL producers, mostly made up of K. pneumoniae 

isolates. Increased antibiotic resistance was observed among these isolates, which may be 

as a result of multiple resistance genes being present on a single plasmid.  

Increased resistance was observed among hospital-acquired isolates which was expected 

due to the increased selection pressure in hospital settings. Hospital-acquired  

K. pneumoniae isolates showed notably increased resistance, particularly to cefotaxime and 
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gentamicin. Fortunately, ertapenem and amikacin retained effectivity, and these antibiotics 

are often used as empiric therapy for hospital acquired infections.  

The information generated is important to guide empirical treatment as there are 

epidemiological differences in hospital- and community-acquired isolates. Incorrect empiric 

therapy has been associated with increased mortality, particularly with ESBL producing 

bacterial infections 38,83. 

It would be beneficial to collect additional information about previous antibiotic use to 

determine whether specific treatment is a risk factor for infection with ESBL producing 

organisms. Identification of risk factors may assist to prevent infections and focus 

preventative measures. Studies have found that using carbapenems for the treatment of 

infections with ESBL producing bacteria has resulted in lower mortality, although it is 

important to maintain the effectivity of carbapenems through antibiotic stewardship 32. 

Thorough resistance information will assist in determining which antibiotics are viable for 

treatment in this setting, so that we may preserve agents such as carbapenems and colistin. 
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Chapter 3: Strain typing 

1. Introduction 

Strain typing is used to elucidate the relationships between microorganisms. Understanding 

this relatedness is important to identify the local epidemiology, but also to determine routes 

of transmission, sources of outbreaks, identify virulent strains and evaluate infection control 

measures 81.  

There are several strain typing methods available, with molecular methods becoming 

increasingly prominent as a result of their higher discriminatory ability 81. Some methods, 

such as Pulsed Field Gel Electrophoresis (PFGE) and Restriction Fragment Length 

Polymorphism (RFLP) analysis involve analysing chromosomal DNA with restriction 

enzymes. Others are amplification based like rep-PCR and Variable Number Tandem 

Repeat (VNTR) analysis or sequence based such as Multilocus Sequence Typing (MLST), 

microarrays and Whole Genome Sequencing (WGS) 81. 

The choice of which strain typing method to use is dependent on performance variables and 

the epidemiological question to be answered 81. Some performance variables to consider 

include repeatability, reproducibility, discriminatory power, throughput, ease of interpretation, 

time and cost. Two strain typing techniques are often combined to enhance or strengthen 

results. Typing technologies based on the whole genome of the microorganism yield better 

results in establishing the clonal relationships 93.  

Rep-PCR entails the Polymerase Chain Reaction (PCR) amplification of repetitive extragenic 

palindromic (REP) elements which are highly conserved and dispersed throughout the 

bacterial genome 94. It has been proposed that these elements are involved in mRNA 

stability, termination of transcription and chromosomal domain organisation 94. Two 

degenerate primers are used to amplify genomic regions between the repeat elements 95. 

Gel electrophoresis is used to separate the amplified DNA, generating a unique banding 

pattern which reflects the number of repetitive elements and length of DNA between them 96. 

This banding pattern can be used as a genetic fingerprint for each bacterial isolate. This 

technique is favoured as it is much less time consuming and laborious than other typing 

techniques. However, rep-PCR is susceptible to minor changes in reagents and conditions, 

making its reproducibility and portability problematic 81.  

PFGE was first described in 1984 and has since become a widely-used strain typing 

technique 97. It is considered to be the gold standard for typing bacteria 81. The restriction 

pattern of the whole genome is analysed using Restriction Enzymes (REs) with rare 
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recognition sites, resulting in a moderate number of large DNA fragments 97. As DNA 

fragments larger than 20 kb move at the same speed through agarose gel under 

conventional electrophoresis with a constant electric current, PFGE utilises alternating 

electric currents at different angles, capable of separating large fragments of up to 10 Mb 

93,97.  Continuously altering electrical currents re-orientates the DNA fragments and allows for 

separation of large fragments 93. The banding patterns of isolates can then be compared; 

isolates that differ by one to three bands differ by a single genetic event and are said to be 

closely related. If isolates differ by four to six bands they are considered possibly related as 

they differ by two independent genetic events. Isolates that differ by more than six bands are 

deemed unrelated 97. Unfortunately, this method is time-consuming and laborious and there 

are problems with reproducibility and portability across different laboratories 98.  

The aim of this section of the study was to describe the epidemiology of the collected 

Escherichia coli and Klebsiella pneumoniae isolates by performing rep-PCR and PFGE. This 

information could then be used to describe the relatedness of the circulating strains in this 

setting.  

2. Materials and methods 

2.1 Bacterial Isolates 

Strain typing was performed on all isolates collected as part of this study, including 70 E. coli 

and 70 K. pneumoniae; as described in Chapter 2. 

2.2 DNA extraction 

Bacterial isolates were retrieved from Microbank beads and cultured to obtain a pure culture. 

This was done by aseptically removing a single bead and streaking it onto a Tryptone Bile 

Agar (TBA) plate supplemented with horse blood (NHLS Media Laboratory, Greenpoint). The 

plate was incubated at 37°C overnight. A single colony from this plate was re-streaked onto 

a new TBA plate and incubated overnight at 37°C to obtain pure cultures. Colonies from this 

plate were used to perform a crude DNA extraction. An inoculum loop was used to remove 

culture from the plate which was then inoculated into 400 µl of nuclease free water in a 2 ml 

microcentrifuge tube (Eppendorf, Germany). This was vortexed to ensure a homogenous 

solution. The solution was heated at 95°C using a heating block (Accublock, Labnet, 

United States of America) and then frozen at -20°C in a freezer for 30 minutes. The solution 

was thawed and then centrifuged at 14000 x g for 10 minutes to remove cell debris. The 

supernatant containing the DNA was removed and placed in a new 1.5 ml microcentrifuge 

tube. All DNA extractions were stored at -20°C. 
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2.3 Rep-PCR 

Two degenerate primers were used to amplify repetitive consensus sequences (table 3.1); 

primers were synthesised by IDT (Integrated DNA Technologies, South Africa). The PCR 

was performed using extracted DNA and the KAPA2G Fast Multiplex PCR Kit (Kapa 

Biosystems, South Africa). All PCR reactions were performed using the ProFlex PCR system 

thermocycler (Applied Biosystems, United States of America). The cycling conditions were 

as follows: initial denaturation at 95°C for 5 minutes, 30 cycles of denaturation at 95°C for 30 

seconds, annealing at 40°C for 30 seconds and extension at 72°C for 8 minutes, followed by 

a final extension at 72°C for 16 minutes. The final primer concentrations were 0.8 pmol/µl for 

each primer. A reaction containing no template DNA (NTC) was included in each PCR run to 

ensure that there was no contamination. A control strain, ATCC25922 for E. coli and 

ATCC700603 for K. pneumoniae, was included in each gel to ensure reproducibility between 

PCR reactions and gels.   

Table 3.1: Primers used for the rep-PCR strain typing 94. 

Target  Primer Sequence (5’ – 3’) Product size 
(bp) 

Source 

REP REP1R-I 

REP2-I 

IIIICGICGICATCIGGC 

ICGICTTATCIGGCCTAC 

Multiple 

(100 – 2000 
bp) 

Versalovic et al. 
(1991). 

 

PCR products were separated on a 2% agarose gel run at 110V for 4 hours in a 1X TBE (89 

mM Tris, 89 mM borate, 2.5 mM EDTA) buffer. TBE buffer was used instead of TAE as it is 

more resistant to heat produced by the high voltage and longer running time. KAPA 

universal DNA Ladder (Kapa Biosystems, South Africa) was used as a molecular size 

marker on either side of the gel. PCR products were stained using NovelJuice (GeneDireX, 

South Africa) and the image was visualised and captured using the UVItec Alliance 2.7 gel 

documentation system (UVItec, United Kingdom). 

2.4 PFGE 

PFGE was performed at the Division of Medical Microbiology at Cardiff University in the 

United Kingdom as part of a research exchange.  

Preparation of bacterial isolates for shipment 

Isolates were streaked onto blood agar plates and cultured overnight at 37°C. The culture 

was inoculated onto BIO-CULT AMIES + charcoal swabs (Liofilchem, Italy) which were 

sealed using parafilm and packaged in UN 13373 containers. The swabs were sent to the 

United Kingdom at room temperature. Once the swabs arrived they were stored at 4°C. 
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Making the agarose plugs 

Bacterial isolates were streaked from swabs onto chromogenic agar to ensure purity. If the 

isolate was pure and the correct organism, i.e. K. pneumoniae or E. coli, a single colony 

from the plate was streaked onto Columbia agar supplemented with horse blood (E&O 

Laboratories limited, Scotland). Chromogenic agar could not be used as the pigmented 

culture may affect the PFGE result.  

The agarose used (1.5%) to cast the plugs was prepared with 0.006 g of SeaKem Gold 

agarose (Lonza, Switzerland) and 400 µl TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) per 

isolate tested. The mixture was microwaved until the agarose had dissolved (about 30 

seconds) and then the flask was placed into an oven at 50°C for at least 15 minutes to 

equilibrate. 

One millilitre of Cell Suspension Buffer (CSB) (100 mM Tris, 100 mM EDTA, pH 8.0) was 

dispensed into labelled 1.5 ml microcentrifuge tubes. Culture from the agar plates was 

inoculated into the CSB using a cotton swab to create a cell suspension with an optical 

density between 0.8-1.0 (600 nm). The optical density of the cell suspension was read by 

pipetting 800 µl of cell suspension into a cuvette and reading the optical density with a 

spectrophotometer (Jenway 7315 spectrophotometer). CSB was used to blank the 

spectrophotometer before use. 

The plug moulds were prepared by sealing the bottom of the plug mould using autoclave 

tape and labelling the moulds appropriately. Four hundred microliters of cell suspension was 

transferred into a 1.5 ml microcentrifuge tube. Twenty microliters of Proteinase K (20 mg/ml) 

(Sigma-Aldrich, United States of America) was added to each tube and mixed gently by 

pipetting up and down. The flask containing agarose was removed from the incubator and 

placed on top of a heating block set at 50°C to prevent the agarose from solidifying. Four 

hundred microliters of agarose was added to the cell suspension/Proteinase K mixture and 

this was mixed by pipetting up and down. This mixture was immediately dispensed into the 

wells of the plug mould, taking care to avoid bubbles in the well. This process was then 

repeated with the remaining cell suspensions. The plugs were left to solidify at room 

temperature for 15 minutes.  

Lysis and washing of the plugs 

A master mix of Cell Lysis Buffer (CLB) (50 mM Tris, 50 mM EDTA, pH 8.0 and with 1% 

Sarcosyl) and Proteinase K was made up for the lysis of the plugs. Five millilitres of CLB and 

25 µl Proteinase K was prepared per set of plugs. Five millilitres of the master mix was 

added to labelled 30 ml sterile universal containers.   
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Excess agarose was removed from the plug moulds using a scalpel sterilised with 70% 

ethanol and the tape was removed from the plug moulds. Plugs were pushed out of the 

mould into the labelled tubes, ensuring that the plugs were immersed in the  

CLB/Proteinase K mixture. Tubes were placed in a rack on a shaker and incubated at 50°C 

for 2 hours.  

After incubation, the CSB was poured off, taking care that no plugs were lost. The tubes 

were filled with 15 – 20 ml of autoclaved water, preheated to 50°C. The tubes were then 

placed in a rack on a shaker and incubated at 50°C for 15 minutes. This wash step was 

repeated once. 

The water in the tubes was poured off as before. Ten to fifteen millilitres of TE buffer 

preheated to 50°C was added to each tube. The tubes were returned to the shaker in the 

incubator for 15 minutes. The plugs were washed with heated TE buffer 3 more times. After 

the final wash, the TE buffer was poured off and 5 ml of fresh TE buffer was added to each 

tube and stored at 4°C until restriction digestion of the plugs.  

Restriction digestion of DNA in the plugs 

A master mix of diluted restriction buffer was made up of 20 µl of 10X FastDigest™ buffer 

(Thermo Scientific, United States of America) and 180 µl molecular grade water per isolate; 

and 200 µl of this master mix was added to labelled 1.5 ml microcentrifuge tubes.  

An agarose plug was carefully removed from the TE buffer and placed on a sterile slide. The 

plug was cut into 4 equal slices using a scalpel that had been sterilised in 70% ethanol.  The 

plug slices were transferred into the microcentrifuge tube (Eppendorf) containing the diluted 

restriction buffer, ensuring that all plug slices were at the bottom of the tube and covered by 

the diluted restriction buffer mixture. The plug slices were incubated at room temperature for 

15 minutes. The buffer mixture was then removed from the microcentrifuge tubes 

(Eppendorf) using a pipette. A restriction enzyme master mix was made up using 175 µl 

molecular grade water, 20 µl of 10X FastDigest buffer and 5 µl XbaI enzyme (10 U/ µl) 

(Thermo Scientific) per set of plugs. Two hundred microliters of this master mix was added 

to each tube and the tubes were incubated in a heating block at 37°C for 2 hours.  

After incubation, the digestion master mix was removed from the tubes using a pipette and 

200 µl of 0.5 M EDTA, pH 8.0 was added to each tube to preserve the prepared plugs. 

Casting and loading the gel 

A 1% agarose gel was made by weighing 1.2 g of agarose (Sigma-Aldrich, United States of 

America) and placing it into a bottle with 120 ml of 0.5X TBE (prepared from 10X TBE stock). 

The mixture was microwaved until the agarose had dissolved. The bottle was then placed in 
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an oven set at 50°C to equilibrate for at least 15 minutes. The casting stand was prepared 

and fitted with a 15 well gel comb.  Twenty microliters of ethidium bromide (0.5 μg/ml) was 

added to the gel and mixed before the gel was poured into the casting stand. The gel was 

left to set for 30 minutes at room temperature.  

After the gel had solidified, the comb was removed from the gel. The CHEF DNA size 

standard Lambda Ladder (Bio-Rad, United States of America) was used as a ladder in each 

gel. A plug was removed from the tube and cut to the appropriate size. The plug slices with 

Lambda Ladder were loaded into the 1st and 15th well of the gel using a scalpel and 

disposable loop. Plug slices containing bacterial DNA were removed from the 

microcentrifuge tubes containing EDTA and loaded into the remaining wells in a similar 

manner. A specific bacterial isolate was used as a control in each gel to compare variation 

between gels; for K. pneumoniae it was GN10 and for E. coli it was GN8.  

After the gel had been loaded with the agarose plugs, it was removed with the gel tray from 

the casting stand. Excess agarose was removed from the sides and bottom of the gel tray.  

Electrophoresis  

Two litres of 0.5X TBE was added to the electrophoresis chamber and 50 ml of ethidium 

bromide was added to the buffer. The CHEF DR-III system, pump and cooling unit (10°C) 

(Bio-Rad, United States of America) were turned on. The buffer was allowed to circulate 

through the system for at least 30 minutes before running the gel to allow it to cool. The 

buffer was used until the current reached 300V and was then replaced. After each 

replacement, the system was flushed with 0.5X TBE buffer and water. The gel frame was 

secured in the electrophoresis chamber. The prepared gel on the gel tray was placed inside 

the gel frame and the cover of the chamber was closed.  

The CHEF DR-III system was set to the conditions below. 

 Initial switch time: 5 seconds 

 Final switch time: 45 seconds 

 Voltage: 6 V 

 Included angle: 120° 

 Run time: 23 hours 

After the electrophoresis was complete, the gel and gel tray were removed from the 

electrophoresis chamber and an image of the gel was captured using the Gel Doc-It imaging 

system (UVP, United States) and VisionWorksLS software (UVP).  
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2.5 Analysis of rep-PCR and PFGE gels 

The gel images were uploaded into BioNumerics 7.5 (Applied Maths, United States of 

America). This program enables the analysis of gel images to create phylogenetic trees and 

determines the relatedness of strains. Images are uploaded into the program; the ladder is 

marked and the specific band sizes are entered. The banding patterns of the isolates are 

recognised and marked individually. This information is then used to generate a phylogenetic 

tree. The similarity coefficient used was Dice and the clustering method used was 

Unweighted Pair Group Method with Arithmetic Mean (UPGMA).  

For PFGE, clustering was assessed at 70% and 95% similarity thresholds as this is 

represents a difference of four to six bands (possibly related) and one to three bands 

(closely related) respectively 99. For rep-PCR, many studies use 95% threshold to define 

isolates as closely related 100–102. In this study, a second threshold of 70% was used to 

define isolates that are possibly related to correlate with the PFGE cut-off.  

2.6 Comparison of typing methods 

Simpson’s index of diversity was used to compare the diversity between the two strain typing 

methods. This was calculated as 1 – D, where D represents Simpson’s Index. Simpson’s 

index was calculated using the following formula;  
∑𝑛(𝑛−1)

𝑁(𝑁−1)
 where n is the total number of 

isolates in a cluster and N is the total number of clusters. This index was chosen as it takes 

into account the number of clusters present as well as the number of isolates in each cluster, 

thereby evaluating the richness and evenness of the population. This index represents the 

probability that two randomly selected isolates will fall into different clusters 103. The closer 

the value is to one, the higher the diversity.  

3. Results 

3.1 Rep-PCR 

All 140 E. coli and K. pneumoniae isolates were typed by rep-PCR. An example of the gel 

images obtained can be seen in figure 3.1.  
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Figure 3.1: Rep-PCR gel image. Lanes 1 and 17 contain the KAPA universal DNA ladder. Lanes 2 -14 

are clinical isolates. Lane 15 contains a control isolate, ATCC700603 and lane 16 is a NTC. 

The phylogenetic trees generated for E. coli and K. pneumoniae can be seen in figure 3.2 

and 3.3 respectively. Little clustering was seen in both the E. coli and K. pneumoniae 

isolates, with isolates not clustering according to the wards in which the patients were 

located, or between hospital- or community-acquired infections. For E. coli, a 70% threshold 

identified 16 clusters and 23 singletons. The largest cluster contained seven isolates, 

although most clusters (9/16) contained only two isolates. A cut-off of 95% identified one 

cluster of two isolates with identical banding patterns (GN58 and GN59) and 68 singletons. 

For K. pneumoniae, a threshold of 70% identified 16 clusters and 20 singletons. The largest 

cluster was made up of nine isolates, but most of the clusters (11/16) were made up of two 

isolates. A 95% threshold identified two clusters of two isolates and the remaining 66 

isolates were singletons. Two pairs of identical isolates, GN90 and GN91, and GN27 and 

GN32, were identified.  
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Figure 3.2: Phylogenetic tree generated from rep-PCR results for E. coli isolates. 
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Figure 3.3: Phylogenetic tree generated from rep-PCR results for K. pneumoniae isolates. 
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3.2 PFGE 

As isolates were being cultured from swabs shipped to Cardiff University, contamination was 

noticed among some isolates. Therefore, isolates were first swabbed onto selective 

chromogenic media to determine whether they were contaminated. Where possible, 

contaminated isolates were purified; unfortunately, 8 isolates, GN26, GN43, GN64, GN66, 

GN72, GN128, GN129 and GN139, could not be tested by PFGE as the swabs contained 

only contaminants. One E. coli isolate, GN67 failed PFGE twice despite re-extraction of DNA 

and was also excluded from analysis. Ultimately, 65 E. coli and 66 K. pneumoniae isolates 

were included in the PFGE analysis. An example of a PFGE gel image can be seen below in 

figure 3.4. All gels were run with the CHEF DNA size standard Lambda Ladder one either 

side to use as a marker when analysing gels. Unfortunately, the ladder was unclear in some 

gel images, therefore the bacterial isolate ran in every gel, i.e. GN8 (E. coli) or GN10  

(K. pneumoniae), was used as the marker.  

 

Figure 3.4: PFGE gel image. Lanes 1 and 15 contain the CHEF DNA size standard Lambda ladder. 

Lanes 2 -14 are clinical isolates. Lane 2 contains the control isolate for E. coli, GN8. 

The phylogenetic trees for E. coli and K. pneumoniae, generated from the PFGE results, can 

be seen in figures 3.5 and 3.6 respectively. As with the rep-PCR results, minimal clustering 

was seen in E. coli or K. pneumoniae isolates. Isolates did not cluster according to the wards 

from which they were isolated, or between hospital- or community-acquired infections. When 

examining the phylogenetic tree of E. coli isolates using a cut-off value of 70%, there were 6 

clusters of two isolates and 53 singletons. When using a cut-off of 95% there were two 
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clusters of two isolates and 61 singletons. Two isolates, GN58 and GN59 were identified as 

identical (and had also been identified as identical by rep-PCR). When examining K. 

pneumoniae using a cut-off of 70% there were 6 clusters and 50 singletons. The largest 

cluster was made up of 5 isolates, but most of the clusters (4/6) were made up of 2 isolates. 

When using a 95% cut-off there were two clusters of two isolates and 62 isolates singletons. 

Two isolates were identified as identical, namely GN50 and GN51 – which, interestingly, 

differs from the isolates identified as identical by rep-PCR. 
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Figure 3.5: Phylogenetic tree generated from PFGE results for E. coli isolates. 
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Figure 3.6: Phylogenetic tree generated from PFGE results for K. pneumoniae isolates. 
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3.3 Comparison of typing methods 

The Simpson’s Index of Diversity was calculated for E. coli and K. pneumoniae for each 

strain typing technique at two thresholds, 70% and 95% similarity. The Simpson’s index of 

diversity was higher at a 95% similarity cut-off. This index was also higher for PFGE 

compared to rep-PCR (Table 3.2, Figure 3.7).  

Table 3.2: Simpson’s index of diversity for rep-PCR and PFGE. 

Typing method and 
bacterial species 

Total 
number of 
isolates 

Cut-off Number of 
clusters 

Number of 
singletons 

Simpson’s 
index of 
diversity 

Rep-PCR E. coli 70 70% 16 23 0.9150 

95% 1 68 0.9996 

PFGE E. coli 65 70% 6 53 0.9965 

95% 2 61 0.9990 

Rep-PCR K. pneumoniae 70 70% 16 20 0.8587 

95% 2 66 0.9991 

PFGE K. pneumoniae 66 70% 6 50 0.9890 

95% 2 62 0.9990 

 

 

Figure 3.7: Simpson's Index of Diversity (SID) values of rep-PCR and PFGE for E. coli and K. 

pneumoniae. 
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4. Discussion 

Strain typing of the E. coli and K. pneumoniae isolates collected from BSI at Tygerberg 

Hospital over the period of a year provides important epidemiological information about the 

bacterial strains causing bloodstream infections in our setting. PFGE remains the gold 

standard technique for strain typing. This method is laborious and requires four days to 

obtain a result, however it provides high levels of discrimination as it evaluates the entire 

bacterial genome. rep-PCR is a strain typing technique with a shorter turnaround time and 

simpler methodology. It is a viable alternative to PFGE for large sample groups and when 

information is required rapidly (e.g. a possible outbreak) 99. Brolund et al. recommends using 

rep-PCR as a primary screening method to exclude unrelated isolates, then using a more 

discriminatory method to investigate related isolates 104.  

Phylogenetic trees generated from both strain typing techniques show that the E. coli and  

K. pneumoniae isolates included in this study are genetically diverse. Two thresholds were 

used to analyse the relatedness of isolates; the cut-off of 70% represents isolates that are 

possibly related, while 95% represents isolates that are closely related 99. As expected, 

increased discrimination and more diversity was seen at the 95% threshold for both typing 

techniques. For E. coli and K. pneumoniae with both strain typing techniques, the number of 

clusters decreased and the number of singletons increased when the threshold was raised 

from 70% to 95%; this was also demonstrated by the higher value of Simpson’s Index of 

Diversity. However, these differences were more prominent in rep-PCR as compared to 

PFGE. This may be due to the fact that PFGE is a more discriminatory method than rep-

PCR and divides the isolates into more genetic lineages 104. Rep-PCR may be 

overestimating the genetic relatedness of these isolates. The increased discrimination of 

PFGE and increased clustering of isolates by rep-PCR has been observed in other studies 

99,100,104.   

Both rep-PCR and PFGE identified the E. coli isolates GN58 and GN59 as identical. For  

K. pneumoniae there were discrepancies in the isolates that were identified as identical by 

rep-PCR and PFGE. Rep-PCR denoted GN27 and GN32 as well as GN90 and GN91 as 

identical, while PFGE identified GN50 and GN51 as identical. According to the PFGE 

results, GN27 and GN32 are not closely related, although GN90 and GN91 are (70.6% 

relatedness); this likely reflects the better discriminatory ability of PFGE. Rep-PCR did not 

cluster GN50 and GN51 closely. Studies by Koroglu et al. and Hahm et al. also found 

discrepancies between the two methods in terms of identifying certain isolates as identical 

and certain isolates as singletons 100,105. Hahm et al. evaluated a number of typing 

techniques, such as PFGE, rep-PCR, multiplex-PCR, ribotyping and Amplified Fragment 
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Length Polymorphism (AFLP), and found that the different methods did not group the 

isolates identically and isolates were found in different positions on the phylogenetic  

trees 105. This indicates that the typing methods reveal different information about the 

phylogenetic relationships of the tested isolates. This is probably due to the fact that the 

various typing methods target different genetic regions.  

In addition to the genetic diversity amongst isolates, isolates did not cluster according to the 

wards from which they were isolated, or between hospital- or community-acquired infections 

or by phenotypic ESBL production.  Other studies have reported similar diversity amongst 

isolates. Studies in Taiwan and Thailand investigated the relatedness of ESBL producing  

E. coli and K. pneumoniae isolates from clinical specimens by PFGE and found the isolates 

to be genetically divergent 106,107. Both studies examined only ESBL producing isolates from 

all clinical specimens, which were identified by disc diffusion. Lin et al. used a threshold of 

75% to determine similarity, while Kiratisin et al. used a threshold of 80% to identify related 

isolates and a 60% threshold to identify distantly related isolates. Both studies concluded 

that ESBL producing E. coli and K. pneumoniae isolates are polyclonal in their setting and 

speculate that resistance genes are being transferred among isolates. A Spanish study 

looking at ESBL producing E. coli from bloodstream infections found the isolates to be 

unrelated by rep-PCR and PFGE 108. The E. coli isolates with similar rep-PCR patterns were 

investigated further by PFGE, although the threshold values for similarity were not stated. 

This study concluded that patients were most probably colonised by the bacteria and 

developed infection whilst in hospital. Another Spanish study focused on ESBL producing  

E. coli and K. pneumoniae found isolates to be highly diverse by rep-PCR 109. However, the 

study did find that K. pneumoniae isolates in some hospitals were clonally related, although 

they did not indicate in how many of the 40 healthcare centres this was observed. The 

authors noted that K. pneumoniae isolates are often involved in outbreaks.  

On the other hand, various studies have demonstrated that bacteria isolated from infections 

are closely related. For example, an American study focused on ceftazidime resistant E. coli 

and K. pneumoniae isolates causing BSIs, found the isolates to be part of a poly-clonal 

outbreak, using PFGE 110. The majority of the patients in this study were in nursing homes 

and the investigators speculate that cross-contamination occurred via a common source. A 

study conducted in South Africa looking at infections with ESBL producing E. coli found that 

almost half (45%) of the isolates belonged to the highly successful E. coli clonal complex 

ST131 111. Although most of the isolates were from urine specimens and the sample size 

was small (n=24).  

MLST is another strain typing method which provides additional value as it identifies defined 

strain types and allows comparison to other epidemiological studies and MLST databases 
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112. Due to the large amount of sequencing required for this method, we had initially planned 

to perform MLST on selected representative isolates from the larger clusters (identified by 

PFGE or rep-PCR). However, the results of the typing showed no predominant clusters, and 

this approach was abandoned as it would have required performing MLST on the majority of 

isolates.  

5. Conclusion 

The collected isolates were typed by two strain typing techniques, providing some insight 

into the epidemiology of E. coli and K. pneumoniae strains causing BSIs in this setting. The 

results from both strain typing techniques demonstrate that the isolates in this study are 

genetically diverse, with little clustering. The diversity of circulating E. coli and K. 

pneumoniae strains suggests that patient-to-patient transmission of bacteria or 

contamination of the environment is not the main cause of BSIs. Due to the diverse bacterial 

strains causing infection, it makes it difficult to ascertain transmission routes and implement 

controls to reduce the number of BSIs. While the lack of a common circulating clone/s may 

suggest less ongoing transmission of the organisms (and thus suggests adequate infection 

prevention and control (IPC) measures), further studies would be required to better 

understand the transmission dynamics of these organisms, which may further inform IPC 

activities.  
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Chapter 4: Resistance genes  

1. Introduction 

Resistance to β-lactam antibiotics in Enterobacteriaceae is most often as a result of the 

production of plasmid mediated β-lactamase enzymes, such as Extended-Spectrum β-

lactamases (ESBLs) and carbapenemases 52. Understanding the molecular epidemiology of 

these resistance genes is important to define the impact of these resistance mechanisms 

and it may also assist in guiding correct empiric treatment 101. 

The β-lactamases TEM-1, TEM-2 and SHV-1 are the progenitors for the TEM and SHV 

ESBLs respectively and are not able to hydrolyse the extended-spectrum β-lactams. While 

TEM- and SHV-related ESBLs may differ by only a few amino acids from their respective 

progenitors, these changes can result in a substantial change in enzymatic ability 22. TEM 

and SHV β-lactamases can be divided into three groups based on their functional properties 

or phenotype 53,113. The first group can hydrolyse penicillins and early cephalosporins and 

are strongly inhibited by β-lactamase inhibitors like clavulanic acid and tazobactam. 

Examples include TEM-1, TEM-2, TEM-12, SHV-1, SHV-11 and SHV-89. The second group 

has the same hydrolysis profile as the first but are resistant to clavulanic acid. TEM β-

lactamases with this phenotype as also known as Inhibitor Resistant TEMs (IRT). TEM-30, 

TEM-31, SHV-10 and SHV-72 are examples of IRT TEMs. The third group is made up of 

ESBLs, which are able to hydrolyse penicillins, early and extended-spectrum cephalosporins 

but remain sensitive to inhibition by clavulanic acid. Examples include TEM-3, TEM-10, 

SHV-2 and SHV-115. All CTX-M ESBLs also fall into this group. 

In earlier studies β-lactamase genes were analysed biochemically by isolating the protein 

and determining its isoelectric point by isoelectric focusing and then performing enzymatic 

studies to identify the hydrolysis and inhibition profile of the gene 65. Currently molecular 

methods such as Polymerase Chain Reaction (PCR), sequencing, probes and PCR-

Restriction Fragment Length Polymorphism (PCR-RFLP) are mostly used to identify β-

lactamase genes.  

Databases have been created to standardize the nomenclature for the growing number of β-

lactamases (http://www.lahey.org/studies, http://www.laced.uni-stuttgart.de/) 53. These 

databases contain information about TEM and SHV β-lactamases such as their phenotype, 

specific amino acid substitutions and GenBank accession numbers for the specific genes. 

These databases are valuable as they provides important information about the majority of 

the TEM and SHV β-lactamases. Unfortunately not all of these β-lactamases have been 
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characterised and some have been withdrawn or are invalid 113. It is not clear whether 

measures are in place to address these deficits.  

The aim of this component of the study was to determine the prevalence of ESBLs and 

carbapenamases in the collected set of isolates, and to further characterize the types of 

ESBLs and carbapenemases by a combination of PCR and sequence analysis.  

2. Methods and materials 

2.1 Bacterial isolates and controls 

All Escherichia coli and Klebsiella pneumoniae isolates previously described in chapter two 

were screened for resistance genes. DNA was extracted from these isolates as described in 

chapter 3. 

A previously characterised control strain containing all three ESBL genes was supplied by Dr 

C. Moodley from the NHLS National Institute for Communicable Diseases (NICD) satellite 

unit at Groote Schuur Hospital. Control strains containing all the screened carbapenemase 

genes were obtained from the NICD. Extracted DNA from these controls was combined to 

maximise space available for testing isolates. 

2.2 PCR amplification of β-lactamase genes  

All isolates were screened for the three β-lactamase gene families, blaTEM, blaSHV and  

blaCTX-M, using a multiplex PCR. Specific primers were used for each family and an internal 

amplification control, rpoB, was included (Table 4.1). The internal amplification control 

indicates that the PCR reaction was successful and DNA quality is adequate. Primers were 

synthesised by IDT (Integrated DNA Technologies, South Africa). The KAPA2G Fast 

Multiplex PCR Kit (Kapa Biosystems, South Africa) was used and 1 µl of bacterial DNA was 

used for each reaction. All PCR reactions were performed using the ProFlex PCR system 

thermocycler (Applied Biosystems, United States of America). The PCR amplification 

conditions were as follows: initial denaturation at 95°C for 3 minutes, 35 cycles of 

denaturation at 95°C for 15 seconds, annealing at 67°C for 30 seconds and extension at 

72°C for 30 seconds, followed by a final extension at 72°C for 3 minutes. Final primer 

concentrations were 0.2 pmol/µl for all primers except primers for blaSHV which were 0.24 

pmol/µl. A no-template control (NTC) containing no bacterial DNA was included in each PCR 

to exclude contamination.  

Gel electrophoresis of the PCR products was performed using the PowerPac Basic power 

supply system (Bio-Rad, South Africa). PCR products were separated using a 2-2.5% 

agarose gel run at 100V for 90 minutes in a Tris-acetic acid-EDTA (TAE) buffer, and using 
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KAPA universal DNA Ladder (Kapa Biosystems, South Africa) as a molecular size marker. 

Agarose gels were stained using NovelJuice (GeneDireX, South Africa) and the image was 

visualised and captured using the UVItec Alliance 2.7 gel documentation system (UVItec, 

United Kingdom). 

Table 4.1: Primers used for the ESBL multiplex PCR 114,115. 

Target 
gene 

Primer Sequence (5’ – 3’) Product 
size (bp) 

Source 

blaTEM TEM-164.SE 

TEM-165.AS 

TCGCCGCATACACTATTCTCAGAATGA 

ACGCTCACCGGCTCCAGATTTAT 

445 Monstein et al. 
(2007) 

blaSHV bla-SHV.SE  

bla-SHV.AS 

ATGCGTTATATTCGCCTGTG 

TGCTTTGTTATTCGGGCCAA 

747 Monstein et al. 
(2007) 

blaCTX-M CTX-M-U1 

CTX-M-U2 

ATGTGCAGYACCAGTAARGTKATGGC 

TGGGTRAARTARGTSACCAGAAYCAGCGG 

593 Monstein et al. 
(2007) 

rpoB rpoB-F 

rpoB-R 

AACCAGTTCCGCGTTGGCCTGG 

CCTGAACAACACGCTCGGA 

1088 Hoffmann and 
Roggenkamp 
(2003) 

 

2.3 TEM and SHV characterisation 

All TEM and SHV amplification products (section 2.2) were sequenced to further 

characterise the genes. A single-plex PCR was performed using either the TEM or SHV 

primers listed in section 2.2 as appropriate, using KAPA2G Fast Multiplex PCR Kit (Kapa 

Biosystems). The PCR amplification conditions were similar to the ESBL PCR: initial 

denaturation at 95°C for 3 minutes, 35 cycles of denaturation at 95°C for 15 seconds, 

annealing at 65°C for 30 seconds and extension at 72°C for 30 seconds, followed by a final 

extension at 72°C for 3 minutes. In these single-plex assays the final primer concentrations 

were 0.4 pmol/µl for all primers. Gel electrophoresis was performed on all PCR products as 

described above in section 2.2, to ensure amplification was successful.  

The PCR products were sent for sequencing at Inqaba Biotech (South Africa) using the 

forward primers. Sequencing results were analysed using the BioEdit Sequence Alignment 

Editor 116. Sequences of amplification products for the TEM-related genes were compared to 

TEM-1, TEM-2 and ESBL TEM sequences downloaded from National Centre for 

Biotechnology Information (NCBI) 117. SHV amplification product sequences were identified 

by translating the DNA sequences to amino acid sequences and analysing them through the 

BLAST database 118. Amino acid sequences were used for SHV analysis as the DNA 

sequences contained numerous nucleotide substitutions and it was not known which were 

synonymous and which were nonsynonymous. If further discrimination was needed, 

sequences were compared to SHV sequences downloaded from NCBI 117. 
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2.4 Characterisation of CTX-M genes 

All isolates that were positive for CTX-M genes in the β-lactamase PCR, were further tested 

to classify the CTX-M enzyme/s into the five CTX-M sub-groups. Specific primers for each of 

these groups were used, with Groups 8 and 25 using a shared reverse primer (Table 4.2). 

Primers were synthesised by IDT (Integrated DNA Technologies). The multiplex PCR was 

performed using the KAPA2G Fast Multiplex PCR Kit (Kapa Biosystems) and the ProFlex 

PCR system thermocycler (Applied Biosystems). The cycling conditions were as follows: 

initial denaturation at 95°C for 3 minutes, 30 cycles of denaturation at 95°C for 15 seconds, 

annealing at 60°C for 30 seconds and extension at 72°C for 30 seconds, followed by a final 

extension at 72°C for 3 minutes. Final primer concentrations were 0.2 pmol/µl for all primers. 

PCR products were run on an agarose gel and visualised as described in section 2.2. A NTC 

containing no bacterial DNA was included in each PCR performed to confirm that there was 

no contamination. Controls were not available; therefore selected amplification products 

were sent for sequencing to confirm correct amplification. These isolates could then be used 

as controls in successive PCR reactions. Isolates showing ambiguous results were retested 

using a singleplex PCR with each primer pair, using the cycling conditions listed for the 

multiplex PCR, and products were sent for sequencing at Inqaba Biotech (South Africa) to 

confirm results.  

Table 4.2: Primers used for the CTX-M multiplex PCR 119. 

blaCTX-M 

subgroup 

Primer Sequence (5’ – 3’) Product size 
(bp) 

Group 1 CTX-M G1-F 

CTX-M G1-R 

AAAAATCACTGCGCCAGTTC 

AGCTTATTCATCGCCACGTT 

415 

Group 2 CTX-M G2-F 

CTX-M G2-R 

CGACGCTACCCCTGCTATT 

CCAGCGTCAGATTTTTCAGG 

552 

Group 8  CTX-M G8-F 

CTX-M G8/25-R 

TCGCGTTAAGCGGATGATGC 

AACCCACGATGTGGGTAGC 

666 

Group 9 CTX-M G9-F 

CTX-M G9-R 

CAAAGAGAGTGCAACGGATG 

ATTGGAAAGCGTTCATCACC 

205 

Group 25 

 

CTX-M G25-F 

CTX-M G8/25-R 

GCACGATGACATTCGGG 

AACCCACGATGTGGGTAGC 

327 

 

2.5 Amplification of carbapenemase genes 

A multiplex PCR was used to screen all isolates for selected carbapenemase genes. The 

carbapenemase genes blaIMP, blaKPC, blaNDM, blaOXA-48 and blaVIM along with an internal 

amplification control, rpoB, were amplified using specific primers (Table 4.3). Primers were 
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synthesised by IDT (Integrated DNA Technologies). The KAPA2G Fast Multiplex PCR Kit 

(Kapa Biosystems) was used and the PCR conditions were optimised to a touchdown PCR 

to minimise non-specific binding of primers. All PCR reactions were performed using the 

ProFlex PCR system thermocycler (Applied Biosystems). The cycling conditions were as 

follows: initial denaturation at 95°C for 3 minutes, 20 cycles of denaturation at 95°C for 15 

seconds, annealing at 68°C for 30 seconds and extension at 72°C for 1 minute, followed by 

10 cycles of denaturation at 95°C for 15 seconds, annealing at 62°C for 30 seconds and 

extension at 72°C for 1 minute and lastly, a final extension at 72°C for 5 minutes. Final 

primer concentrations were 0.2 pmol/µl for all carbapenemase gene primers and 0.08 

pmol/µl for internal control primers. A NTC was included in each PCR run, to ensure that 

there was no contamination present. Gel electrophoresis was performed on all PCR 

products as described in section 2.2. PCR products were run on an agarose gel and 

visualised as mentioned in section 2.2.  

Table 4.3: Primers used for the carbapenemase PCR 102,115. 

Target 
gene 

Primer Sequence (5’ – 3’) Product 
size (bp) 

Source 

blaIMP IMP-F 

IMP-R 

CTACCGCAGCAGAGTCTTTGC 

GAACAACCAGTTTTGCCTTACC 

591 Zowawi et al. 
(2014). 

blaKPC KPC-F 

KPC-R 

ATCTGACAACAGGCATGACG 

GACGGCCAACACAATAGGTG 

452 Zowawi et al. 
(2014). 

blaNDM NDM-F 

NDM-R 

GCAGGTTGATCTCCTGCTTG 

ACGGTTTGGCGATCTGGT 

203 Zowawi et al. 
(2014). 

blaOXA-48 OXA-48-F 

OXA-48-R 

GCGTGGTTAAGGATGAACAC 

CATCAAGTTCAACCCAACCG 

438 Zowawi et al. 
(2014). 

blaVIM VIM-F 

VIM-R 

GATGGTGTTTGGTCGCATA 

CGAATGCGCAGCACCAG 

390 Zowawi et al. 
(2014). 

rpoB rpoB-F 

rpoB-R 

AACCAGTTCCGCGTTGGCCTGG 

CCTGAACAACACGCTCGGA 

1088 Hoffmann and 
Roggenkamp 
(2003) 

  

3. Results 

3.1 Amplification of β-lactamase genes 

A multiplex PCR adapted from Monstein et al. was used to screen all isolates for the β-

lactamase genes blaTEM, blaSHV and blaCTX-M as well as an internal control, rpoB  
114,115. The 

PCR conditions were optimised to reduce non-specific binding as far as possible. A 

representative image of an electrophoresis gel can be seen in figure 4.1.  
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Figure 4.1: Multiplex PCR identification of β-lactamase genes. Lanes 1 and 11 contain the KAPA 

universal DNA ladder, lanes 2- 8 are clinical isolates; the positive control in lane 9 shows the desired 

amplification products for SHV, TEM and CTX-M genes and the internal control, rpoB, at 1100bp; lane 

10 is the NTC. 

The overall distribution of β-lactamase genes was as follows; in 53.6% (75/140) of isolates 

one β-lactamase family was detected, while 16.4% (23/140) of isolates contained two β-

lactamase family genes and 16.4% (23/140) contained all three gene families. No β-

lactamase genes were detected in 13.6% (19/140) of isolates (Figure 4.2). 
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Figure 4.2: Graphical representation of the β-lactamase genes detected in isolates. 

The distribution of β-lactamase genes differed between E. coli and K. pneumoniae isolates 

(p<0.01) (figure 4.3). E. coli isolates mainly contained TEM genes alone (45/70) or no β-

lactamase genes (15/70). K. pneumoniae isolates showed more variation in β-lactamase 

genes with the most common profiles being a combination of all three β-lactamase genes 

(23/70) or SHV genes alone (21/70). 

 

Figure 4.3: Distribution of β-lactamase genes in E. coli and K. pneumoniae isolates. 
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3.2 TEM and SHV characterisation 

All TEM and SHV PCR products were sequenced to determine whether the genes were 

ESBLs or not. The results are summarised in table A.1 in appendix A. Eighty-seven isolates 

were positive for TEM genes, of which 86 amplification products were successfully 

sequenced and were included in the analysis. The sequence quality for isolate GN9 was too 

poor to analyse properly. The 86 sequences were compared to TEM-1, TEM-2 and ESBL 

TEM genes obtained from the GenBank database. Eighty-one (94.2%) of the TEM genes 

were found to be TEM-1, 3 (3.5%) had one nucleotide difference from TEM-1 and were 

found to be TEM-2. Only two (2.3%) TEM genes were ESBL TEM genes, however the 

specific TEM genes could not be identified as the sequenced products were too short. 

Fifty-seven isolates were positive for SHV genes, all of which were successfully sequenced. 

These sequences were translated to amino acid sequences and identified using the BLAST 

database (table 4.4). The SHV amino acid sequences of a few isolates were identical to 

more than one SHV protein, such as SHV-14 and SHV-161 as well as SHV-1, SHV-28 and 

SHV-125. These isolates’ SHV nucleotide sequences were then compared to those SHV 

gene sequences, downloaded from the NCBI database.  

As displayed in table 4.4, the most common SHV genes were SHV-125 (42.1%) and SHV-11 

(33.3%). According to the Lahey database, the SHV genes SHV-1, SHV-11, SHV-14, SHV-

26, SHV-33, SHV-62 and SHV-76 are some of the genes that do not possess ESBL activity 

53. The SHV genes SHV-28, SHV-125, SHV-137 have not yet had their phenotype 

described. In table 4.4 the data was divided according to activity of the SHV genes. 

Therefore, 4/57 (7%) of the SHV genes from our study have previously confirmed ESBL 

activity, 27/57 (47.4%) have only narrow spectrum β-lactamase activity and for 26/57 

(45.6%) of genes, it is not clear whether these gene products have extended-spectrum 

activity.  
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Table 4.4: Distribution of SHV genes. 

ESBL 
activity 

SHV 
gene 

Nr of 
isolates 

Isolates Total nr of 
isolates  

Non ESBL SHV-1 1 GN116 27 (47.4%) 

SHV-11 19 GN5, GN11, GN13, GN27, GN32, GN39, GN40, 
GN41, GN50, GN51, GN56, GN78, GN92, 
GN101, GN112, GN134, GN135, GN137, 
GN143 

SHV-14 3 GN10, GN93, GN140 

SHV-26 1 GN36 

SHV-33 1 GN128 

SHV-62 1 GN68 
SHV-76 1 GN125 

ESBL SHV-2 1 GN23 4 (7%) 

SHV-5 1 GN94 

SHV-126 2 GN21, GN38 

Unknown 
activity 

SHV-28 1 GN103 26 (45.6%) 

SHV-125 24 GN6, GN7, GN17, GN28, GN31, GN35, GN48, 
GN49, GN53, GN57, GN60, GN65, GN73, 
GN77, GN97, GN109, GN110, GN113, GN115, 
GN126, GN127, GN130, GN139, GN144 

SHV-137 1 GN3 

 

The β-lactamase PCR and sequencing results were analysed together and summarised 

below in table 4.5. The most commonly seen β-lactamase gene in E. coli was TEM β-

lactamases; only 11 (15.7%) E. coli isolates contained ESBL genes. K. pneumoniae isolates 

had a variety of resistance gene profiles, with the most common β-lactamase genes being 

SHV ESBLs and SHV β-lactamases. Only four (5.7%) of E. coli isolates contained multiple 

β-lactamase genes, while 42 (60%) of K. pneumoniae contained multiple β-lactamase 

genes. A table showing the detailed distribution of β-lactamase and ESBL genes can be 

seen in appendix A (figure A.1).  

Table 4.5: Distribution of β-lactamase genes with and without extended-spectrum activity among  

E. coli and K. pneumoniae isolates 

 
E. coli (n=70) K. pneumoniae (n=70) Total (n=140) 

No β-lactamase genes 15 4 19 

β-lactamase genes with no extended-
spectrum activity a 

44 27 71 

β-lactamase/s genes 
with extended-
spectrum activity b 

 

TEM ESBL 1 1 2 

SHV ESBL 0 2 2 

CTX-M 10 34 44 

SHV ESBL & CTX-M 0 2 2 

Any ESBL 11 (15.7%) 39 (55.7%) 50 (35.7%) 
 

a: This includes TEM-1, TEM-2, and all SHV genes either known or suspected not to have extended activity, as 

detailed in the text. 
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b: For isolates containing multiple genes where one has extended-spectrum activity and one or more, only the 

gene/s with extended-spectrum activity are shown. 

3.3 Characterisation of CTX-M genes 

All isolates that were positive for CTX-M genes in the β-lactamase PCR, were further tested 

to classify the CTX-M enzymes into the five different CTX-M sub-groups. Forty-six isolates 

demonstrated the presence of CTX-M genes in the multiplex β-lactamase PCR. Forty-two 

(91.3%) of these belonged to CTX-M group 1, three (6.5%) belonged to group 9 and one 

isolate, GN9, was untypeable. This isolate had abnormal bands present; subsequently each 

of the assays in the multiplex CTX-M PCR was performed as a singleplex assay to further 

investigate this result. The amplification products of the singleplex PCRs did not match what 

was seen in the multiplex CTX-M PCR. The singleplex PCR products were sent for 

sequencing; the amplified products were not β-lactamase genes as they were identified as a 

major facilitator superfamily (MFS) transporter, which is a membrane transport protein. The 

amplified products were interpreted as non-specific binding. 

3.4 Amplification of carbapenemase genes 

All isolates were screened for carbapenemase genes using a multiplex PCR including an 

internal control, rpoB 102,115. The PCR was optimised as a touchdown PCR to reduce non-

specific binding (figure 4.4). Carbapenemase genes were not detected in any of the isolates.  

 

Figure 4.4: Multiplex PCR identification of carbapenemase genes. Lanes 1 and 11 contain the KAPA 

universal DNA ladder, lanes 2 to 6 contain the various control isolates. Lane 7 contains combination 

of all controls. Internal control, rpoB, at 1100bp. 
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4. Discussion 

4.1 ESBL characterisation 

A multiplex PCR was used to screen all isolates for the TEM, SHV and CTX-M β-lactamase 

genes; the addition of an internal control, rpoB, ensured that DNA quality was sufficient and 

amplification had taken place, and that the absence of any β-lactamase genes was true and 

not a result of a failed PCR. The addition of this internal control meant further optimisation of 

this PCR which involved increasing the annealing temperature to 67°C. The concentration of 

the SHV primers was also increased slightly to allow for better amplification. Some faint non-

specific bands were observed at 350bp after the internal control was added.  

The majority (86.4%; 121/140) of isolates contained at least one β-lactamase gene. From 

the β-lactamase PCR only, TEM genes are the most common, seen in 87 isolates, followed 

by SHV in 57 isolates and CTX-M in 46 isolates. A study conducted in Pretoria, South Africa 

found overall similar rates of β-lactamase genes; 87% of isolates had β-lactamase genes 120. 

The most common profile observed in their study was TEM, SHV and CTX-M at 36% but the 

level of SHV genes was lower, 4% alone and 12% with TEM in comparison to 16 and 25%, 

respectively, in our study. The isolates studied by Ehlers et al. consisted mainly of K. 

pneumoniae and E. coli (83%) but also included other Enterobacteriaceae, such as 

Citrobacter freundii, Morganella morganii, Enterobacter cloacae and Proteus penneri, which 

may explain the dissimilarity in some results. Alternatively, this may reflect differences in the 

epidemiology between the two settings. The study used the same PCR assay as was used 

in the current study.  

This multiplex PCR is advantageous as it allows for the collective detection of important β-

lactamase genes. This provides important information about the molecular epidemiology of 

these genes. Unfortunately, it does not differentiate between non-ESBL and ESBL TEM and 

SHV genes, which is necessary to determine whether an isolate truly harbours ESBL genes. 

Therefore, all TEM and SHV genes were sequenced so that they could be differentiated into 

non-ESBL and ESBL TEMs and SHVs. It is necessary to investigate whether the genes are 

ESBLs as this will allow better comparison and interpretation of the data, and allow for 

correlation with results of phenotypic testing (which will be discussed in chapter 5). 

Previously, only isolates positive for CTX-M genes could be confidently identified as 

containing ESBL genes. 

The majority of the TEM genes, 98%, were non-ESBL TEM genes, i.e. TEM-1  

(94.2%; 72/86) and TEM-2 (3.5%; 3/86) genes. Therefore, in cases were these genes are 

found alone, these isolates are β-lactamase producers, not ESBL producers. This is 

consistent with the fact that TEM-1 is said to be the most common plasmid mediated β-
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lactamase found in Gram negative bacteria 121. In the two isolates with ESBL TEM genes, 

these genes were found alone, so these isolates were considered ESBL producers. 

Unfortunately, the amplified sequence was too short to further identify these ESBL genes.  

Just under half of the SHV genes (47.4%; 27/57) were those that do not have ESBL activity, 

7% (4/57) of SHV genes were ESBL SHV genes, while the spectrum of activity of 45.6% 

(26/57) of the SHV genes’ is unknown. The most common non-ESBL SHV gene was  

SHV-11 (73.1%; 11/27). A review on SHV genes stated that SHV-11 is the most successful 

non-ESBL SHV variant 113. Only one isolate contained the SHV-1 gene. It was expected that 

the majority of K. pneumoniae isolates would contain the non-ESBL SHV gene, SHV-1, as 

this β-lactamase is commonly harboured on the chromosomes of K. pneumoniae isolates 9. 

It is possible that the isolates may harbour SHV-1 chromosomally in addition to another 

plasmid-encoded SHV gene, which may have been preferentially amplified due to a higher 

copy number. It is unlikely to be clonal expansion of an unusual strain, based on the strain 

typing results in chapter 3. The SHV genes SHV-28, SHV-125, SHV-137 have not yet had 

their phenotype described, and it is unknown whether these genes have ESBL activity or 

not. 

The TEM and SHV sequences used to further identify the genes were only a portion of the 

gene, with the SHV sequence being 747bp and the TEM sequence being only 445bp, while 

the full TEM and SHV genes are over 850bp 58. Having the full TEM and/or SHV sequences 

may have allowed better identification of these genes. The Lahey database was used to 

determine whether SHV genes have ESBL activity or not 53. This database is useful in that it 

shows described TEM and SHV β-lactamase genes and the specific amino acid changes for 

each gene. However, numerous genes have not had their phenotype described so it is 

unknown whether these β-lactamase genes have ESBL activity. To add to the difficulties in 

using the database, some β-lactamase genes have been withdrawn or have more than one 

name. The profusion of research (including the current study) describing old and new β-

lactamases makes curating and maintaining such databases more and more difficult. It is not 

clear whether this database will be updated and if further work is being done to investigate 

the genes that are not fully described.   

Although analysis of the sequencing results was difficult, it did enable the assignment of 

TEM and SHV genes as ESBL or non-ESBL genes, thereby better interpreting the β-

lactamase PCR results. When analysing the β-lactamase PCR and sequencing data 

together, the number of β-lactamase genes found in the isolates are 85 TEM β-lactamase 

genes and 27 SHV β-lactamase genes. The most commonly seen ESBL genes are CTX-M 

(46), followed by SHV (4) and then TEM (2). CTX-M genes were frequently observed in 

combination with other non-extended β-lactamase genes (36/46; 78.3%) as well as with 

Stellenbosch University  https://scholar.sun.ac.za



63 
 

ESBL genes (3/46; 6.5%). Fifty isolates contained at least one ESBL gene, yet only 7 

isolates had CTX-M genes in isolation.  A study on ESBL producing E. coli and K. 

pneumoniae isolates observed co-production of CTX-M genes and other β-lactamase and 

ESBL genes in 81.3% and 97.6% of E. coli and K.  pneumoniae isolates respectively 107. 

Isolates contain multiple β-lactamase resistance genes as this may result in the isolate being 

able to hydrolyse an increased spectrum of antibiotics. β-lactamase TEMs are able to 

hydrolyse first generation cephalosporins, but have less activity against oxyimino 

cephalosporins 59. CTX-M enzymes have greater activity against oxyimino cephalosporins, 

particularly cefotaxime 59. Certain SHV and TEM genes, such as SHV-10 and TEM-103, 

have an inhibitor resistant phenotype, making them resistant to β-lactamase inhibitors such 

as clavulanic acid 58,122. Therefore, a combination of genes may contribute to a bacterial 

strain having resistance to an increased range of β-lactam antibiotics.  A Kenyan study on  

E. coli isolates spanning 18 years, observed β-lactamase genes in combination for 35.3% of 

isolates 122. A study on ESBL producing Enterobacteriaceae in South Africa observed  

β-lactamase genes in combination in 58.5% of isolates 120. Gürntke et al. observed the 

combination of TEM, SHV and CTX-M genes in 57.1% of K. pneumoniae isolates from 

bloodstream infections 123. A study from Syria on the prevalence of β-lactamases in E. coli 

and K. pneumoniae isolates, observed a combination of β-lactamase genes in 64.8% of  

E. coli isolates and 100% of K. pneumoniae isolates 124. 

Other studies focused on E. coli and K. pneumoniae have also reported that CTX-M genes 

are the most commonly found ESBL genes in their setting, although these studies cited 

much higher rates of CTX-M genes in their isolates (67-99.6%) 107,123. A recent review on 

ESBLs stated that CTX-M ESBLs are now the most prevalent ESBLs globally 9. CTX-M 

ESBLs in our study were more often found in K. pneumoniae (78.3%) than E. coli (21.7%). It 

was expected to find more CTX-M ESBLs in E. coli as they are said to be the most common 

hosts of CTX-M genes and the highly successful E. coli clone ST131 frequently harbours 

CTX-M-15 9,77,108.  This may be explained by the fact that in this study E. coli isolates were 

mostly community-acquired while K. pneumoniae isolates were mostly hospital-acquired, 

and the community-acquired isolates did not harbour many ESBL genes (7/47).  

A PCR to further classify CTX-M genes was performed on isolates containing these genes in 

the β-lactamase PCR. This was done to enable comparison to epidemiology in other studies. 

Optimisation of this PCR was more complex as controls were not available. Isolates showing 

amplification of the correct size were sequenced so that they could be used as controls in 

further PCR reactions.  
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Most CTX-M genes (42/46; 91.3%) were classified as group 1. Group 1 contains CTX-M-15, 

the most commonly found CTX-M gene worldwide and is therefore expected to be the most 

common group 9. The obtained results correspond with what has been found in other studies 

in South Africa and other countries 101,111,120,125. Ehlers et al. and Peirano et al. both carried 

out studies in South Africa and found CTX-M genes from group 1 made up 47% and 63.6% 

of CTX-M genes. A study from the United States reported group 1 CTX-M genes made up 

67.7% of CTX-M genes, while a study from Burkina Faso reported 94% of CTX-M genes 

belonged to group 1. One isolate could not be further typed into its specific CTX-M group. 

Singleplex PCRs with each primer set, corresponding to the different CTX-M families, was 

performed on this isolate. The PCR products were sent for sequencing. Although 

amplification was seen emulating group 1, sequencing results could not confirm this.  

Using the combined genotypic information to assign isolates as ESBL or non-ESBL 

producers, 50/140 (35.7%) of isolates contain ESBL genes, 71 (50.7%) isolates contain β-

lactamase genes, 19 (13.6%) contain no β-lactamase genes. Of the 71 isolates containing β-

lactamase genes, 12 of these contain SHV genes for which the spectrum of activity is 

unknown. The ESBL producing isolates are mostly made up of K. pneumoniae isolates 

(39/50; 78%) and the non-ESBL β-lactamase producers are mostly made up of E. coli 

isolates (59/78; 75.6%).  

The prevalence of ESBL genes in our setting is much lower than what is observed in other 

studies from Africa and Asia (65-98%), however these studies only screened isolates that 

were phenotypically ESBL producers for ESBL genes 124,126–128. A study investigating the 

carriage of β-lactamase genes in E. coli isolates collected in Kenya over 18 years, reported 

23.9% of isolates carried ESBL genes and 38.9% of isolates carried β-lactamase genes 122. 

This is lower than what was observed in our study, which may be due to the study including 

various clinical specimens and collection of isolates began in 1992 when carriage of β-

lactamase genes may have been lower.  

When looking at the distribution of β-lactamase and ESBL genes in E. coli and K. 

pneumoniae, two different profiles can be seen. For E. coli isolates, the most commonly 

seen genes are TEM β-lactamase genes alone (44/70; 62.9%), followed by the absence of 

any β-lactamase genes (15/70; 21.4%). A few isolates contained the CTX-M gene alone 

(6/70; 8.6%) and or in combination with TEM β-lactamase genes (4/70; 5.7%). None of the 

E. coli isolates contained SHV genes alone or in combination. Most E. coli isolates (59/70; 

82.3%) have a non-ESBL genotype, while 11 (15.7%) do have ESBL genes. 

In contrast, in K. pneumoniae isolates, the most commonly seen profiles are SHV  

β-lactamase genes (21/70; 30%), the combination of CTX-M and SHV- and TEM-β-
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lactamase genes (21/70; 30%). The remainder of the profiles are seen in a couple of 

isolates. More than half of K. pneumoniae isolates (39/70; 55.7%) harbour ESBL genes, 

while only 31 (44.3%) isolates do not. 

SHV ESBL genes were second most common ESBL genes found in this set of isolates, as in 

other studies 107,123. These genes were commonly seen in K. pneumoniae, yet none were 

detected in E. coli isolates.  A study conducted in Limpopo of South Africa found very similar 

results in their E. coli isolates 129. TEM genes were observed in 95.1% of isolates, CTX-M 

genes were observed in 4.9% of isolates and no SHV genes were detected. Two studies 

from South Africa, covering multiple provinces found that SHV genes were most common in 

K. pneumoniae and observed the combination of SHV, CTX-M and TEM to be the most 

common profile seen in the isolates 57,76. A study using data from SENTRY Antimicrobial 

Surveillance Program in the Asia-Pacific region, also found that TEM genes dominated in  

E. coli isolates, while SHV genes dominate in K. pneumoniae isolates 130. 

4.3 Carbapenemase characterisation 

All isolates were screened for carbapenemase genes. The genes screened for are the most 

clinically relevant and commonly found carbapenemase genes. Two multiplex PCRs were 

merged into one PCR which was further enhanced to include an internal control. 

Optimisation of this multiplex PCR was more complex and was ultimately optimised to a 

touchdown PCR, to reduce non-specific binding.  

No carbapenemase genes were found in the isolates. Likewise, a study conducted in the 

Eastern Cape of South Africa and one conducted across various provinces in South Africa, 

looking at resistance in K. pneumoniae, saw no carbapenemase genes, although these 

studies only screened for NDM and KPC genes 57,76. Carbapenemase resistance in South 

Africa is relatively low, although the absence of any of the carbapenemase genes was 

perhaps surprising as this resistance mechanism is increasing worldwide 4,5. This data does 

however support another (as yet unpublished) study performed at Tygerberg Hospital where 

adult in-patients were screened for rectal carriage carbapenemases and one 

carbapenemase producing isolate was detected out of 439 samples (P. Nel, personal 

communication)  

5. Conclusion 

The presence of β-lactamase genes was observed in 86.4% of the isolates. Just more than 

a third of the isolates (35.7%) contained ESBL genes, 64.3% contained β-lactamase genes 

and 13.6% contained no β-lactamase genes. E. coli and K. pneumoniae showed different 

profiles with TEM β-lactamase genes being most common in E. coli isolates and SHV  

Stellenbosch University  https://scholar.sun.ac.za



66 
 

β-lactamase genes and the combination of CTX-M and SHV- and TEM-β-lactamases in  

K. pneumoniae. Sequencing of the TEM and SHV isolates provided more information about 

the resistance genes. Analysis of the sequencing was difficult as only a portion of the gene 

was sequenced and the databases containing TEM and SHV sequences and information 

about each gene are not complete, especially for the more recently discovered genes. The 

incomplete SHV and TEM database meant that the phenotype of some SHV genes is not 

known. Comparison of the prevalence of ESBL genes found in this study compared to other 

studies can be difficult as it is not always known whether the detection method used by other 

studies discriminates between non-ESBL and ESBL genes. Most of the CTX-M genes were 

from group 1 which is consistent with the literature. No carbapenemase genes were 

observed in the isolates, which is positive for the efficacy of carbapenems in our setting, at 

least for now.  
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Chapter 5: Blending of clinical, resistance and 

epidemiological data 

1. Introduction 

Bloodstream infections (BSIs) are a notable cause of morbidity and mortality worldwide 131. 

Increasing resistance in Gram negative bacteria has made treatment of infections with these 

bacteria increasingly difficult. Infection with resistant bacteria often results in poor clinical 

outcome which may be exacerbated by a delay in treatment with appropriate therapy 132. 

These infections may also result in lengthier hospital stays and increased medical expenses 

12,132.  

The World Health Organisation (WHO) has said that the surveillance of antibiotic resistance 

is the cornerstone for evaluating the burden of resistance and providing the information 

needed to guide action plans regarding antibiotic resistance 133. The WHO has also said that 

Escherichia coli and Klebsiella pneumoniae BSIs are priority specimens and pathogens for 

antibiotic resistance surveillance, as these infections are frequent and have shown an 

alarming increase in resistance, particularly to last resort antibiotics 133.  

Resistance data from previous years can be compared to current data to determine whether 

there are any significant changes in resistance, particularly emerging resistance 

mechanisms such as Carbapenem Resistant Enterobacteriaceae (CRE). This information 

can be used to prevent the spread of concerning resistance mechanisms, although without 

additional clinical data this does not indicate the extent of the problem in the population 133. 

Combining epidemiological, resistance and clinical data will provide a more complete picture 

of the antibiotic resistance problem. Understanding the molecular epidemiology of these 

resistance genes will assist in defining the impact of these resistance mechanisms and help 

to ascertain where infections with resistant bacteria are occurring 101. It will also assist in 

guiding correct empiric treatment and highlight the importance of antibiotic stewardship and 

Infection Prevention and Control (IPC). 

In this section clinical, resistance and epidemiological data from previous chapters was 

combined to better understand E. coli and K. pneumoniae BSIs.  
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2. Materials and methods 

2.1 Statistical analysis 

Statistical analysis was performed with the assistance of the Biostatistics unit from the 

Centre for Evidence-based Health Care at Stellenbosch University. IBM SPSS statistics 

version 25 was used for all statistical analysis. The chi-square test and Mann-Whitney test 

was used to estimate the significance of the correlation with statistical significance defined 

as p<0.05. 

Molecular resistance was defined as isolates harbour at least one Extended-Spectrum β-

lactamase (ESBL) gene; phenotypic resistance was defined as resistance to cefotaxime. 

3. Results and discussion 

3.1 Genotypic versus phenotypic resistance 

Results indicating phenotypic and genotypic ESBL production (chapters 2 and 4) were 

compared. Isolates producing ESBL genes were determined via Polymerase Chain Reaction 

(PCR) and sequencing. Phenotypic ESBL producers were identified by Antibiotic 

Susceptibility Testing (AST) and were considered ESBL producers if they were resistant to 

the third generation cephalosporin, cefotaxime. As discussed in chapter 4, 25 of the 57 

(43.9%) SHV genes have not yet had their phenotype described. There were 12  

K. pneumoniae isolates in which these SHV genes were found alone or in combination with 

a TEM β-lactamase gene, it is unknown whether these SHV genes have ESBL activity or 

not, therefore these isolates were not included in further analysis.  

The genotypic and phenotypic results of 122/128 (95.3%) isolates correlated, with 76 being 

non-ESBL producers and 46 being ESBL producers. Four (3.1%) of the of isolates were 

positive for ESBL genes but did not demonstrate phenotypic ESBL production. Two (1.4%) 

isolates did not contain ESBL genes but were phenotypically resistant to cefotaxime. The 

sensitivity of AST to detect ESBL genes was 92% and specificity was 97.4%. The sensitivity 

was lower than desired due to the four isolates which contained ESBL genes but were 

phenotypically negative for ESBL production. These four isolates include two isolates with 

TEM ESBL genes and two isolates with TEM β-lactamases and CTX-M ESBLs. It is possible 

that the TEM ESBLs may not possess extended-spectrum activity. This is a limitation of the 

analysis for TEM genes, as only a portion of the gene was sequenced it is not known exactly 

which TEM genes these isolates contain. It is unclear why two isolates with CTX-M genes 

would be phenotypically negative for ESBL activity as all CTX-M genes are said to have 

ESBL activity 53. This has also been observed by a study conducted in India, and may be 
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due to the fact that isolates did not express the CTX-M gene or the isolate may be exposed 

to external effects that disrupt the gene 134. Kiiru et al. noted that when OXA-1 and TEM-1 

enzymes are co-produced with CTX-M enzymes, they mask the ESBL phenotype conferred 

by the CTX-M enzymes 122.  The two isolates in this study that were phenotypically ESBL 

negative but contained CTX-M genes, also contained TEM-1 genes, although presence of 

OXA β-lactamases was not investigated in this study, this could be investigated in future 

work. Two isolates harboured TEM ESBL genes but were cefotaxime resistant. This may be 

due to the production of other resistance mechanisms such as AmpC β-lactamases 135.  

The K. pneumoniae isolates containing SHV genes with unclassified phenotype were further 

investigated. Twelve of the 25 isolates contained these genes in the absence of ESBL 

genes. These isolates were not phenotypically ESBL producers, therefore it can be 

speculated that these genes may only have β-lactamase activity. This hypothesis could be 

studied further using enzymatic assays or conjugation experiments with AST.  

One isolate was resistant to the carbapenem ertapenem but did not demonstrate the 

presence of any of the carbapenemase genes that were screened for. This isolate may be 

resistant to ertapenem as a result of other less common carbapenemase genes or due to an 

alternative resistance mechanism, such as reduced porin expression along with the 

production of a β-lactamase with weak carbapenem activity 15,19. Carbapenem resistance 

should be monitored as increasing levels of resistance has been noted in many countries 4.   

3.2 Statistical analysis of patient data and resistance data 

Patient data (chapter 2) and resistance results (chapter 4) were analysed to identify any 

associations. When looking at resistance and outcome, molecular resistance had a slightly 

higher mortality (33.9% vs 26.9%) as did phenotypic resistance (34.0% vs 27.8%). However, 

this difference was not significant and therefore, neither molecular nor phenotypic resistance 

was associated with mortality (p=0.373; p=0.441). While some studies have shown similar 

results, others have found that BSIs with ESBL producing bacteria to have significantly 

higher rates of mortality 16,123. A review on Gram negative bloodstream infections has stated 

that it is not the presence of ESBL producing organisms, but rather the incorrect empirical 

treatment of these infections that results in increased mortality 83. An Italian study on ESBL 

BSIs found that increased mortality was due to inadequate initial antimicrobial therapy and 

failure to identify the source of the infection 38.  Patients that received inadequate initial 

antimicrobial therapy had a mortality rate nearly three times higher than patients who 

received suitable treatment from the start. A study conducted in Tygerberg Hospital on 

paediatric BSIs found antimicrobial resistance was not associated with mortality, but 

attributed this to carbapenems being the empiric treatment option for hospital-acquired BSIs 
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32. Treatment of BSIs caused by ESBL producing organisms with carbapenems, is 

associated with a lower mortality 83. This highlights the need to provide prompt adequate 

treatment to patients and the value of knowledge of the local distribution of pathogens and 

their antibiotic resistance rates.  

Hospital-acquired isolates were associated with molecular resistance (p=0.001) as well as 

phenotypic resistance (p<0.001). A longer time spent in hospital before the blood culture 

was taken was also associated with molecular resistance (p<0.001) and phenotypic 

resistance (p<0.001). Bacterial strains circulating in hospitals are often resistant to antibiotics 

due to the high selection pressure for resistant bacteria resulting from high antibiotic use in 

hospitals. Increased length of hospital stay exposes patients to these resistant strains. 

Increased antibiotic resistance and ESBL production in hospital-acquired isolates was also 

observed in a study conducted at a hospital in Cape Town 17. This highlights the importance 

of determining whether a BSI is hospital- or community-acquired when defining empirical 

treatment options.  

Patients with infections due to phenotypically or genotypically ESBL-positive isolates had a 

slightly longer stay in hospital after the blood culture was taken, although this was not 

significant (p=0.664; p=0.172). Studies have noted increased hospital days due to infections 

with ESBL producing E. coli and K. pneumoniae 136,137. However, Brenner et al. noted that 

only increased length of stay of patients in ICUs was statistically significant. Infection with 

resistant bacteria is expected to result in increased hospital stay due to decreased effectivity 

of antibiotics, delay in appropriate treatment and an increased need for surgery and other 

procedures 136. All these factors also lead to increased cost of care.  

The clinical data obtained was limited and therefore we could not analyse factors such as 

co-morbidities, antimicrobial treatment before and after microbiological results, and 

additional procedures performed on patients. This limited data also meant that we were 

unable to assess potential risk factors for infection with ESBL producing E. coli and  

K. pneumoniae. 

3.3 Strain typing and resistance genes 

As mentioned in chapter 3, the results from both strain typing techniques demonstrate that 

the isolates in this study are genetically diverse, with little clustering seen in both typing 

techniques. This precluded any attempt to associate specific resistance genes or 

phenotypes with specific strains. Phylogenetic trees supplemented with clinical and 

resistance data (chapter 2 and 4) can be found in appendix B (figure B.1-B.4).  

The lack of clustering among isolates suggests that resistance is not being dispersed by 

proliferation of resistant strains, but rather due to the transfer of resistance genes and/or 
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plasmids 16,106.  This hypothesis could be further investigated in future work focussed on the 

resistance plasmids in these isolates. The lack of clustering may be a result of ongoing 

antibiotic selection pressure that has selected for multiple resistant strains which have now 

become endemic in our setting. 

4. Conclusion 

When comparing molecular and phenotypic resistance, 95.3% isolates correlated, 3.1% of 

isolates were positive for ESBL genes but did not demonstrate phenotypic ESBL production 

and 1.4% did not contain ESBL genes but were phenotypically resistant to cefotaxime.  

Mortality was not associated with phenotypic and molecular resistance. Hospital-acquired 

isolates as well as increased stays in hospital before blood culture were associated with 

molecular and phenotypic resistance. Collected patient data was limited and additional 

clinical data may assist in evaluating antibiotic use in our setting as well as risk factors for 

infection with ESBL producing organisms. The genetically diverse isolate collection 

precluded any attempt to associate resistance genes or phenotypes with specific strains.  

Understanding the prevalence of resistant strains in our setting is vital as this will help inform 

empiric therapy. Prompt adequate therapy of infections with resistant bacteria has been 

shown to reduce mortality. Continuous efforts are required to gather information on the 

molecular epidemiology of resistance genes to monitor antimicrobial stewardship efforts and 

ensure correct empiric treatment. Every effort should be taken to preserve the efficacy of 

cephalosporins and carbapenems in particular.   
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Conclusion 

Escherichia coli and Klebsiella pneumoniae are common causes of both community- and 

hospital-acquired bloodstream infections (BSIs). Resistance to commonly used antibiotics, 

such as cephalosporins and carbapenems, threatens the treatment of these infections. 

Resistance to β-lactam antibiotics is often due to the production of β-lactamase enzymes, 

such as Extended-Spectrum β-lactamases (ESBLs) and carbapenemases.  

The aim of this study was to describe the epidemiology of E. coli and K. pneumoniae strains 

isolated from blood cultures at Tygerberg Hospital over a period of one year. Commonly 

observed resistance mechanisms were investigated, and this data was combined with 

clinical and molecular typing data to elucidate the epidemiology and impact of these 

infections.  

Patient and isolate information was collected to determine antibiotic resistance, mortality 

rates and differentiate between hospital- and community-acquired isolates and the shared 

features of these two groups. Two thirds of the collected isolates were hospital-acquired, 

which may be due to the fact that this study took place at a tertiary hospital. The hospital-

acquired isolates were predominantly K. pneumoniae, while community-acquired isolates 

were mostly E. coli. The crude mortality was 30% and BSIs with hospital-acquired isolates 

were not associated with mortality.  

Increased antibiotic resistance was observed in hospital-acquired isolates, particularly to co-

trimoxazole, co-amoxiclav, cefotaxime, ciprofloxacin, gentamicin and piperacillin-

tazobactam. Phenotypic ESBL production was defined as resistance to cefotaxime, which 

was observed in 35.7% of isolates. Phenotypic ESBL production was significantly more 

common in K. pneumoniae isolates (55.7%), compared to E. coli isolates (15.7%). One  

K. pneumoniae isolate was resistant to ertapenem. Increased antibiotic resistance was 

observed in isolates that were cefotaxime resistant (ESBL producer) as compared to 

cefotaxime sensitive isolates, fortunately these isolates remained relatively sensitive to 

amikacin (98%) and ertapenem (98%), which is re-assuring as these antibiotics are often 

used to treat infections with ESBL producing organisms. 

Isolates were typed using rep-PCR and Pulsed Field Gel Electrophoresis (PFGE) to gain 

insight into the epidemiology. Phylogenetic trees generated from the typing results showed 

little clustering, indicating that the isolates were genetically diverse. This was also seen in 

the Simpson’s index of diversity values which were close to 1, indicating that if two isolates 

were randomly selected they would most likely be unrelated. PFGE showed higher 

discrimination, however rep-PCR provides a typing method that is less laborious and time 
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consuming. The diversity of the isolates suggests that patient-to-patient transmission and 

contamination of the environment is not a major source of these organisms. Although this 

result is positive for infection prevention and control in our setting, it does make ascertaining 

transmission routes and implementing interventions to reduce BSIs with resistant organisms 

more difficult. Further studies may be required to investigate this. 

Polymerase Chain Reaction (PCR) and sequencing was used to determine the prevalence 

of β-lactamases and carbapenamases in the collected isolates, and to further characterize 

the types present. The multiplex β-lactamase PCR identified β-lactamase genes in 86.4% of 

the isolates. TEM and SHV genes were further characterised by sequencing. The majority 

(98%) of TEM genes were narrow-spectrum β-lactamase TEMs, i.e. TEM-1 and TEM-2, 

while 2% were ESBL TEMs. Just under half of the SHV genes (47.4%) were narrow 

spectrum β-lactamase SHV genes, 7% were ESBL SHV genes, while the spectrum of 

activity of 45.6% of the SHV genes is unknown. These genes have not yet had their 

phenotype reliably described and it is not known whether they have an extended-spectrum 

of activity or not. 

The majority of the CTX-M genes (91.3%) were classified as group 1 CTX-M’s, which 

contains the most commonly found CTX-M gene worldwide, CTX-M-15. No carbapenemase 

genes were detected in any isolates. South African studies on the prevalence of 

carbapenemase genes have detected low frequencies of these genes as compared to 

studies in other countries.  

Based on PCR and sequencing data, 35.7% of isolates contained ESBL genes, 50.7% 

contained narrow-spectrum β-lactamase genes and 13.6% of isolates were negative for  

β-lactamase genes. The most common ESBL gene was CTX-M, which was frequently 

detected in combination with other ESBL (6.5%) and β-lactamase genes (78.3%).  

Phenotypic ESBL production (cefotaxime resistance) was compared to molecular detection 

of ESBL genes; the results correlated for 95.3% of isolates. Interestingly, two isolates 

containing CTX-M genes were phenotypically cefotaxime susceptible, this may be due to the 

gene not being expressed. This could be investigated further in future work. Twelve  

K. pneumoniae isolates harboured one or other of the SHV genes with unclassified 

phenotypes, in the absence of any other ESBL gene. These isolates were all susceptible to 

cefotaxime, suggesting that these genes may not be able to hydrolyse extended-spectrum 

beta lactams such as third generation cephalosporins. This hypothesis could be investigated 

further by enzymatic assays and/or conjugation studies combined. 

Statistical analysis of clinical and resistance data was performed to determine whether there 

was a correlation between results. Mortality was higher in patients with isolates 
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phenotypically (34% vs 27.8%) or genotypically (33.9% vs 26.9%)) positive for ESBLs, 

although this was not statistically significant. Hospital-acquired isolates and longer stays in 

hospital before blood culture was taken were associated with the presence of ESBLs. This is 

not surprising as high antibiotic use in hospitals selects for resistant bacterial strains. 

Infection with resistant bacteria was not associated with increased length of hospital stay. 

Studies have suggested that mortality due to infection with resistant organisms is due to 

inappropriate empiric therapy, which highlights the importance of local epidemiological data 

and surveillance of antibiotic resistance.  

Unfortunately, the patient information collected in this study was limited and cause of death, 

co-morbidities of patients and previous antibiotic use were not known. This information may 

assist in evaluating risk factors for bloodstream infection with ESBL producing bacteria. 

Obtaining information about treatment before and after laboratory results will assist to 

evaluate empiric treatment and whether antibiotic treatment is adjusted according to 

bacterial species and resistance information. The finding that the mortality rate for 

cefotaxime resistant and susceptible isolates was not statistically different may indicate that 

the local empiric regimen for hospital-acquired infections (which were associated with the 

resistant phenotype) is appropriate. However, this assumption needs to be tested more 

thoroughly, and a prospective study collecting both treatment and outcome data, as well as 

data from uninfected controls, is underway. 

Strain typing revealed the E. coli and K. pneumoniae isolates at Tygerberg Hospital to be 

genetically diverse. The lack of clustering precluded any attempt to associate specific traits 

with particular strains. The diversity of strains harbouring β-lactamase genes suggests that 

resistance may be due to the transfer of resistance genes and/or plasmids. Further studies 

could investigate this hypothesis and enable a better understanding of the transmission 

dynamics of resistant organisms, which may assist in focusing Infection Prevention and 

Control (IPC) efforts.  

Continuous efforts are required to investigate the epidemiology of circulating strains and 

their resistance patterns to monitor antimicrobial stewardship efforts, guide action plans and 

ensure correct empiric treatment. It is pertinent that the efficacy of cephalosporins and 

particularly carbapenems are preserved as far as possible.  
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Appendix 

Appendix A 

Table A.1: Distribution of β-lactamase and ESBL genes in E. coli and K. pneumoniae isolates. 

 

Appendix B 

Phylogenetic trees of E. coli and K. pneumoniae for rep-PCR and PFGE, supplemented with 

clinical and resistance information. Phenotypic resistance refers to resistance to cefotaxime. 

Key: M = Male; F = Female; HA = Hospital-acquired; CA = Community-acquired; S = 

Susceptible; R = Resistant; TEM-E =TEM gene with extended-spectrum activity (ESBL); 

SHV-N = SHV without extended-spectrum activity; SHV-E = SHV with extended-spectrum 

activity; SHV-U = SHV with uncertain extended-spectrum activity.  

 E. coli K. pneumoniae Total 

TEM β-lactamase only 44 1 45 

TEM ESBL only 1 1 2 

SHV β-lactamase only 0 21 21 

SHV ESBL only 0 0 0 

CTX-M only 6 1 7 

CTX-M, TEM β-lactamase 4 6 10 

SHV β-lactamase, CTX-M 0 6 6 

SHV ESBL, CTX-M 0 0 0 

SHV β-lactamase, TEM β-lactamase 0 5 5 

SHV ESBL, TEM β-lactamase 0 2 2 

SHV β-lactamase, CTX-M, TEM β-lactamase 0 21 21 

SHV ESBL, CTX-M, TEM β-lactamase 0 2 2 

None 15 4 19 

 70 70 140 
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Figure B.1: Phylogenetic tree generated from rep-PCR results for E. coli isolates, supplemented with 

clinical and resistance data.  
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Figure B.2: Phylogenetic tree generated from rep-PCR results for K. pneumoniae isolates, 

supplemented with clinical and resistance data.  
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Figure B.3: Phylogenetic tree generated from PFGE results for E. coli isolates, supplemented with 

clinical and resistance data.  
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Figure B.4: Phylogenetic tree generated from PFGE results for K. pneumoniae isolates, 

supplemented with clinical and resistance data.  

Is
o

la
te

 

G
e

n
d

e
r 

A
g

e
 

H
A

 v
s
 C

A
 

P
h

e
n

o
ty

p
ic

 

re
s
is

ta
n
c
e
 

β
-l

a
c
ta

m
a
s
e

 

g
e

n
e
s
 

W
a

rd
 

D
a

te
 o

f 

c
o

lle
c
ti
o

n
 

Stellenbosch University  https://scholar.sun.ac.za



80 
 

References 

1. Van Boeckel TP, Gandra S, Ashok A, Caudron Q, Grenfell BT, Levin SA, et al. Global 

antibiotic consumption 2000 to 2010: An analysis of national pharmaceutical sales 

data. The Lancet Infectious Diseases. 2014;14(8):742–50.  

2. Brooks BD, Brooks AE. Therapeutic strategies to combat antibiotic resistance. 

Advanced Drug Delivery Reviews. 2014;78:14–27.  

3. Ojdana D, Sacha P, Wieczorek P, Czaban S, Michalska A, Jaworowska J, et al. The 

Occurrence of blaCTX-M, blaSHV, and blaTEM Genes in Extended-Spectrum β-

Lactamase-Positive Strains of Klebsiella pneumoniae, Escherichia coli, and Proteus 

mirabilis in Poland. The Journal of Antibiotics. 2014;1–7.  

4. ECDC. Antimicrobial resistance surveillance in Europe 2015. 2015.  

5. Perovic O, Chetty V. Antimicrobial Resistance Surveillance from sentinel public 

hospitals, South Africa, 2015. 2015.  

6. Bamford C, Bonorchis K, Ryan A, Simpson J, Elliott E, Hoffmann R, et al. 

Antimicrobial Susceptibility Patterns of Selected Bacteraemic Isolates from South 

African Public Sector Hospitals, 2010. Southern African Journal of Epidemiology and 

Infection. 2011;26(4):243–50.  

7. Morrill HJ, Pogue JM, Kaye KS, LaPlante KL. Treatment Options for Carbapenem-

Resistant Enterobacteriaceae Infections. Open Forum Infectious Diseases. 2015;1–8.  

8. Yu H, Qu F, Shan B, Huang B, Jia W, Chen C, et al. Detection of mcr-1 colistin 

resistance gene in carbapenem-resistant Enterobacteriaceae (CRE) from different 

hospitals in China. Antimicrobial Agents and Chemotherapy. 2016;60(8):AAC.00440-

16.  

9. Doi Y, Iovleva A, Bonomo RA. The ecology of extended-spectrum β-lactamases 

(ESBLs) in the developed world. Journal of Travel Medicine. 2017;24(Suppl 1):44–51.  

10. Ventola CL. The antibiotic resistance crisis: part 1: causes and threats. Pharmacy and 

Theraputics. 2015;40(4):277–83.  

11. Sonda T, Kumburu H, van Zwetselaar M, Alifrangis M, Lund O, Kibiki G, et al. Meta-

analysis of proportion estimates of Extended-Spectrum-Beta-Lactamase-producing 

Enterobacteriaceae in East Africa hospitals. Antimicrobial Resistance & Infection 

Control. 2016;5(1):18.  

12. Baughman RP. The use of carbapenems in the treatment of serious infections. 

Stellenbosch University  https://scholar.sun.ac.za



81 
 

Journal of Intensive Care Medicine. 2009;24(4):230–2411. Baughman RP. The use of 

carbapenems in t.  

13. Thomson KS. Extended-Spectrum- β-Lactamase, AmpC, and Carbapenemase 

Issues. Journal of Clinical Microbiology. 2010;48(4):1019–25.  

14. Murray PR, Rosenthal KS, Pfaller MA. Medical Microbiology. Iowa: Elsevier Inc; 2013. 

258 – 272.  

15. Nordmann P, Dortet L, Poirel L. Carbapenem resistance in Enterobacteriaceae: Here 

is the storm! Trends in Molecular Medicine. Elsevier Ltd; 2012;18(5):263–72.  

16. Kim Y, Pai H, Lee H, Park S, Choi E, Kim J, et al. Bloodstream Infections by 

Extended-Spectrum β-Lactamase-Producing Escherichia coli and Klebsiella 

pneumoniae in Children : Epidemiology and Clinical Outcome. Antimicrobial Agents 

and Chemotherapy. 2002;46(5):1481–91.  

17. McKay R, Bamford C. Community-versus healthcare-acquired bloodstream infections 

at Groote Schuur Hospital, Cape Town, South Africa. South African Medical Journal. 

2015;105(5):363–9.  

18. Versalovic J, Carroll KC, Funke G, Jorgensen JH, Laundry ML, Warnock DW. Manual 

of clinical microbiology. Washington, DC.: ASM Press; 2011. 1042-1049, 1082, 1122,.  

19. Pitout JDD, Nordmann P, Poirel L. Carbapenemase-producing Klebsiella 

pneumoniae, a key pathogen set for global nosocomial dominance. Antimicrobial 

Agents and Chemotherapy. 2015;59(10):5873–84.  

20. Goering RV, Dockrell HM, Chiodini PL, Roitt IM. Mims’ Medical Microbiology. 5th ed. 

Philadelphia: Elsevier/Saunders; 2013.  

21. Poirel L, Jayol A, Bontron S, Villegas M, Ozdamar M, Turkoglu S, et al. The mgrB 

gene as a key target for acquired resistance to colistin in Klebsiella pneumoniae. 

2015;(70):75–80.  

22. Paterson DL, Bonomo R. Extended-Spectrum β-Lactamases : a Clinical Update. 

Clinical Microbiology Reviews. 2005;18(4):657–86.  

23. Ntusi N, Aubin L, Oliver S, Whitelaw A, Mendelson M. Guideline for the optimal use of 

blood cultures. South African Medical Journal. 2010;100(12):839–43.  

24. Viscoli C. Bloodstream Infections : The peak of the iceberg. Virulence. Taylor & 

Francis; 2016;7(3):248–51.  

25. Laupland KB. Defining the epidemiology of bloodstream infections: the “gold 

standard” of population-based assessment. Epidemiology and infection. 

Stellenbosch University  https://scholar.sun.ac.za



82 
 

2012;(2013):1–9.  

26. Karchmer AW. Nosocomial Bloodstream Infections : Organisms , Risk Factors , and 

Implications. Clinical Infectious Diseases. 2000;31(Suppl 4):139–43.  

27. Goto M, Al-Hasan MN. Overall burden of bloodstream infection and nosocomial 

bloodstream infection in North America and Europe. Clinical Microbiology and 

Infection. European Society of Clinical Microbiology and Infectious Diseases; 

2013;19(6):501–9.  

28. Fitzpatrick JM, Biswas JS, Edgeworth JD, Islam J, Jenkins N, Judge R, et al. Gram-

negative bacteraemia; A multi-centre prospective evaluation of empiric antibiotic 

therapy and outcome in English acute hospitals. Clinical Microbiology and Infection. 

2016;22(3):244–51.  

29. Cohen J. Sepsis. Medicine. 2009;37(10):562–5.  

30. Parajuli NP, Parajuli H, Pandit R, Shakya J, Khanal PR. Evaluating the Trends of 

Bloodstream Infections among Pediatric and Adult Patients at a Teaching Hospital of 

Kathmandu , Nepal : Role of Drug Resistant Pathogens. Canadian Journal of 

Infectious Diseases and Medical Microbiology. 2017;1–10.  

31. Allegranzi B, Nejad SB, Combescure C, Graafmans W, Attar H, Donaldson L, et al. 

Burden of endemic health-care-associated infection in developing countries: 

Systematic review and meta-analysis. The Lancet. Elsevier Ltd; 2011;377(9761):228–

41.  

32. Dramowski A, Cotton MF, Rabie H, Whitelaw A. Trends in paediatric bloodstream 

infections at a South African referral hospital. BMC Pediatrics. 2015;15(33):1–11.  

33. Iredell J, Brown J, Tagg K. Antibiotic resistance in Enterobacteriaceae: mechanisms 

and clinical implications. BMJ (Clinical research ed). 2016;352:h6420.  

34. Blomberg B, Manji KP, Urassa WK, Tamim BS, Mwakagile DSM, Jureen R, et al. 

Antimicrobial resistance predicts death in Tanzanian children with bloodstream 

infections : a prospective cohort study. BMC Infectious Diseases. 2007;7(43):1–14.  

35. Aiken AM, Mturi N, Njuguna P, Mohammed S, Berkley JA, Mwangi I, et al. Risk and 

causes of paediatric hospital-acquired bacteraemia in Kilifi District Hospital, Kenya : a 

prospective cohort study. The Lancet. 2009;378(9808):2021–7.  

36. Tansarli GS, Poulikakos P, Kapaskelis A, Falagas ME. Proportion of extended-

spectrum β-lactamase (ESBL)-producing isolates among enterobacteriaceae in Africa: 

Evaluation of the evidence-systematic review. Journal of Antimicrobial Chemotherapy. 

Stellenbosch University  https://scholar.sun.ac.za



83 
 

2014;69(5):1177–84.  

37. Muñoz P, Cruz AF, Rodríguez-Créixems M, Bouza E. Gram-negative bloodstream 

infections. International Journal of Antimicrobial Agents. 2008;32(SUPPL. 1):10–4.  

38. Tumbarello M, Sanguinetti M, Montuori E, Trecarichi EM, Posteraro B, Fiori B, et al. 

Predictors of Mortality in Patients with Bloodstream Infections Caused by Extended-

Spectrum- β-Lactamase-Producing Enterobacteriaceae : Importance of Inadequate 

Initial Antimicrobial Treatment. Antimicrobial Agents and Chemotherapy. 

2007;51(6):1987–94.  

39. Cho H, Uehara T, Bernhardt TG. Beta-Lactam Antibiotics Induce a Lethal 

Malfunctioning of the Bacterial Cell Wall Synthesis Machinery. Cell. 

2014;159(6):1300–11.  

40. Vasconcellos F. Beta-lactam core structures [Internet]. Wikipedia. 2010 [cited 2015 

Aug 24]. Available from: http://en.wikipedia.org/wiki/File:Beta-

lactam_core_structures.svg 

41. Yao JD., Moellering R. Antibacterial agents. In: Manual of Clinical Micobiology. 6th ed. 

American Society for Microbiology; 1995. p. 1282–5.  

42. Sykes RB, Bonner DP. Aztreonam: The first monobactam. The American Journal of 

Medicine. 1985;78(2):2–10.  

43. Elliott T, Hastings M, Desselberger U. Lecture notes on Medical Microbiology. 

London: Blackwell Science Ltd.; 1997. 177-178.  

44. Bennet JE, Dolin R, Blaser MJ. Principals and Practise of Infectious Diseases. 8th ed. 

Philadelphia: Elsevier; 2015. 278-292, 293-295.  

45. Harris PNA, Tambyah PA, Paterson DL. β-lactam and β-lactamase inhibitor 

combinations in the treatment of extended-spectrum β-lactamase producing 

Enterobacteriaceae: Time for a reappraisal in the era of few antibiotic options? The 

Lancet Infectious Diseases. 2015;15(4):475–85.  

46. Papp-Wallace KM, Endimiani A, Taracila MA, Bonomo RA. Carbapenems: Past, 

present, and future. Antimicrobial Agents and Chemotherapy. 2011;55(11):4943–60.  

47. Nathisuwan S, Burgess DS, Lewis JS. Extended-Spectrum β-Lactamases: 

Epidemiology, Detection, and Treatment. Pharmacotherapy. 2001;21(8):920–8.  

48. Poirel L, Pitout JD, Nordmann P. Carbapenemases: molecular diversity and clinical 

consequences. Future microbiology. 2007;2(5):501–12.  

49. WHO. Antimicrobial resistance. Bulletin of the World Health Organization. 2014.  

Stellenbosch University  https://scholar.sun.ac.za



84 
 

50. Poole K. Efflux-mediated multiresistance in Gram-negative bacteria. Clinical 

Microbiology and Infection. 2004;10(1):12–26.  

51. Beceiro A, Tomas M, Bou G. Antimicrobial resistance and virulence: A successful or 

deleterious association in the bacterial world? Clinical Microbiology Reviews. 

2013;26(2):185–230.  

52. Walsh CT. Molecular mechanisms that confer antibacterial drug resistance. Nature. 

2000;406(August):775–81.  

53. Bush K, Jacoby G. Updated Functional Classification of β-lactamases. Antimicrobial 

Agents and Chemotherapy. 2010;54(3):969–76.  

54. D’Andrea MM, Arena F, Pallecchi L, Rossolini GM. CTX-M-type β-lactamases: A 

successful story of antibiotic resistance. International Journal of Medical Microbiology. 

2013;303:305–17.  

55. Bindayna KM, Murtadha M. High prevalence of blaCTX-M in Enterobacteriaceae 

isolates from the Kingdom of Bahrain. Asian Pacific Journal of Tropical Medicine. 

Hainan Medical College; 2011;4(12):937–40.  

56. Rossolini GM, D’Andrea MM, Mugnaioli C. The spread of CTX-M-type extended-

spectrum β-lactamases. Clinical Microbiology and Infection. European Society of 

Clinical Microbiology and Infectious Diseases; 2008;14(SUPPL. 1):33–41.  

57. Perovic O, Microbiol FSA, Microbiol M, Hons B, Africa S. National sentinel site 

surveillance for antimicrobial resistance in Klebsiella pneumoniae isolates in South 

Africa , 2010 - 2012. South African Medical Journal. 2014;104(8):2010–2.  

58. Bradford P. Extended spectrum betalactamase in the 21 century: characterization, 

epidemiology, and detection of this important resistant threat. Clinical Microbiol Rev. 

2001;14(4):933–51.  

59. Shaikh S, Fatima J, Shakil S, Rizvi SMD, Kamal MA. Antibiotic resistance and 

extended spectrum beta-lactamases: Types, epidemiology and treatment. Saudi 

Journal of Biological Sciences. 2015;22(1):90–101.  

60. Pitout JDD, Laupland KB. Extended-spectrum β-lactamase-producing 

Enterobacteriaceae: an emerging public-health concern. The Lancet Infectious 

diseases. 2008;8(3):159–66.  

61. Paterson DL. Recommendation for treatment of severe infections caused by 

Enterobacteriaceae producing extended-spectrum β-lactamases (ESBLs). Clinical 

Microbiology and Infection. 2000;6(9):460–3.  

Stellenbosch University  https://scholar.sun.ac.za



85 
 

62. Fournier D, Chirouze C, Leroy J, Cholley P, Talon D, Plésiat P, et al. Alternatives to 

carbapenems in ESBL-producing Escherichia coli infections. Médecine et maladies 

infectieuses. 2013;43(2):62–6.  

63. Nordmann P, Gniadkowski M, Giske CG, Poirel L, Woodford N, Miriagou V. 

Identification and screening of carbapenemase-producing Enterobacteriaceae. 

Clinical Microbiology and Infection. 2012;18(5):432–8.  

64. Osei Sekyere J. Current State of Resistance to Antibiotics of Last-Resort in South 

Africa: A Review from a Public Health Perspective. Frontiers in public health. 

2016;4(October):209.  

65. Queenan AM, Bush K. Carbapenemases: The versatile β-lactamases. Clinical 

Microbiology Reviews. 2007;20(3):440–58.  

66. Nordmann P, Poirel L. Emerging carbapenemases in Gram-negative aerobes. Clinical 

Microbiology and Infection. 2002;8(6):321–31.  

67. Diene SM, Rolain JM. Carbapenemase genes and genetic platforms in Gram-

negative bacilli: Enterobacteriaceae, Pseudomonas and Acinetobacter species. 

Clinical Microbiology and Infection. European Society of Clinical Infectious Diseases; 

2014;20(9):831–8.  

68. Del Franco M, Paone L, Novati R, Giacomazzi CG, Bagattini M, Galotto C, et al. 

Molecular epidemiology of carbapenem resistant Enterobacteriaceae in Valle d’Aosta 

region, Italy, shows the emergence of KPC-2 producing Klebsiella pneumoniae clonal 

complex 101 (ST101 and ST1789). BMC microbiology. 2015;15(1):260.  

69. Morrill HJ, Pogue JM, Kaye KS, LaPlante KL. Treatment Options for Carbapenem-

Resistant Enterobacteriaceae Infections. Ofid. 2015;1–8.  

70. Zou D, Huang Y, Zhao X, Liu W, Dong D, Li H, et al. A Novel New Delhi Metallo-β-

Lactamase Variant, NDM-14, Isolated in a Chinese Hospital Possesses Increased 

Enzymatic Activity against Carbapenems. Antimicrobial Agents and Chemotherapy. 

2015;59(4):2450–3.  

71. Storberg V. ESBL-producing Enterobacteriaceae in Africa - a non-systematic literature 

review of research published 2008- 2012. Infection Ecology & Epidemiology. 

2014;1:20342.  

72. Obeng-Nkrumah N, Twum-Danso K, Krogfelt KA, Newman MJ. High levels of 

extended-spectrum beta-lactamases in a major teaching hospital in Ghana: The need 

for regular monitoring and evaluation of antibiotic resistance. American Journal of 

Stellenbosch University  https://scholar.sun.ac.za



86 
 

Tropical Medicine and Hygiene. 2013;89(5):960–4.  

73. Girlich D, Bouihat N, Poirel L, Benouda A, Nordmann P. High rate of faecal carriage of 

extended-spectrum β-lactamase and OXA-48 carbapenemase-producing 

Enterobacteriaceae at a University hospital in Morocco. Clinical Microbiology and 

Infection. 2014;20(4):350–4.  

74. Schaumburg F, Alabi A, Kokou C, Grobusch MP, K??ck R, Kaba H, et al. High burden 

of extended-spectrum ß-lactamase-producing enterobacteriaceae in Gabon. Journal 

of Antimicrobial Chemotherapy. 2013;68(9):2140–3.  

75. Meyer L, Labuschagne C, Ehlers M, Dove M, Weldhagen G. Diversity of bla-type 

genes in extended-spectrum β-lactamase-producing Klebsiella pneumoniae isolated 

during 2003 - 2004 at Pretoria Academic Hospital. The Southern African Journal of 

Epidemiology and Infection. 2007;22(1):5–7.  

76. Vasaikar S, Obi L, Morobe I, Bisi-Johnson M. Molecular Characteristics and Antibiotic 

Resistance Profiles of Klebsiella Isolates in Mthatha, Eastern Cape Province, South 

Africa. International Journal of Microbiology. 2017;2017:1–7.  

77. Woodford N, Turton JF, Livermore DM. Multiresistant Gram-negative bacteria: The 

role of high-risk clones in the dissemination of antibiotic resistance. FEMS 

Microbiology Reviews. 2011;35(5):736–55.  

78. Schaufler K, Semmler T, Pickard DJ, De Toro M, De La Cruz F, Wieler LH, et al. 

Carriage of Extended-Spectrum Beta-Lactamase-Plasmids Does Not Reduce Fitness 

but Enhances Virulence in Some Strains of Pandemic E. coli Lineages. Frontiers in 

Microbiology. 2016;7(March):1–12.  

79. Carattoli A. Resistance plasmid families in Enterobacteriaceae. Antimicrobial Agents 

and Chemotherapy. 2009;53(6):2227–38.  

80. Lin T, Lin L, Zhang F. Review on Molecular Typing Methods of Pathogens. Open 

Journal of Medical Microbiology. 2014;(4):147–52.  

81. Ranjbar R, Karami A, Farshad S, Giammanco GM, Mammina C. Typing methods 

used in the molecular epidemiology of microbial pathogens : a how-to guide. New 

Microbiologica. 2014;(37):1–15.  

82. Nielsen SL. The incidence and prognosis of patients with bacteremia. Danish Medical 

Journal. 2015;62(7):1–25.  

83. Stryjewski ME, Boucher HW. Gram-negative bloodstream infections. International 

Journal of Antimicrobial Agents. 2009;34 Suppl 4:S21-5.  

Stellenbosch University  https://scholar.sun.ac.za



87 
 

84. Cardoso T, Almeida M, Friedman ND, Aragão I, Costa-Pereira A, Sarmento AE, et al. 

Classification of healthcare-associated infection: a systematic review 10 years after 

the first proposal. BMC Medicine. 2014;12(1):40.  

85. Knoppert D, Reed M, Benavides S, Totton Y, Hoff D, Moffett B, et al. Paediatric Age 

Categories to be Used in Differentiating Between Listing on a Model Essential 

Medicines List for Children. World Health Organisation. 2007.  

86. Kaye KS, Marchaim D, Chen T-Y, Baures T, Anderson DJ, Choi Y, et al. Effect of 

nosocomial bloodstream infections on mortality, length of stay, and hospital costs in 

older adults. Journal of the American Geriatrics Society. 2014;62(2):306–11.  

87. Jeon CY, Neidell M, Jia H, Sinisi M, Larson E. On the Role of Length of Stay in 

Heathcare-Associated Bloodstream Infection. Infection Control and Hospital 

Epidemiology. 2012;33(12):1213–8.  

88. Rodríguez-Baño J, López-Prieto MD, Portillo MM, Retamar P, Natera C, Nuño E, et 

al. Epidemiology and clinical features of community-acquired, healthcare-associated 

and nosocomial bloodstream infections in tertiary-care and community hospitals. 

Clinical Microbiology and Infection. 2010;16(9):1408–13.  

89. Søgaard M, Nørgaard M, Dethlefsen C, Schønheyder HC. Temporal changes in the 

incidence and 30-day mortality associated with bacteremia in hospitalized patients 

from 1992 through 2006: A population-based cohort study. Clinical Infectious 

Diseases. 2011;52(1):61–9.  

90. Tumbarello M, Spanu T, Sanguinetti M, Citton R, Montuori E, Leone F, et al. 

Bloodstream Infections Caused by Extended-Spectrum-Betalactamase-Producing 

Klebsiella pneumoniae: Risk Factors , Molecular Epidemiology, and Clinical Outcome. 

American Society for Microbiology. 2006;50(2):498–504.  

91. Wolfe CM, Cohen B, Larson E. Prevalence and risk factors for antibiotic-resistant 

community-associated bloodstream infections. Journal of Infection and Public Health. 

2014;7(3):224–32.  

92. Diallo S, Bougoudogo F, Armand-lefevre L, Andremont A, Maiga II. Prevalence of 

extended-spectrum beta-lactamase-producing Enterobacteriaceae isolated from blood 

cultures in Africa. Medecine et Maladies Infectieuses. 2015;45(9):374–82.  

93. Castro-Escarpulli G, Alonso-Aguilar NM, Sánchez GR, Bocanegra-Garcia V, Guo X, 

Juárez-Enríquez SR, et al. Identification and Typing Methods for the Study of 

Bacterial Infections : a Brief Review and Mycobacterial as Case of Study. Archives of 

Clinical Microbiology. 2015;7(1):1–10.  

Stellenbosch University  https://scholar.sun.ac.za



88 
 

94. Versalovic J, Koeuth T, Lupski JR. Distribution of repetitive DNA sequences in 

eubacteria and application to fingerprinting of bacterial genomes. Nucleic Acids 

Research. 1991;19(24):6823–31.  

95. Li W, Raoult D, Fournier PE. Bacterial strain typing in the genomic era. FEMS 

Microbiology Reviews. 2009;33(5):892–916.  

96. Farber JM. An introduction to the hows and whys of molecular typing. Journal of Food 

Protection. 1996;59(10):1091–101.  

97. Yıldırım İH, Yıldırım SC, Koçak N. Molecular methods for bacterial genotyping and 

analyzed gene regions. Journal of Microbiology and Infectious Diseases. 

2011;1(1):42–6.  

98. Salipante SJ, SenGupta DJ, Cummings LA, Land TA, Hoogestraat DR, Cookson T. 

Application of Whole-Genome Sequencing for Bacterial Strain Typing in Molecular 

Epidemiology. Journal of Cell Biology. 2015;53(4):1072–9.  

99. Crnich CJ, Duster M, Warrack S, Maki D, Safdar N. Comparison of pulsed-gel 

electrophoresis and a commercial repetitive-element PCR method for assessment of 

methicillin-resistant Staphylococcus aureus clustering in different health care facilities. 

Journal of Clinical Microbiology. 2014;52(6):2027–32.  

100. Koroglu M, Ozbek A, Demiray T, Hafizoglu T, Guclu E, Altindis M, et al. Investigation 

of clonal relationships of K. Pneumoniae isolates from neonatal intensive care units by 

PFGE and rep-PCR. Journal of Infection in Developing Countries. 2015;9(8):829–36.  

101. Logan LK, Hujer AM, Marshall SH, Domitrovic TN, Rudin SD, Zheng X, et al. Analysis 

of β-Lactamase Resistance Determinants in Enterobacteriaceae from Chicago 

Children: A Multicenter Survey. Antimicrobial Agents and Chemotherapy. 

2016;60(6):3462–9.  

102. Zowawi HM, Sartor AL, Balkhy HH, Walsh TR, Johani M Al, Aljindan RY, et al. 

Molecular Characterization of Carbapenemase-Producing Escherichia coli and 

Klebsiella pneumoniae in the Countries of the Gulf Cooperation Council : Dominance 

of OXA-48 and NDM Producers. Antimicrobial Agents and Chemotherapy. 

2014;58(6):3085–90.  

103. Hunter PR, Gaston MA. Numerical index of the discriminatory ability of typing 

systems : an application of Simpson’s Index of Diversity. Journal of Clinical 

Microbiology. 1988;26(11):2465–6.  

104. Brolund A, Hæggman S, Edquist PJ, Gezelius L, Olsson-Liljequist B, Wisell KT, et al. 

Stellenbosch University  https://scholar.sun.ac.za



89 
 

The DiversiLab system versus pulsed-field gel electrophoresis: Characterisation of 

extended spectrum β-lactamase producing Escherichia coli and Klebsiella 

pneumoniae. Journal of Microbiological Methods. 2010;83(2):224–30.  

105. Hahm BK, Maldonado Y, Schreiber E, Bhunia AK, Nakatsu CH. Subtyping of 

foodborne and environmental isolates of Escherichia coli by multiplex-PCR, rep-PCR, 

PFGE, ribotyping and AFLP. Journal of Microbiological Methods. 2003;53(3):387–99.  

106. Lin CF, Hsu SK, Chen CH, Huang JR, Lo HH. Genotypic detection and molecular 

epidemiology of extended-spectrum β-lactamase-producing Escherichia coli and 

Klebsiella pneumoniae in a regional hospital in central Taiwan. Journal of Medical 

Microbiology. 2010;59(6):665–71.  

107. Kiratisin P, Apisarnthanarak A, Laesripa C, Saifon P. Molecular characterization and 

epidemiology of extended-spectrum-β-lactamase-producing Escherichia coli and 

Klebsiella pneumoniae isolates causing health care-associated infection in Thailand, 

where the CTX-M family is endemic. Antimicrobial Agents and Chemotherapy. 

2008;52(8):2818–24.  

108. Rodríguez-Baño J, Picón E, Gijón P, Hernández JR, Cisneros JM, Peña C, et al. Risk 

factors and prognosis of nosocomial bloodstream infections caused by extended-

spectrum-β-lactamase-producing Escherichia coli. Journal of Clinical Microbiology. 

2010;48(5):1726–31.  

109. Hernández JR, Martinez-Martinez L, Cantón R, Coque TM, Pascual A. Nationwide 

Study of Escherichia coli and Klebsiella pneumoniae Producing Extended-Spectrum β 

-Lactamases in Spain. Antimicrobial Agents and Chemotherapy. 2005;49(5):2122–5.  

110. Schiappa D, Hayden MK, Matushek MG, Hashemi FN, Sullivan J, Smith KY, et al. 

Ceftazidime-resistant Klebsiella pneumoniae and Escherichia coli bloodstream 

infection: a case-control and molecular epidemiologic investigation. Journal of 

Infectious Diseases. 1996;174(November):529–36.  

111. Peirano G, van Greune CHJ, Pitout JDD. Characteristics of infections caused by 

extended-spectrum β-lactamase–producing Escherichia coli from community hospitals 

in South Africa. Diagnostic Microbiology and Infectious Disease. 2011;69(4):449–53.  

112. van Belkum A, Tassios PT, Dijkshoorn L, Haeggman S, Cookson B, Fry NK, et al. 

Guidelines for the validation and application of typing methods for use in bacterial 

epidemiology. Clinical Microbiology and Infection. European Society of Clinical 

Infectious Diseases; 2007;13(SUPPL. 3):1–46.  

113. Liakopoulos A, Mevius D, Ceccarelli D. A review of SHV extended-spectrum β-

Stellenbosch University  https://scholar.sun.ac.za



90 
 

lactamases: Neglected yet ubiquitous. Frontiers in Microbiology. 

2016;7(September):1–27.  

114. Monstein H-J, Ostholm-Balkhed A, Nilsson, M V, Nilsson M, Dornbusch K, Nilsson, L 

E. Multiplex PCR amplification assay for the detection of , bla TEM and bla CTX-M 

genes in. APMIS : acta pathologica, microbiologica, et immunologica Scandinavica. 

2007;115(3):1400–8.  

115. Hoffmann H, Roggenkamp A. Population Genetics of the Nomenspecies Enterobacter 

cloacae. Applied and Envronmental Microbiology. 2003;69(9):5306–18.  

116. Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis 

program for Windows 95/98/NT. 1999. p. 95–8.  

117. NCBI Resource Coordinators. Database resources of the National Center for 

Biotechnology Information. Nucleic Acids Research. Oxford University Press; 

2016;44(Database issue):D7–19.  

118. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search 

tool. Journal of molecular biology. 1990;215(3):403–10.  

119. Woodford N, Fagan EJ, Ellington MJ. Multiplex PCR for rapid detection of genes 

encoding CTX-M extended-spectrum β-lactamases. Journal of Antimicrobial 

Chemotherapy. 2006;57(1):154–5.  

120. Ehlers MM, Veldsman C, Makgotlho EP, Dove MG, Hoosen AA, Kock MM. Detection 

of blaSHV, blaTEM and blaCTX-M antibiotic resistance genes in randomly selected 

bacterial pathogens from the Steve Biko Academic Hospital. FEMS Immunology and 

Medical Microbiology. 2009;56(3):191–6.  

121. Brown NG, Shanker S, Prasad BVV, Palzkill T. Structural and Biochemical Evidence 

That a TEM-1 β -Lactamase N170G Active Site Mutant Acts via Substrate-assisted 

Catalysis. The Journal of Biological Chemistry. 2009;284(48):33703–12.  

122. Kiiru J, Kariuki S, Goddeeris BM, Butaye P, Huang S, Lee M, et al. Analysis of β-

lactamase phenotypes and carriage of selected β-lactamase genes among 

Escherichia coli strains obtained from Kenyan patients during an 18-year period. BMC 

Microbiology [Internet]. 2012;12(1):155. Available from: 

http://bmcmicrobiol.biomedcentral.com/articles/10.1186/1471-2180-12-155 

123. Gürntke S, Kohler C, Steinmetz I, Pfeifer Y, Eller C, Gastmeier P, et al. Molecular 

epidemiology of extended-spectrum beta-lactamase (ESBL)-positive Klebsiella 

pneumoniae from bloodstream infections and risk factors for mortality. Journal of 

Stellenbosch University  https://scholar.sun.ac.za



91 
 

Infection and Chemotherapy. Elsevier Ltd; 2014;20(12):817–9.  

124. Al-Subol I, Youssef N. Prevalence of CTX-M, TEM and SHV beta-lactamases in 

clinical isolates of Escherichia coli and Klebsiella pneumoniae isolated from Aleppo 

University Hospitals, Aleppo, Syria. Archives of Clinical Infectious Diseases. 

2015;10(2):1–6.  

125. Ouedraogo A-S, Sanou M, Kissou A, Sanou S, Solaré H, Kaboré F, et al. High 

prevalence of extended-spectrum ß-lactamase producing enterobacteriaceae among 

clinical isolates in Burkina Faso. BMC Infectious Diseases. BMC Infectious Diseases; 

2016;16(1):326.  

126. Ahmed OB, Omar AO, Asghar AH, Elhassan MM. Prevalence of TEM, SHV and CTX-

M genes in Escherichia coli and Klebsiella spp urinary isolates from Sudan with 

confirmed ESBL phenotype. Life Science Journal. 2013;10(2):191–5.  

127. Bora A, Hazarika N, Shukla S, Prasad K, Sarma J, Ahmed G. Prevalence of blaTEM , 

blaSHV and blaCTX-M genes in clinical isolates of Escherichia coli and Klebsiella 

pneumoniae from Northeast India. Indian Journal of Pathology and Microbiology. 

2014;57(2):249–54.  

128. Diagbouga S, Salah F, Sadji A, Dabire A, Nadembega C, Kere A, et al. Detection of 

High Prevalence of TEM/SHV/CTX-M Genes in ESBL Producing and Multidrug 

Resistant Klebsiella Pneumoniae and Klebsiella Oxytoca. JBR Journal of Clinical 

Diagnosis and Research. 2016;4(1):1–7.  

129. DeFrancesco AS, Tanih NF, Samie A, Guerrant RL, Bessong PO. Antibiotic 

resistance patterns and beta-lactamase identification in Escherichia coli isolated from 

young children in rural Limpopo Prolvince, South Africa: The MAL-ED cohort. South 

African Medical Journal. 2017;107(3):205–14.  

130. Bell JM, Chitsaz M, Turnidge JD, Barton M, Walters LJ, Jones RN. Prevalence and 

Significance of a Negative Extended-Spectrum β-Lactamase (ESBL) Confirmation 

Test Result after a Positive ESBL Screening Test Result for Isolates of Escherichia 

coli and Klebsiella pneumoniae: Results from the SENTRY Asia-Pacific Surveillan. 

Journal of Clinical Microbiology. 2007;45(5):1478–82.  

131. Wang S, Zhao S, Xiao S, Gu F, Liu Q, Tang J, et al. Antimicrobial Resistance and 

Molecular Epidemiology of Escherichia coli Causing Bloodstream Infections in Three 

Hospitals in Shanghai, China. PLoS ONE. 2016;11(1):1–13.  

132. Dhara L, Tripathi A. Genetic and structural insights into plasmid-mediated extended-

spectrum β-lactamase activity of CTX-M and SHV variants among pathogenic 

Stellenbosch University  https://scholar.sun.ac.za



92 
 

Enterobacteriaceae infecting Indian patients. International Journal of Antimicrobial 

Agents. 2014;43(6):518–26.  

133. World Health Organisation. Global Antimicrobial Resistance Surveillance System: 

Manual for Early Implementation [Internet]. WHO Library Cataloguing-in-Publication 

Data. 2015. Available from: 

http://www.who.int/drugresistance/en/%5Cnwww.who.int/about/licensing/copyright_for

m/en/index.%5Cnhttp://apps.who.int/iris/bitstream/10665/188783/1/9789241549400_e

ng.pdf?ua=1 

134. Alhetar KY, Lakshmidevi N. Prevalence of CTX-M-15 β-lactamase producing 

Escherichia coli among extra-intestinal infections. International Journal of Current 

Microbiology and Applied Sciences. 2015;4(5):243–50.  

135. van Hoek AHM, Veenman C, van Overbeek WM, Lynch G, de Roda Husman AM, 

Blaak H. Prevalence and characterization of ESBL- and AmpC-producing 

Enterobacteriaceae on retail vegetables. International Journal of Food Microbiology. 

2015;204:1–8.  

136. Cosgrove SE. The Relationship between Antimicrobial Resistance and Patient 

Outcomes : Mortality, Length of Hospital Stay, and Health Care Costs. Clinical 

Infectious Diseases. 2006;42:S82–9.  

137. Benner KW, Prabhakaran P, Lowros AS. Epidemiology of Infections Due to Extended-

Spectrum Beta-Lactamase–Producing Bacteria in a Pediatric Intensive Care Unit. The 

Journal of Pediatric Pharmacology and Therapeutics. 2014;19(2):83–90.  

 

Stellenbosch University  https://scholar.sun.ac.za




