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SUMMARY 

 

Klebsiella pneumoniae is an important nosocomial pathogen that has the potential to cause 

severe morbidity and mortality, particularly in intensive care units, as well as in medical and 

surgical wards.  In recent years, following extensive use of the expanded-spectrum 

cephalosporins, outbreaks of infections caused by extended-spectrum beta-lactamase (ESBL)-

producing K. pneumoniae isolates have been reported throughout the world.  Laboratory 

detection of ESBL-producing bacteria is important, if left undetected it can result in treatment 

failure, leading to serious consequences, such as an increased mortality rate.  It is essential for 

diagnostic laboratories to use rapid and reliable methods for the detection of ESBL-producing 

bacteria.  

 

In this study, 150 K. pneumoniae clinical isolates were collected from the diagnostic 

laboratory of the Department of Medical Microbiology, National Health Laboratory Service 

(NHLS).  The isolates were collected within a four month period (September 2009 to 

December 2009).  The isolates were analyzed and characterized using phenotypic and 

genotypic methods.  The aim of the study was to investigate the prevalence of ESBL-

producing K. pneumoniae isolates.  Secondly, to compare the sensitivity and specificity of the 

Vitek2 advanced expert system (AES) (bioMérieux, France) and Multiplex PCR assay 

(targeting blaSHV, blaTEM and blaCTX-M genes) against the combination disc method (Gold 

standard) in detecting ESBL-production.  Lastly, the study investigated the clonal relatedness 

of the collected isolates using ERIC, REP and BOX PCR fingerprinting assays.  



 x

The combination disc method was performed and interpreted according to the Clinical and 

Laboratory Standards Institute 2009 guidelines.  The prevalence of ESBL-positive 

K. pneumoniae isolates according to the combination disc method was 57.4% (85/148).  The 

sensitivity and specificity of the Vitek2 AES in detecting ESBL production was 99% (84/85) 

and 98% (62/63) respectively when compared to the combination disc method.  The 

sensitivity and specificity of the multiplex PCR assay (using blaCTX-M gene as a true marker 

for ESBL-production) were 96% (82/85) and 98% (62/63) respectively.   

 

A good correlation was obtained between the three assays (combination disc method, Vitek2 

AES and multiplex PCR assay) evaluated in this study.  There is a high prevalence of ESBL-

producing isolates in the Tshwane area.  The high prevalence of ESBL-producing isolates is 

of great concern; proper infection control measures to reduce the spread of ESBL-producing 

K. pneumoniae isolates is recommended. 

 

Genotyping revealed a high level of similarity among ESBL and non ESBL-producing 

K. pneumoniae isolates.  However, there was no sign of an outbreak among the ESBL-

producing K. pneumoniae isolates because ESBL and non-ESBL producing isolates were 

uniformly distributed in the groups obtained with the ERIC and BOX PCR dendrogrammes. 

 

 

Key words: Extended spectrum beta-lactamase, Klebsiella pneumoniae, ESBL detection 

methods, genotyping. 
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CHAPTER 1 

 

Introduction  

 

Klebsiella pneumoniae is a Gram-negative rod, belonging to the bacterial family, 

Enterobacteriaceae (Podschun and Ullmann, 1998).  Klebsiella pneumoniae is a common 

cause of community and hospital-acquired infections (Fung et al., 2000).  It is among the 

leading hospital-acquired pathogens that commonly cause pneumonia and blood stream 

infections (BSI) (Marchaim et al., 2008).  The rate of K. pneumoniae infections is increased in 

individuals with impaired host defences, such as malignancy, renal failure, diabetes mellitus 

and alcoholism (Murray et al., 2005). 

 

Klebsiella pneumoniae remains the major ESBL-producing pathogen isolated worldwide 

(Pitout and Laupland, 2008).  The ESBL enzymes render the bacteria resistant to most beta-

lactam antibiotics (eg ceftazidime, cefpodoxime and aztreonam) (Bradford, 2001; Dubois 

et al., 2002).  Furthermore, the ESBLs are known to be a large, rapidly evolving group of 

plasmid-mediated enzymes conferring resistance to the oxyimino-cephalosporins and 

monobactams (Dashti et al., 2009).  Prior to the year 2001, there were more than 200 different 

ESBL enzymes classified in several groups (TEM, SHV, CTX-M and OXA) (Bradford, 

2001). Now, more than 400 different ESBL enzymes have been identified 

(http://www.lahey.org/studies). 

 

The increasing incidence of ESBL-producing Enterobacteriaceae worldwide has created a 

great need for accurate techniques that can be used to detect ESBL-producing isolates 

(Giamarellou, 2005).  The CLSI (2009) recommends the use of the combination disc method 

and micro-dilution methods as confirmatory tests for detecting ESBL-production by 

K. pneumoniae isolates.  However, other commercial assays, such as the ESBL E-test (AB 

Biodisc, Solna, Sweden), Vitek2 advanced expert system (AES) (bioMérieux, France) and the 

BD Phoenix system (Becton Dickinson Biosciences, Sparks, MD) have the ability to detect 

ESBL-producing bacteria (Stürenburg et al., 2004; Spanu et al., 2006; Drieux et al., 2008).  

Molecular methods, such as PCR and DNA sequencing can be used to detect ESBLs (Nyberg 

et al., 2008).  However, DNA sequencing is not yet suitable for use in the routine diagnostic 

setting (Nyberg et al., 2008). 
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Outbreaks of ESBL-producing K. pneumoniae strains have been reported worldwide, these 

outbreaks often start in the intensive care units and then spread to other parts of the hospital 

by the usual transmission routes (eg contaminated hands of health care workers) (Bermudes et 

al., 1997).  Epidemiological studies on the spread of K. pneumoniae isolates depend on the 

availability of sensitive and discriminative tests that permit differentiation between individual 

and epidemic strains (Hamouda et al., 2003).  Traditionally used phenotypic typing methods 

lack reproducibility and discriminatory power and are not always useful in epidemiological 

typing studies (Podschun and Ullmann, 1998).  Many investigators prefer using pulsed field 

gel electrophoresis (PFGE) to determine the clonality of strains involved in outbreaks of 

infections (Shah et al., 2004).  However, other molecular typing techniques, such as 

ribotyping and rep-PCR also have the capacity to determine the clonality of K. pneumoniae 

isolates and have proven to be useful in epidemiological studies (Ahmad et al., 1999; Galani 

et al., 2002; Paterson et al., 2004).  

 

The use of a rapid and accurate method in detecting ESBL-producing isolates is crucial (Bush, 

1996).  As long as there is no rapid and reliable test to detect ESBL-producing isolates, 

patients will continue to be at risk of being treated with beta-lactam antibiotics that are not 

effective against ESBL-producing bacteria.  The aim of this study was to compare the 

sensitivity and specificity of the Vitek2 AES (bioMérieux, France) and multiplex PCR assay 

against the combination disc method (gold standard) in the detection of ESBL-positive 

K. pneumoniae isolates.  Secondly, the study investigated the prevalence of ESBL-producing 

K. pneumoniae isolates and determined the clonal relatedness of the K. pneumoniae clinical 

isolates. 

 

The objectives of this study were 

 

a) To collect 150 consecutive K. pneumoniae clinical isolates identified as ESBL-positive or 

negative by Vitek2 AES (bioMérieux, France) 

b) To confirm the presence of ESBLs using the combination disc method 

c) To extract DNA from K. pneumoniae isolates using a commercial DNA extraction kit 

(Zymogen, USA) 

d) To perform a multiplex PCR reaction using total DNA extracted from K. pneumoniae 

isolates 

e) To determine the clonal relatedness of the K. pneumoniae clinical isolates 
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f) To analyze the data and compare the sensitivity, specificity and accuracy of the three 

ESBL detection methods 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Introduction 

 

Klebsiella pneumoniae is an important pathogen, which commonly infect 

immunocompromised patients and cause severe infections, particularly in the neonatal 

intensive care units (NICUs) (Hart, 1993).  It is one of the most common Gram-negative 

bacteria encountered by physicians worldwide and is among the top ten pathogens that 

commonly cause bloodstream infections (BSI) in the United States and Canada (Ko et al, 

2002; Marra et al., 2006).  The prevalence of K. pneumoniae ranges from 3% to 17% of all 

nosocomial bacterial infections (Sahly et al., 2004).  Klebsiella pneumoniae has been 

described as a common community-acquired and hospital-acquired bacteria; causing urinary 

tract infections, hospital acquired pneumonia, intra-abdominal infections, bacteraemia and 

meningitis (Ko et al., 2002). 

 

Most K. pneumoniae isolates are multidrug resistant, this resistance occurs as a result of 

extended spectrum beta-lactamase (ESBL) enzymes (Bonnet, 2004).  Following the first 

report of an ESBL-producing K. pneumoniae isolate in 1983 in Germany, ESBL-producing 

K. pneumoniae isolates have been detected with increasing frequency (Hart, 1993; Gupta 

et al., 2004).  Outbreaks of ESBL-producing K. pneumoniae isolates occur mainly in intensive 

care units and have been associated with a high mortality rate (Leroyer et al., 1997; Paterson 

et al., 2004). 

 

In South Africa during the year 2010, ESBL-producing K. pneumoniae isolates were 

implicated in an outbreak that resulted in the death of six neonates at the Charlotte Maxeke 

Johannesburg Academic Hospital (Report of the Portfolio Committee on Health, 2010).  The 

high rate of mortality associated with K. pneumoniae infections is mainly due to the antibiotic 

resistance of the ESBL-producing strains (Shah et al., 2004a).  Extended spectrum beta-

lactamase producing K. pneumoniae isolates are generally resistant to penicillins, first and 

second generation cephalosporins, including the third generation oxyimino-cephalosporins 

and monobactams (Livermore, 1995; Bradford, 2001; Bush, 2001). 

 



 8

The production of ESBLs usually occurs as a result of a point mutation in the blasulfhydryl variable 

and/or blatemoneira genes, which alters the primary amino sequences of the respective beta-

lactamase enzymes (Livermore, 1995; Bradford, 2001; Gniadkowski, 2008).  However, other 

types of ESBLs have been identified, in particular, the cefotaximase (CTX-M) ESBLs (Bush, 

2001).  The CTX-M enzymes are now reported with increasing frequency throughout the 

world (Edelstein et al., 2003; Paterson et al., 2003; Bonnet, 2004).  The CTX-M family 

consists of more than 100 beta-lactamases (http://www.lahey.org/studies), which are grouped 

on the basis of sequence similarity into five distinct clusters (subtypes), namely CTX-M-1, 

CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 (Paterson and Bonomo, 2005).  

 

In addition to the ESBL-producing K. pneumoniae isolates, carbapenemase (KPC)-producing 

K. pneumoniae isolates have been reported in countries, such as America (Bradford et al., 

2004; Naas et al., 2005) and South Africa (Coetzee et al., 2011).  The carbapenemase enzyme 

renders the K. pneumoniae bacteria resistant to all beta-lactam agents, including penicillins, 

cephalosporins, monobactams and carbapenems (eg ertapenem and meropenem) (Moland 

et al., 2003).  Yong and colleagues (2009) identified a novel class B carbapenemase called the 

New Delhi Metallo beta-lactamase-1 (NDM-1) in K. pneumoniae and Escherichia coli 

isolates recovered from a Swedish patient admitted to a hospital in New Delhi, India.  The 

emergence of NDM-1 producing K. pneumoniae isolates is a great concern.  Similar to other 

metallo beta-lactamases, the NDM-1 enzyme has the ability to make the bacteria resistant to 

beta-lactam antibiotics including carbapenem antibiotics that are normally used to treat 

infections caused by multidrug resistant strains (Poirel et al., 2010; Robert and Moellering, 

2010).  In Kenya, Poirel and colleagues (2011a) detected seven NDM-1-producing 

K. pneumoniae isolates from patients hospitalized between 2007 and 2009 in different wards 

at a referral and tertiary care center situated in Nairobi.  Poirel and colleagues (2011a) have 

traced the NDM-1-producing K. pneumoniae detected in Kenya back to 2007, which is prior 

to the first report of NDM-1 in 2009 by Yong and colleagues.  The NDM-1 producing isolates 

have also been detected in Morocco (Poirel et al., 2011b) and South Africa (Coetzee et al., 

2011). 

 

The detection of ESBL-producing K. pneumoniae isolates can be done using phenotypic 

and/or molecular methods (Falagas and Karageorgopoulos, 2009).  Phenotypic detection 

methods (eg combination disc method, disc approximation test and ESBL E-test) are based on 

the resistance that ESBLs confer to oxyimino-beta-lactam antibiotics (eg ceftazidime, 
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cefotaxime and cefpodoxime) and the ability of the beta-lactamase inhibitor to block this 

resistance (CLSI, 2009; Falagas and Karageorgopoulos, 2009).  The combination disc test is 

regarded as a confirmatory test for detecting ESBL-production (CLSI, 2009).  However, the 

automated identification and antimicrobial test systems, such as the Vitek2 advanced expert 

system (AES) and BD Phoenix are used to detect ESBL-producing bacteria (Stürenburg and 

Mack, 2003).  

 

The automated systems have an ESBL prediction test integrated into the automated procedure 

(Stürenburg and Mack, 2003).  Studies evaluating these automated systems reported 

comparable results between these systems and conventional methods (Leverstein-van Hall et 

al., 2002; Spanu et al., 2006; Nyberg et al., 2007).  The molecular methods, which can be 

used to detect ESBL-producing bacteria, include polymerase chain reaction (PCR), DNA 

probing, restriction fragment length polymorphism (RFLP), isoelectric focusing (IEF) and 

DNA sequencing (Stürenburg and Mack, 2003). 

 

Transmission of Klebsiella strains between patients and contamination from hospital 

environmental sources are common (Jonas et al., 2004).  As a result, typing of Klebsiella 

strains is needed in order to track isolates and control the transmission of these bacteria (Jonas 

et al., 2004).  Several phenotypic and molecular typing techniques of K. pneumoniae isolates 

have been proposed (Brisse and Verhoef, 2001; Brisse et al., 2004).  The phenotypic typing 

methods (eg serotyping and phage typing) are normally considered to have poor 

reproducibility and low discriminatory power (Podschun and Ullmann, 1998).  Molecular 

typing methods (eg pulsed field gel electrophoresis (PFGE), random amplified polymorphic 

DNA (RAPD) and ribotyping) have successfully been used to type Klebsiella species 

(Paterson and Bonomo, 2005).  

 

2.2 Characteristics of Klebsiella pneumoniae 

 

Klebsiella pneumoniae has been a known human pathogen, since the late nineteenth century 

when it was first isolated by Edwin Klebs (Martínez et al., 2004).  The bacterium is often 

called “Friedländers pneumonia” in honour of the first man (Carl Friedländer) who identified 

it as a significant respiratory pathogen in 1882 (Ristuccia and Cunha, 1984). 

 

 



 10

2.2.1 Scientific classification of Klebsiella pneumoniae 

 

Klebsiella pneumoniae belongs to the family Enterobacteriaceae and the genus Klebsiella 

(Table 2.1) (Garrity et al., 2001).  Historically, the classification of Klebsiella species was 

based on the origin of the bacterium or the pathogenic features of the bacteria (Martínez et al., 

2004).  Phenotypic features, such as substrate utilization and enzymatic activities were later 

proposed to be included in the classification of Klebsiella species (Martínez et al., 2004).  In 

the Bergey’s Manual of Systematic Bacteriology, the genus Klebsiella is classified into five 

species, namely K. pneumoniae, K. oxytoca, K. planticola, K. terrigena and K. ornithinolytica.  

(Ørskov and Ørskov, 1984; Drancourt et al., 2001).  The taxonomic classification in Bergey’s 

Manual of Systematic Bacteriology was based on numerical taxonomy and relied on the 

phenotypic and biochemical characters as well as the data derived from DNA-DNA 

hybridization studies (Drancourt et al., 2001).  

 

Table 2.1  Summary of the scientific classification of K. pneumoniae (Garrity et al., 2001; Euzéby, 

2011) 

 

 

 

 

 

 

 

 

 

 

The sequencing of the 16S rDNA gene has been used to study the phylogenetic relationship 

between microorganisms and in species identification (Boye and Hansen, 2003).  A 

phylogenetic study by Drancourt et al. (2001) demonstrated heterogeneity within the genus 

Klebsiella and suggested that the genus must be divided into two genera, with the Raoultella 

genus being proposed to replace Klebsiella planticola, Klebsiella terrigena and Klebsiella 

ornithinolytica species (Drancourt et al., 2001).  In a study conducted by Boye and Hansen, 

(2003), the sequencing of the Klebsiella 16S rDNA revealed that there is five closely related 

clusters among Klebsiella. 

________________________________________________________________________________________ 

 

Rank Scientific name 

_________________________________________________________________________ 
 
Kingdom Bacteria 
Phylum: Proteobacteria 
Class: Gamma Proteobacteria 
Order: Enterobacteriales 
Family: Enterobacteriaceae 
Genus: Klebsiella 
Species: K. pneumoniae 
Subspecies:  K. pneumoniae subsp pneumoniae 

  K. pneumoniae subsp ozaenae  
 K. pneumoniae subsp rhinoscleromatis 
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Clinically, K. pneumoniae is the most important species of the genus Klebsiella (Brisse and 

Verhoef, 2001) and is further divided into three subspecies; namely, Klebsiella pneumoniae 

subsp pneumoniae, Klebsiella pneumoniae subsp ozaenae and Klebsiella pneumoniae subsp 

rhinoscleromatis (Table 2.1) (Podschun and Ullmann, 1998; Garrity et al., 2001).  The 

division of K. pneumoniae into three subspecies suggested that this species consists of at least 

three different lineages as determined by tDNA-PCR (Lopes et al., 2007). This is in 

agreement with the ealier report in Europe by Brisse and Verhoef (2001).  

 

2.2.2 Morphology, growth and metabolism of K. pneumoniae  

 

Klebsiella pneumoniae is a non-motile, oxidase-negative, catalase-positive, Gram-negative 

rod-shaped bacterium (Ryan et al., 2004).  The rods are straight, vary from 0.6 to 6.0 µm in 

length and are arranged singly, in pairs or in short chains (Figure 2.1). 

 

   

Figure 2.1: Image of Gram-negative Klebsiella pneumoniae straight rods, visualized using the 100X 

objective under a light microscope. (http://www.picasaweb.google.com/taniyan260/Grams

taingallery#5547, accessed, 6 February 2011). 
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The bacterium contains a large polysaccharide capsule, which gives rise to a large mucoid 

colony, especially on a carbohydrate-rich medium (Ryan et al., 2004).  It is a facultative 

anaerobic bacterium, capable of both aerobic and anaerobic respiration (Ryan et al., 2004).  

The optimal temperature for K. pneumoniae growth is 35˚C to 37˚C and the optimal pH is 

about 7.2 (Ristuccia and Cunha, 1984).  Klebsiella pneumoniae is a lactose-fermenting 

bacterium and appears as large pink mucoid colonies on blood agar medium and MacConkey 

agar medium (Ristuccia and Cunha, 1984; Ryan et al., 2004).  The bacterium is able to 

catabolize D-glucose and other carbohydrates with the production of acid and gas (Drancourt 

et al, 2001). 

 

2.2.3 Pathogenesis and virulence factors of K. pneumoniae 

 

Klebsiella pneumoniae has numerous virulence factors (Figure 2.2) that contribute to its 

pathogenesis (Podschun and Ullmann, 1998).  The virulence factors produced may vary 

depending upon the site of the infection (Podschun and Ullmann, 1998). 

 

 

Figure 2.2: Schematic representation of the virulence factors of K. pneumoniae (Podschun and 

Ullmann, 1998). 
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These virulence factors include: fimbrial adhesins, siderophores, O-antigens, 

lipopolysaccharides (LPS) and capsular polysaccharides (CPS) (Figure 2.2) (Podschun and 

Ullmann, 1998).  The adhesins allow the bacteria to attach to respiratory, gastrointestinal and 

urinary tract mucosal cells (Sharon and Ofek, 2002).  Once the bacteria is inside the host cells, 

the CPS and cell surface LPS helps the bacteria to elude the bactericidal effect of serum and 

phagocytosis by polymorphonuclear leucocytes (toxins) (Podschun and Ullmann, 1998). 

 

The siderophores supply the bacteria with iron and subsequently permit the multiplication of 

the bacteria within the iron-restricted environment of the host cells (Griffiths, 1980; Payne 

and Neilands, 1988).  The major pathogenic factor of K. pneumoniae is its polysaccharide 

capsule (Blanchette and Rubin, 1980).  Currently, about 80 different capsular (K) antigens of 

K. pneumoniae are known (Gupta et al., 2003). 

 

The frequency and expression of K. pneumoniae virulence factors has been reported to differ 

between community-acquired bacterial strains and hospital-acquired bacterial strains in a 

Taiwanese study by Yu et al. (2006).  The study noted that the capsular serotype K1 is more 

common among community-acquired bacterial strains (30%) versus hospital-acquired 

bacterial strains (14%) (Yu et al., 2006).  In a series of patients from Taiwan presenting with 

K. pneumoniae bacteraemia, the hyperviscosity phenotype was found to be more common 

among community-acquired strains (49%) than in hospital-acquired strains (15%) (Yu et al., 

2006). 

 

2.2.4 Epidemiology of K. pneumoniae 

 

Although K. pneumoniae can be found in soil and water, humans are the primary reservoir for 

this pathogenic bacterium (Cryz et al., 1986).  The common sites of colonization in healthy 

humans are the gastrointestinal tract, eyes, respiratory tract and genitourinary tract (Podschun 

and Ullman 1998).  The carrier rate of K. pneumoniae in humans has been reported to range 

from 5% to 38% in stool specimens and 1% to 6% in the nasopharynx (Yeh et al., 2007).  The 

carrier rates are markedly increased in hospitalized patients; in whom the reported cases are 

42% on hands, 19% in the pharynx and as high as 77% in the stool (Chung et al., 2007).  This 

high rate of colonization is primarily related to the use of antibiotics (Jenney et al., 2006; 

Chung et al., 2007). 
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During the 1980s, animal studies demonstrated that K. pneumoniae serotype K1 strains are 

highly virulent (Domenico et al., 1982; Ofek et al., 1993).  In addition, Lin et al. (2004) 

reported that the K1/K2 isolates are more resistant to phagocytosis than non-K1/K2 isolates.  

A study conducted by Fang et al. (2007), reported that most primary liver abscesses (81%) 

were caused by K1 and most secondary liver abscesses (58%) were caused by non-K1 strains 

(P<0.001).  The same study reported that patients infected with genotype K1 strains had a 

significantly higher risk for developing septic ocular or CNS complications than those 

infected with non-K1 strains (19% vs 5%; P= 0.007) (Fang et al., 2007). 

 

Klebsiella pneumoniae has become an important cause of hospital-acquired infections, 

especially among patients in the neonatal intensive care unit (Hart, 1993; Podschun and 

Ullman 1998; Kim et al., 2002).  The frequency of infections caused by ESBL-producing 

K. pneumoniae bacterial strains has increased drastically and it is clear that the ESBL-

producing K. pneumoniae strains are distributed worldwide (Tofteland et al., 2007). 

 

In several parts of the world the frequency of ESBL-producing K. pneumoniae ranges from 

5% to 25% (Winokur et al., 2001; Paterson et al., 2003b).  In Brazilian hospitals, the 

frequency of ESBL-producing K. pneumoniae is 45%, which is higher than that observed in 

many European and American hospitals (Gales et al., 2002).  In Israel, the prevalence of 

ESBL-producing K. pneumoniae has been reported to be 32% (Bishara et al., 2005).  

Whereas, a study conducted in Southern Thailand reported an ESBL prevalence of 44% 

(16/36) in K. pneumoniae bacteria isolated from blood specimens (Jitsurong and Yodsawat, 

2006).  In Pakistan, the prevalence of ESBL-producing K. pneumoniae is very high, in a study 

done by Shah et al. (2004b), a prevalence of 70% was reported.  In Asia and South Africa, the 

prevalence of ESBL-producing bacteria is reported to be more than 20% (Hirakata et al., 

2005). Bell et al. (2002) reported that 36% of (13/36) of K. pneumoniae isolates collected in a 

single South-African hospital between 1998 and 1999 were ESBL-producers. 

 

2.2.5 Clinical manifestations of K. pneumoniae 

 

Klebsiella pneumoniae has been reported to cause community-acquired pneumonia and 

various hospital-acquired diseases, such as urinary tract infections, pneumonia, bacteraemia, 

cholangitis, meningitis, endocarditis and bacterial endophthalmitis (Paterson et al., 2003).  

The likelihood of K. pneumoniae hospital-acquired infections is greatly increased by the 
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presence of invasive devices, such as catheters in hospitalized patients (Menashe et al., 2001; 

Bisson et al., 2002). 

 

2.2.5.1 Pneumonia 

 

Patients infected with community-acquired pneumonia typically present with an acute onset of 

high fever, chills, flu-like symptoms and a productive cough with abundant, thick, tenacious, 

and blood-tinged sputum that is sometimes referred to as “currant jelly” sputum (Paterson et 

al., 2003; Kawai et al., 2006).  Most of the pulmonary diseases caused by K. pneumoniae are 

in the form of bronchopneumonia or bronchitis (Paterson et al., 2003).  Alcoholics and 

individuals with compromised pulmonary function are at an increased risk of developing 

pneumonia, this is due to the inability of these persons to clear aspirated oral secretions from 

the lower respiratory tract (Murray et al., 2005). 

 

2.2.5.2 Urinary tract infections (UTIs) 

 

Klebsiella is a frequent cause of UTIs (Brisse and Verhoef, 2001).  In hospital-acquired 

infections, catheterization is believed to be an important factor in the incidence and spread of 

Klebsiella strains (Janda and Abbott, 2006).  Furthermore, patients with diabetes, poor 

immune status or structural abnormalities are more prone to K. pneumoniae UTIs (Ristuccia 

and Cunha, 1984).  Clinical features of UTI include frequency, dysuria, low back pain and 

suprapubic discomfort (Janda and Abbott, 2006).  Systemic symptoms, such as fever and 

chills are usually indicative of a concomitant pyelonephritis (Ko et al., 2002). 

 

2.2.5.3 Bacteraemia 

 

Bacteraemia caused by ESBL-producing K. pneumoniae isolates is a major concern for 

clinicians due to the increased rate of treatment failure as well as the high mortality rate 

(Tumbarello et al., 2006).  The frequent underlying conditions of K. pneumoniae bacteraemia 

include alcoholism, cirrhosis, diabetes mellitus, malignancies as well as ageing (Janda and 

Abbott, 2006).  Patients with indwelling catheters, patients receiving antibiotic therapy and 

those undergoing invasive procedures are at the highest risk for K. pneumoniae bacteraemia 

(Korvick et al., 1992).  
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2.2.5.4 Liver abscess 

 

Pyogenic liver abscess (PLA) has been described as a potentially life threatening disease with 

a reported mortality of up to 31% (Seeto and Rockey, 1996; Farges et al., 1998; Alvarez et al., 

2001).  Initially, Escherichia coli was regarded as the most common causative agent of PLA 

(Seeto and Rockey, 1996; Alvarez et al., 2001).  However, Chan et al. (2007) reported in 

2007 that K. pneumoniae has now become the most frequent causative agent for PLA.  Chan 

and colleagues (2007) reported that 80% of PLA were caused by K. pneumoniae in a study 

conducted in China that included 84 patients.  Pyogenic liver abscesses caused by 

K. pneumoniae isolates are regarded as an emerging disease (Keynan and Rubinstein, 2007).  

Most cases of K. pneumoniae liver abscesses have been reported in Taiwan (Keynan and 

Rubinstein, 2007).  Chuang et al. (2006) reported that K. pneumoniae K1 serotype is the 

predominant serotype that causes primary pyogenic liver abscess (Chuang et al., 2006). 

 

2.2.6 Treatment of K. pneumoniae infections 

 

Management and treatment of ESBL-producing K. pneumoniae infections can be challenging 

(Gupta et al., 2003).  The therapeutic choices for infections caused by ESBL-producing 

K. pneumoniae isolates remain extremely limited; this is largely due to the broad spectrum of 

the beta-lactamases commonly produced by K. pneumoniae strains (Paterson, 2000; Paterson 

et al., 2003b).  In order to guide the selection of an effective treatment regimen, antibiotic 

susceptibility tests are done on all K. pneumoniae isolates (Brook et al., 2010). 

 

Klebsiella pneumoniae has been reported to be naturally resistant to aminopenicillins and 

carboxypenicillins (carbenicillin and ticarcillin); this natural resistance is mainly due to the 

production of class A (low-level) beta-lactamases (Livermore, 1995).  To overcome this low-

level resistance, the extended spectrum antibiotics (third generation cephalosporins) were 

developed and used as the drug of choice for treating infections caused by K. pneumoniae 

isolates (Medeiros, 1997).  However, since 1983 the occurrence of K. pneumoniae isolates 

that are resistant to the third generation cephalosporins have been reported with increasing 

frequency (Paterson et al., 2003). 

 

The production of ESBLs by K. pneumoniae isolates resulted in resistance to many beta-

lactam antibiotics (eg cefotaxime, ceftazidime and aztreonam) (Moland et al., 2008; Gröbner 
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et al., 2009).  After the emergence of ESBL-production by K. pneumoniae isolates, 

carbapenem antibiotics (imipenem and meropenem) were considered to be the most reliable 

agents to treat infections caused by ESBL-producing K. pneumoniae isolates (Gröbner et al., 

2009).  The effectiveness and usefulness of carbapenem antibiotics was supported by the 

findings of a study conducted by Paterson et al. (2004). 

 

However, the occurrence and spread of K. pneumoniae strains resistant to carbapenems 

(KPCs) have been reported in New York and other parts of the world (Galani et al., 2004; 

Hirch and Tam, 2010).  The carbapenemases are able to hydrolyze the carbapenem antibiotics 

and confer resistance to a broad spectrum of antibiotics, including the penicillins, 

cephalosporins, carbapenems and monobactams (Hirsch and Tam, 2010).  The optimal 

treatment of infection caused by carbapenemase-producing K. pneumoniae bacteria is yet to 

be determined (Hirsch and Tam, 2010).  Colistin was once considered as being a toxic 

antibiotic; however, clinicians are now using it as a last resort antibiotic agent for treating 

infections caused by multidrug-resistant K. pneumoniae (Perez et al., 2007). 

 

2.3 Mechanisms of antibiotic resistance in K. pneumoniae 

 

Antibiotic resistance in K. pneumoniae can either be natural or acquired (Hogan and Kolter, 

2002).  Acquired resistance is caused by the acquisition of a plasmid and/or transposon that 

harbours determinants for resistance or by chromosome mutation (Hogan and Kolter, 2002).  

As a Gram-negative bacterium, K. pneumoniae becomes resistant to antibiotics by using either 

of the following major mechanisms of resistance: (i) modification of the target site, (ii) drug 

inactivation by the enzymes, (iii) reduced membrane permeability and (iv) efflux pumps 

(Hogan and Kolter, 2002). 

 

2.3.1 Modification of target site 

 

The most common mechanism of target alteration is the acquisition of new genes, carried on 

plasmids or transposons (Figure 2.3).  These genes result in the enzymatic modification of the 

normal target so that it does not bind the antibiotics (Walsh, 2000). 
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Figure 2.3: A schematic representation of the mechanisms of bacterial resistance to antibiotics 

(www.textbookofbacteriology.net/resantimicrobiology, accesed 13 September 2009). 

 

After modification, the target site still retains its essential cellular function but is inaccessible 

by antibiotic inhibition (Chroma and Kolar, 2010).  Beta-lactam antibiotic resistance in 

bacteria can be caused not only by beta-lactamase production, but also by alteration or 

mutation of the penicillin binding proteins (PBPs) that have a low affinity for beta-lactam 

antibiotics (Spratt, 1994). 

 

2.3.2 Efflux pumps 

 

Klebsiella pneumoniae can become resistant to antibiotics by preventing the access of 

antibiotics to their targets, this is done by either decreasing the influx or increasing the efflux 

of antibiotics across the biological membrane (Figure 2.3) (Nikaido, 1994).  Mutants lacking 

an outer membrane porin channel (OprD2) decrease the uptake of a beta-lactam antibiotic and 

increase resistance to this antibiotic as a result of low accessibility of the drug to its target 

(Yoneyama and Nakae, 1991). 
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2.3.3 Inactivation of antibiotics 

 

Enzymatic inactivation of antibiotics either by hydrolysis or by modification is one of the 

major natural mechanisms of resistance used by K. pneumoniae bacteria against antibiotics, 

such as beta-lactams (penicillins and cephalosporins) (Davies, 1994; Walsh, 2000).  In most 

cases, the antibiotic-resistant K. pneumoniae isolates acquire the antibiotic resistance genes 

carried on plasmids (Davies, 1994). 

 

2.4 The extended spectrum beta-lactamases of K. pneumoniae 

 

Extended-spectrum beta-lactamases (ESBLs) are beta-lactamases produced by a variety of 

Gram-negative bacilli (Canton et al., 2002).  The distinguishing feature of these enzymes is 

that compared with the broad-spectrum beta-lactamases, such as temoneira (TEM)-1, 

temoneira (TEM)-2 and sulfhydryl variable (SHV)-1, the ESBLs have extended substrate 

profiles that confer resistance to the expanded-spectrum cephalosporins (cefotaxime, 

ceftriaxone, ceftazidime, cefepime and others) and aztreonam (Gheldre et al., 2003).  In 

summary, ESBLs are enzymes capable of conferring bacterial resistance to the penicillins, 

first, second and third generation cephalosporins as well as aztreonam by hydrolysing these 

antibiotics (Paterson and Bonomo, 2005). 

 

2.4.1 Evolution of ESBLs 

 

The ESBL enzymes arose as a result of amino-acid substitutions in Temoneira (TEM) or 

sulfyhydryl (SHV) or oxacillinases (OXA) of more limited hydrolytic activity (Stürenburg 

and Mack, 2003). The amino-acid substitution resulted in serious structural alterations within 

the active site of the protein and increased the beta-lactamase activity towards the third 

generation cephalosporins (Stürenburg and Mack, 2003). 

 

2.4.2 Classification of beta-lactamases 

 

Two systems (Ambler and Bush-Jacoby-Medeiros) are generally used to classify beta-

lactamases (Perez et al., 2007).  The Ambler system classify beta-lactamases according to 

their primary structure into four molecular classes designated A to D (Ambler, 1980; Ambler 

et al., 1991) whereas, the Bush-Jacoby-Medeiros system classifies beta-lactamases into four 
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groups (1 to 4) and six subgroups (a to f) (Table 2.2) based on their substrate spectrum and 

their susceptibility to inhibition by clavulanate (Bush et al., 1995). 

 

Table 2.2: Classification of beta-lactamases (Ambler et al., 1991; Bush et al., 1995; Perez et al, 2007) 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

The Bush-Jacoby-Medeiros classification scheme (Table 2.2) is of more immediate relevance 

to the physician or microbiologist in a diagnostic laboratory because it considers the beta-

lactamase and beta-lactam substrates that are of clinical relevance (Bush et al., 1995).  In this 

classification, the ESBLs are classified into group 2be or group 2d (OXA-type) (Table 2.2) 

(Bush et al., 1995).  Group 2d shares most of the fundamental properties of group 2be 

enzymes though differing in being inhibitor resistant (Bush et al., 1995).  The 2be designation 

shows that these enzymes are derived from group 2b β-lactamases (eg TEM-1, TEM-2 and 

SHV-1); the ‘e’ of 2be denotes the extended spectrum of the beta-lactamases (Stürenburg and 

Mack, 2003).  The ESBLs derived from TEM-1, TEM-2 or SHV-1 differs from their 

progenitors by as few as one amino acid (Stürenburg and Mack, 2003). 

 

2.4.3 Diversity of ESBLs type 

 

Extended spectrum beta-lactamases have been classified into different types (Canton and 

Conque, 2006).  Initially, the two most frequent types of ESBL were the TEM types and the 

SHV types (Canton and Conque, 2006).  However, another type referred to as the 

 

 
___________________________________________________________________________________________________________ 

 

Bush-Jacoby-Medeiros system Major Ambler system         Main attributes 
____________________________________________________________________________________________________________ 
 
 
Group 1 cephalosporinase - C (cephalosporinase)   Usually chromosomal; resistant to all beta-                     
                                                                                                                                         lactams, except carbapenems; not inhibited by        
                                                                                                                                         clavulanate 
 
Group 2 penicillinases 2a A (Serine beta-lactamases)  Staphylococcal penicillinases 
(clavulanic acid susceptible) 2b A  Broad-spectrum-TEM-1, TEM-2, SHV-1 
  2be A  Extended-spectrum-TEM: 3-160, SHV: 2-101 
  2br A  Inhibitor resistant TEM (IRT) 
  2c A  Carbenicillin-hydrolysing 
  2e A  Cephalosporinase inhibited by clavulanate 
  2f A  Carbapenemases inhibited by clavulanate 
  2d D (oxacillin-hydrolyzing)  Cloxacillin-hydrolysing (OXA) 
 
Group 3 metallo-beta-lactamase 3a B (metallo-beta-lactamases) Zinc-dependent carbapenemases 
  3b B   
  3c B    
 
Group 4   Not classified  Miscellaneous enzymes, most not yet  
      sequenced 
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cefotaximase (CTX-M) beta-lactamases are detected with increasing frequency (Rodrĭguez-

Banŏ et al., 2006; Perez et al., 2007). 

 

2.4.3.1 Cefotaximases type 

 

The cefotaximase (CTX-M) enzyme is a described family of the ESBLs (Tzouvelekis et al., 

2000).  The enzyme has a potent hydrolytic activity against cefotaxime (Tzouvelekis et al., 

2000; Bonnet, 2004).  The CTX-M-type enzymes are typical ESBLs and have been classified 

in the functional group 2be of the Bush-Jacoby-Medeiros classification scheme (Tzouvelekis 

et al., 2000).  The CTX-M enzymes can be classified into five major groups (Group I to V) on 

the basis of their amino acid sequence homologies (Parveen et al., 2011).  Group I includes 

CTX-M-1, CTX-M-3, CTX-M-10, CTX-M-11, CTX-M-12, CTX-M-15, CTX-M-22, CTX-M 

23, CTX-M-28, CTX-M-29 and CTX-M 30 (Parveen et al., 2011).  Group II includes CTX-

M-2, CTX-M-4, CTX-M-7, Toho-1 and CTX-M-20 (Parveen et al., 2011).  Group III includes 

CTX-M-8 (Parveen et al., 2011).  Group IV includes CTX-M-9, CTX-M-13, CTX-M-14, 

CTX-M-16, CTX-M-19, CTX-M-21 and CTX-M-27 (Parveen et al., 2011).  Lastly, Group V 

consists of CTX-M-25 and CTX-M-26 (Parveen et al., 2011).  The CTX-M-2 was shown to 

be 95% similar to the chromosomally encoded beta-lactamase of Kluyvera ascorbata and the 

CTX-M-8 was shown to be 100% similar to the chromosomally encoded beta-lactamase of 

Kluyvera georgiana, respectively (Humeniuk et al., 2002).   

 

The first two CTX-M enzymes (CTX-M-1 and CTX-M-2) were reported in Europe in 1989 

(Barthélémy et al., 1992). Since then the number of CTX-M beta-lactamases has rapidly 

increased (Tzouvelekis et al., 2000).  The CTX-M enzymes have been identified in various 

countries of North America, Asia, Europe, South America and Africa (Cao et al., 2002; 

Radice et al., 2002).  Currently, more than 100 variants of CTX-M-type beta-lactamases have 

been identified mostly in enterobacterial species, such as E. coli, K. pneumoniae and 

Salmonella species (http://www.lahey.org/studies).  Klebsiella pneumoniae bacteria producing 

CTX-M beta-lactamases have been reported to have a cefotaxime MIC range of >64 µg/ml 

(Perez et al., 2007).  The ceftazidime MICs for K. pneumoniae producing CTX-M enzymes 

are usually in the susceptible range of 2 to 8 µg/ml (Perez et al., 2007). 
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The CTX-M 15 is the most dominant CTX-M enzyme in the world and the primary cause of 

acquired resistance to third generation cephalosporins in Enterobacteriaceae (Canton and 

Conque, 2006; Livermore et al., 2007). The CTX-M-15 enzyme was first reported in India in 

the mid 1990s (Walsh et al, 2003). 

 

2.4.3.2 Temoneira type 

 

The word Temoneira (TEM) refers to the name of the patient in which the first TEM-1 was 

isolated from in the early 1960s (Giamarellou, 2005).  The TEM-1 beta-lactamase is one of 

the most commonly encountered beta-lactamases in Gram-negative bacteria (Giamarellou 

et al., 2005).  Up to 90% of ampicillin resistance in E. coli is due to the production of TEM-1 

(Livermore, 1995).  Although the TEM-type ESBLs are most commonly found in 

K. pneumoniae and E. coli, these enzymes have been reported in other Gram-negative 

bacteria, such as Enterobacter cloacea, Salmonella species and Proteus mirabilis (Livermore, 

1995).  The TEM-3, originally reported in 1989, was the first TEM-type beta-lactamase that 

displayed the ESBL phenotype (Shah et al., 2004a).  Since that first report over 130 additional 

TEM derivatives have been described (http://www.lahey.org/studies).  Some of these beta-

lactamases are inhibitor resistant enzymes, but the majority of the new derivatives are ESBLs 

(Bradford, 2001). 

 

2.4.3.3 Sulfhydryl variable type 

 

The Sulfhydryl variable (SHV) enzyme, named after the “sulfhydryl variable” active site, is 

commonly associated with K. pneumoniae (Shah et al., 2004a).  This enzyme is responsible 

for up to 20% of the plasmid-mediated ampicillin resistance in K. pneumoniae (Shah et al., 

2004a).  At first the K. pneumoniae bacteria contained a single ESBL gene, but now multiple 

ESBL genes are commonly present in a single strain (Samaha-Kfoury and Araj, 2003).  

Recently, more than 120 SHV-type beta-lactamases have been identified worldwide 

(http://www.lahey.org/studies).  However, unlike the TEM-type beta-lactamases, there are 

relatively few derivatives of SHV (Bradford, 2001).  The majority of SHV-type derivatives 

possess the ESBL phenotype (Bradford, 2001). The inhibitor-resistant SHV phenotype has 

been reported (Shah et al., 2004a). 
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2.4.3.4 Oxacillin-hydrolyzing type 

 

The oxacillin-hydrolyzing (OXA) type enzymes are another widespread family of beta-

lactamases and have been found mainly in Pseudomonas aeruginosa (Hall et al., 1993; 

Philippon et al., 1997).  The OXA-type beta-lactamases differ from the TEM and SHV 

enzymes in that they belong to molecular class D and functional group 2d (Shah et al., 2004a).  

While some oxacillinases present a significant degree of amino acid identity, the overall 

amino acid identity within the OXA class is only 20% to 30%.  Thus, the OXA family 

represents a phenotypic rather than a genotypic group (Bradford, 2001).  The OXA beta-

lactamases contain active site serine groups, as do class A and class C beta-lactamases.  The 

OXA beta-lactamases usually confer resistance to penicillins and possess a high-level 

hydrolytic activity against cloxacillin, oxacillin and methicillin (Bradford, 2001).  The 

activities of the OXA enzymes are poorly inhibited by clavulanate, except for OXA-18 

(Strürenburg and Mark, 2003).  

 

The OXA-48 enzyme is one of the few members of the OXA family with the ability to 

hydrolyze carbapenem antibiotics (Poirel et al., 2004).  The OXA-48 enzyme was first 

described in K. pneumoniae bacteria isolated from Turkey in 2004 (Carrёr et al., 2008).  Since 

then the gene (blaOXA-48) that code for the OXA-48 enzyme is continuously spreading, 

particularly in Europe and the Middle East (Carrёr et al., 2010).  Recently, O’Brien and 

colleagues (2011) detected five OXA-48-producing K. pneumoniae isolates in an Ireland 

tertiary hospital. 

 

Most of the OXA beta-lactamase genes are plasmid, transposon or integron located, thus 

providing them a means for a wide distribution (Shah et al., 2004a).  In addition to the OXA-

type ESBLs, a number of OXA derivatives that are not ESBLs have also been described (Shah 

et al., 2004).  These include OXA-22, OXA-24, OXA-25 and OXA-30 families of beta-

lactamases (Shah et al., 2004a). 

 

2.4.3.5 Carbapenemases and other ESBL types 

 

Carbapenemases are beta-lactamases, which have the ability to hydrolyze penicillin, 

cephalosporins, monobactams and carbapenems (Nordmann et al., 2009).  According to the 

Ambler classification, carbapenemases may belong to class A, B or D (Ambler et al., 1991).  
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Class A and D carbapenemases are similar to ESBLs in that they have a serine group at the 

active site (Queenan and Bush, 2007).  The class B carbapenemases are known as metallo-

beta-lactamases because they use zinc as a co-factor (Queenan and Bush, 2007).  Klebsiella 

pneumoniae carbapenemase (KPC) of molecular class A was first isolated in 1996 from a 

patient in North Carolina (Yigit et al., 2001).  Since then the KPC has become the most 

prevalent enzyme in the United States and is now considered endemic in certain parts of New 

York and New Jersey (Landman et al., 2007; Nordmann et al., 2009).  South Africa has 

recently become the first country on the African continent to report the KPC-production 

among Enterobacter cloacae and K. pneumoniae isolates (Coetzee et al., 2011). 

 

A novel metallo beta-lactamase called the New Delhi metallo beta-lactamase (NDM-1) has 

been identified in 2008 from K. pneumoniae bacteria isolated from a Swedish woman 

admitted to a hospital in New Dehli (Yong et al., 2009).  Yong et al. (2009) postulated that 

the NDM-1 appears to have originated in India (Yong et al., 2009).  However, since the first 

report of NDM-1 enzyme by Yong and colleagues (2009), Enterobacteriaceae isolates 

harbouring NDM-1 enzymes have been reported in other parts of the world, such as Pakistan, 

United States, France, China, Israel, Turkey, Australia and Africa (Robert and Moellering, 

2010; Poirel et al., 2011).  Following reports from Kenya (Poirel et al., 2011) and Morocco, 

South Africa became the third African country to report the emergence of the NDM-1-

producing K. pneumoniae isolate (Coetzee et al., 2011).  Recently, an outbreak of NDM-1-

producing bacterial isolates has been reported in a Gauteng Provincial Hospital (National 

Institute for Communicable Diseases, 2011).  This outbreak resulted in the death of two 

patients; however, both patients had an underlying chronic illness (National Institute for 

Communicable Diseases, 2011). 

 

The discovery of Enterobacteriaceae isolates harbouring NDM-1 is of great concern because 

these isolates possess resistance to most of the commonly used antibiotics, such as beta-

lactams, fluoroquinolones and aminoglycosides (Mulvey et al., 2011).  Furthermore, the 

NDM-1-producing isolates have the ability to spread rapidly because the NDM-1 encoding 

gene is located on a plasmid (a 180-kb plasmid for K. pneumoniae) that is easily transferable 

to susceptible bacteria (Yong et al., 2009; Centers for Disease Control and Prevention, 2010). 

 

In addition to the KPC and NDM-1 enzymes, other unusual beta-lactamase enzymes (eg PER 

and VEB) that have extended-spectrum activity have been discovered (Bradford, 2001; Lu 
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et al., 2010; Bush and Fisher, 2011).  The emergence of these novel groups of beta-lactamases 

indicates the abundance of beta-lactamase genes that are available in the bacterial gene pool 

(Bradford, 2001; Stürenburg and Mack, 2003; Lu et al., 2010). 

 

2.5 Risk factors for colonization and infection with ESBL-producing K. pneumoniae 

 

Patients at risk of being colonized and infected with ESBL-producing K. pneumoniae bacteria 

are those who are in the intensive care units (Paterson and Bonomo, 2005).  In addition, other 

risk factors associated with infection and colonization with ESBL-producing K. pneumoniae 

bacteria include: previous hospitalization, prolonged hospital stay, increased severity of 

illness, mechanical ventilation, urinary catheters and prior exposure to antimicrobial agents, 

especially the oxyimino beta-lactam antibiotics (Lautenbach et al., 2001; Menashe et al., 

2001; Bisson et al., 2002; Kim et al., 2002; Stürenburg and Mack, 2003).  In a case-control 

study conducted by Graffunder et al. (2005) it was concluded that prolonged hospital stay, 

poor ventilation and prior-exposure to third generation cephalosporins increased the risk of 

infection with ESBL-producing bacteria. 

 

2.6 Laboratory detection of ESBL-producing K. pneumoniae 

 

The detection of ESBL-producing K. pneumoniae strains can be done using phenotypic or 

genotypic tests (Falagas and Karageorgopoulos, 2009).  Phenotypic tests are mainly used in 

the routine clinical laboratories, whilst the genotypic tests are mainly used in reference or 

research laboratories (Falagas and Karageorgopoulos, 2009).  The CLSI (2009) recommends a 

variety of phenotypic screening and confirmatory tests to detect the presence of ESBLs in 

K. pneumoniae isolates.  These tests include the combination disc assay and the micro-dilution 

method, where the growth of bacteria is measured in the presence of five different advance-

generation cephalosporins together with or in the absence of a beta-lactamase inhibitor 

(Helfand and Bonomo, 2005). 

 

2.6.1 Phenotypic detection of ESBL-producing K. pneumoniae 

 

The detection of ESBL-producing K. pneumoniae bacteria by phenotypic methods usually 

includes screening for reduced susceptibility to third-generation cephalosporins followed by 

confirmatory testing (Falagas and Karageorgopoulos, 2009).  The screening step involves 
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testing for reduced susceptibility to cefpodoxime (≤ 17 mm), cefotaxime (≤ 27 mm), 

ceftriaxone (≤ 25 mm) and ceftazidime (≤ 22 mm) by the bacterial isolate (CLSI, 2009).  The 

screening test can be performed using broth dilution and / or disc diffusion methods as 

recommended by the CLSI guidelines (CLSI, 2009).  The sensitivity of the screening methods 

can vary depending on the type of antimicrobial agent used for screening (Ho et al., 2000). 

 

The confirmatory step for ESBL detection is based on the demonstration of synergy between 

third-generation cephalosporins and clavulanic acid (Drieux et al., 2008; CLSI, 2009).  The 

tests that can be used to confirm ESBL-production by K. pneumoniae strains include the 

combination disc method, double disc approximation test, minimum inhibitory concentration 

(MIC) test and the E-test ESBL strips (CLSI, 2009; Falagas and Karageorgopoulos, 2009). 

 

Semi-automated systems, such as the Vitek2 AES (bioMérieux, France) and the BD Phoenix 

automated system (Becton Dickinson Diagnostic Systems, Sparks, MD) can also be used to 

detect ESBL-production by the bacterial isolates (Spanu et al., 2006; Nyberg et al., 2008).  

These automated systems have an ESBL prediction test integrated into the automated 

procedure (Stürenburg and Mark, 2003).  The performance of these automated systems is 

variable (Wiegand et al., 2007).  However, many studies have reported a good correlation 

between the conventional methods and the automated systems in detecting ESBL-producing 

K. pneumoniae bacterial isolates (Spanu et al., 2006; Nyberg et al., 2008). 

 

2.6.1.1 Double disc approximation method 

 

The double disc approximation method is one of the first methods used to detect ESBL-

production by bacterial isolates (Giamarellou, 2005).  The double disc approximation test was 

initially designed to differentiate between the cefotaxime resistant strains (eg those over-

producing cephalosporinase) and those producing ESBLs (Drieux et al., 2008).  In the double 

disc approximation test, an antibiotic disc containing amoxycillin-clavulanate is placed in the 

center of the plate and two discs containing one of the oxyimino-beta-lactam antibiotics are 

placed 30 mm apart from the amoxicillin-clavulanic disc (Figure 2.4) and incubated overnight 

at 37ºC (Shah et al., 2004b). 
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Figure 2.4: Detection of ESBL-production using the double disc method. The disc on the left is 

cefotaxime (30 mg): the disc in the centre is amoxicillin-clavulanate (20+10 mg), the disc 

on the right is ceftazidime (30 mg).  Note the expansion of the zones around the 

cefotaxime and ceftazidime discs adjacent to the amoxicillin-clavulanate (BSAC: British 

Society for Antimicrobial Chemotherapy, 2003) 

 

After the overnight incubation, the enhancement of the zone of growth inhibition of the 

oxyimino-beta-lactam caused by the synergy of the clavulanate in the amoxicillin-clavulanate 

disc indicates a positive result for ESBL-production (Shah et al., 2004a).  The double disc 

approximation test has been reported to work well with a broad range of enterobacterial 

species and ESBL types and it is regarded as a reliable method to detect ESBL-production by 

bacteria (Drieux et al., 2008). 
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2.6.1.2 Combination disc methods 

 

The combination disc method is one of the methods recommended by the CLSI guidelines as 

a confirmatory test for detecting ESBL-production by K. pneumoniae strains (CLSI, 2009).  

The principle of the combination disc method is to measure the zone of inhibition around a 

cephalosporin disc alone (e.g. cefotaxime or ceftazidime) and around a disc of the same 

cephalosporin plus clavulanate (Drieux et al., 2008).  The Mueller-Hinton agar plate is 

inoculated with the bacterial isolates using the Kirby-Bauer method (CLSI, 2009).  After 

inoculation, the pairs of discs containing an extended-spectrum cephalosporin (cefotaxime, 

ceftazidime or cefpodoxime) with and without clavulanic acid are placed on opposite sides of 

the inoculated plate (Figure 2.5) (CLSI, 2009; Haque and Salam, 2010). 

 

  

Figure 2.5: A Mueller-Hinton agar plate showing an ESBL-positive bacterial isolate detected using 

the combination disc method. Note the expansion of the zone diameters around the 

cefotaxime (CTX) and ceftazidime (CAZ) discs when tested in the presence of clavulanic 

acid (CV) versus the zone diameters for the agents tested alone (B). A ≥ 5 mm in zone 

diameter for at least one combination disc indicates ESBL-production (Haque and Salam, 

2010). 

CTX  

CAZ  

CAZ /CV 

CTX /CV 
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The zones of growth inhibition around the discs are measured following overnight incubation 

in ambient air at 37ºC (CLSI, 2009).  Depending on the particular product used, the tested 

bacterial isolate is regarded as ESBL-positive if the zone of inhibition around the combination 

disc is at least 5 mm larger than that of the cephalosporin disc alone (CLSI, 2009), or if the 

zone diameter is expanded by 50% in the presence of the clavulanic acid (Figure 2.5) (Carter 

et al., 2000; Haque and Salam, 2010).  Linscott and Brown (2005) reported a sensitivity and 

specificity of 96% and 100% respectively for the combination disc method in detecting 

ESBL-production by Enterobacteriaceae when compared to the broth microdilution method 

(Linscott and Brown, 2005). 

 

2.6.1.3 Broth microdilution 

 

The confirmatory testing for ESBL-production in K. pneumoniae isolates can also be 

performed by broth microdilution assays using ceftazidime (0.25 to 128 µg/ml), ceftazidime 

plus clavulanic acid (0.25/4 to 128/4 µg/ml), cefotaxime (0.25 to 64 µg/ml) or cefotaxime plus 

clavulanic acid (0.25/4 to 64/4 µg/ml) (Queenan et al., 2004).  In a broth microdilution 

method, the tested isolate is considered ESBL-producing if there is a ≥ 3 twofold serial-

dilution decrease in the minimum inhibitory concentration (MIC) of either cephalosporin in 

the presence of clavulanic acid compared to its MIC when tested alone (CLSI, 2009). 

 

2.6.1.4 ESBL E-test strip method 

 

The E-test ESBL strip (AB Biodisc, Solna, Sweden) is a two-sided strip that contains a 

gradient of  ceftazidime (TZ) at one end and a gradient of  ceftazidime plus clavulanic acid 

(TZL) at the other end (Figure 2.6).  The detection of ESBL-producing K. pneumoniae strains 

by E-test is based on a similar principle to that of the combination disc method and has been 

shown to compare well with the disc methods (Bradford, 2001). 
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Figure 2.6: Diagram showing an ESBL-positive bacterial isolate as confirmed with an ESBL E-test 

strip. The ceftazidime (TZ) MIC is 32 in the absence of clavulanic acid and 0.5 in the 

presence of clavulanic acid (TZL).  As there is a decrease in the MIC of 3 doubling 

dilutions in the presence of clavulanic acid, the bacterial isolate is inferred to be an ESBL 

producer (Bradford, 2001). 

 

The bacterial isolate is termed ESBL-positive if there is a ≥ three twofold-concentration 

decrease in the MIC of cefotaxime, ceftazidime or cefepime antibiotic combined with 

clavulanic acid versus its MIC when tested alone (Figure 2.6) (Bradford, 2001; CLSI, 2009).  

The ESBL E-test is considered positive when there is a phantom zone just below the lowest 

concentration of the TZL gradient or when there is a deformation of the TZ inhibition ellipse 

at the tapering end (Cormican et al., 1996).  

 

Cormican et al. (1996) highlighted that the ESBL E-test is a convenient and easy to use test.  

However, Cormican and colleagues (1996) warned that the assay may sometimes be difficult 

to interpret, especially when the MICs of ceftazidime are low because the clavulanate may 

diffuse to the side that contains ceftazidime alone.  Furthermore, a study conducted by 

Leverstein-van Hall et al. (2002) reported that laboratories may fail to correctly interpret the 

zone of inhibition in 30% of the cases. 

 

2.6.1.5 The Vitek2 AES detection method 

 

The Vitek2 AES is an automated system for rapid identification and antimicrobial 

susceptibility testing.  It uses a manually prepared inoculum with a concentration of 0.5 to 0.6 

McFarland standards (Dashti et al., 2006).  The Vitek2 susceptibility test results are expressed 
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as MIC values and interpreted as susceptible, intermediate or resistant by reference to the 

CLSI 2009 guidelines (CLSI, 2009). 

 

The Vitek2 system detects ESBL-production using two different ESBL identification tools 

(Valenza et al., 2011).  The first one includes analysis and interpretation of minimal inhibitory 

concentration (MIC) of several beta-lactams using special software called the advanced expert 

system (AES) (Valenza et al., 2011).  The second test (ESBL test) is based on simultaneous 

detection and assessment of antibacterial activity of cefepime, cefotaxime or ceftazidime, 

alone and in combination with the beta-lactamase inhibitor (clavulanic acid) (Drieux et al., 

2008).  In addition, the updated computer algorithms in the new Vitek2 system have been 

shown to categorize beta-lactamases based on the phenotype of susceptibility patterns with 

various beta-lactam antibiotics (Shah et al., 2004a). 

 

In an evaluation study by Nyberg et al. (2008) involving 123 clinical isolates of E. coli and 

Klebsiella spp it was reported that the Vitek2 AES has an accuracy of 91.1% (113/123) in 

detecting ESBL-producing E. coli and Klebsiella species when compared to a molecular assay 

(PCR followed by DNA sequencing).  Nyberg et al. (2008) concluded that the Vitek2 

automated system is an accurate and time-saving tool for detection of ESBLs in E. coli and 

Klebsiella spp.  In another evaluation study of the Vitek2 ESBL test by Spanu et al. (2006) 

that included 1 129 Enterobacteriaceae clinical isolates, the authors reported that the Vitek2 

automated system has a sensitivity and specificity of 97.7% (306/312) and 99.7% (815/817) 

respectively in detecting ESBL-producing isolates compared to a molecular method (PCR 

amplification of ESBL genes and sequencing) (Spanu et al., 2006). 

 

2.6.1.6  BD Phoenix Automated Microbiology System 

 

The BD Phoenix automated system is an automated system for bacterial identification and 

susceptibility testing introduced by Becton Dickinson.  In this test, Phoenix ID broth is 

inoculated with bacterial colonies from MacConkey agar medium and adjusted to a 0.5 to 0.6 

McFarland standard using the Crystal Spec Nephelometer (BD Diagnostic Systems, Sparks, 

MD).  The BD Phoenix ESBL test relies on growth response to cefpodoxime, ceftazidime, 

ceftriaxone and cefotaxime, with or without clavulanic acid, to detect the production of 

ESBLs by the K. pneumoniae strains (Drieux et al., 2008).  In this system, the results are 
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interpreted through a computerized system and are usually available within 6 hours (AL-

Muharrmi et al., 2008). 

 

In an evaluation study of the BD Phoenix automated system conducted by Leverstein-van Hall 

et al. (2002) involving 17 control strains and 74 multiresistant Enterobacteriaceae clinical 

isolates (34 E. coli, 26 K. pneumoniae and 14 K. oxytoca), the sensitivity and specificity of the 

BD Phoenix automated system in detecting ESBL-production from the 74 clinical isolates 

were reported as 93% and 81% respectively when compared to the ESBL E-test, which was 

used as a reference method. The same study further concluded that the ESBL test results of 

the Phoenix system is better than that of the other automated systems (Vitek1 and Vitek2 

systems) in detecting ESBL-production by multiresistant E. coli and Klebsiella species 

(Leverstein-van Hall et al., 2002).  A study conducted by Sanguinneti et al. (2003) which 

included 510 clinical isolates of Enterobacteriaceae reported sensitivity and specificity values 

of 100% (319/319) and 98.9% (189/191) respectively by the BD Phoenix system compared to 

the double disc method in detecting ESBL-production by Enterobacteriaceae. 

 

2.6.2 Detection of ESBL-producing K. pneumoniae by genotypic methods 

 

The genotypic assays that can be used to detect ESBL-producing K. pneumoniae strains 

include DNA probing, polymerase chain reaction (conventional and real-time PCR), 

restriction fragment length polymorphism and isoelectric focusing (Stürenburg and Mack, 

2003). Although technically challenging, the genotypic methods have the advantage of 

detecting low level resistance (Pitout and Laupland, 2008).  Furthermore, genotypic methods 

have the ability to identify specific types of ESBLs present in the bacterial isolates (Pitout and 

Laupland, 2008). 

 

In the early days of studying ESBLs, isoelectric focussing was sufficient to detect the 

production of ESBL by the bacterial isolates (D’Agata et al., 1998).  However, due to the 

evolution of different variants of SHV, TEM, CTX-M and OXA ESBLs possessing identical 

isoelectric points, the use of the isoelectric point assay in detecting ESBL positive isolates is 

no longer reliable, as it can only give presumptive identification (D’Agata et al., 1998). 

 

Another method which can be used to detect ESBL-production is the PCR hybridization assay 

using DNA probes that are specific for TEM and SHV ESBL enzyme (Huovinen et al., 1988; 



 33

Gallego et al., 1990).  The oligotyping method can be used to discriminate between TEM-1 

and TEM-2 (Tham et al., 1990).  This method uses oligonucleotide probes that are designed to 

detect point mutations under stringent hybridization conditions (Tham et al., 1990).  These 

probes are less sensitive for the detection of mutations, which are responsible for the extended 

substrate range (Tham et al., 1990).  However, the use of DNA probes is labour intensive and 

therefore not an ideal assay to use in a diagnostic laboratory (Nyberg et al., 2008). 

 

Thus far, the easiest and the most common genotypic assay used to detect the presence of 

ESBLs amongst K. pneumoniae strains is the use of PCR with oligonucleotide primers that 

are specific for a beta-lactamase gene (Bradford, 2001).  The oligonucleotide primers can be 

designed and chosen from the sequences available in public databases, such as Genbank 

(http://www.ncbi.nlm.nih.gov/nuccore).  However, the above PCR detection method does not 

discriminate among different variants of TEM or SHV (Fluit et al., 2001) and therefore 

requires an additional molecular technique, such as DNA sequencing in order to identify a 

specific point mutation that differentiate an ESBL enzyme from a none-ESBL enzyme (parent 

enzymes) (eg SHV-1) (Pitout and Laupland, 2008).  Nucleotide sequencing remains the “gold 

standard” for determination of the ESBL gene present in a bacterial strain (Bradford, 1999). 

 

The PCR-single-strand conformation polymorphism procedure (PCR-SSCP) has also been 

applied to study ESBLs (Chroma and Kolar, 2010).  The PCR-SSCP is a simple and powerful 

method used to identify a mutation in an amplified DNA (Chroma and Kolar, 2010).  The 

PCR-SSCP is based on the observation that the mobility of single-stranded DNA in 

nondenaturing polyacrylamide gel is very sensitive to primary sequence.  Therefore, any 

difference in the base sequence of a single-stranded DNA sample due to a mutation will be 

detected as a mobility shift and will produce a different band pattern to the wild type  

(Chroma and Kolar, 2010).  The assay has been used to detect a single base mutation at a 

specific location within a beta-lactamase gene (blaTEM) (Edelstein and Stratchounski, 1998). 

 

2.7 Clinical significance of detecting ESBL-producing K. pneumoniae strains 

 

The accurate detection of ESBL-production by clinical bacterial isolates is crucial (Al-Jasser, 

2006).  The laboratory detection of ESBL positive K. pneumoniae bacteria is clinically 

important because if left undetected, it may result in treatment failure with serious 

consequences, such as a high mortality rate (Pitout and Laupland, 2008).  Infections with 
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ESBL-producing bacterial isolates have an important impact on clinical outcomes and are 

associated with high rates of mortality, a prolonged hospital stay and higher hospital costs 

(Rawat and Nair, 2010). 

 

Researchers have reported that patients infected with ESBL-producing K. pneumoniae tend to 

have less satisfactory treatment outcomes than those infected by non-ESBL-producing 

K. pneumoniae (Wong-Beringer et al., 2002).  Furthermore, a prospective multinational study 

analyzing bloodstream infections due to ESBL-producing K. pneumoniae reported that 

cephalosporin mono-therapy was associated with a 40% 14-day mortality rate (Paterson et al., 

2004). 

 

2.8 Quality control when detecting ESBL-producing K. pneumoniae strains 

 

The CLSI recommends the use of K. pneumoniae ATCC 700603 (ESBL positive) and E. coli 

ATCC 25922 (ESBL negative) strains when performing ESBL detection tests (CLSI, 2009; 

CLSI, 2011).  On disc diffusion testing, the zone diameter ranges for K. pneumoniae ATCC 

700603 strain are as follows: cefpodoxime 9 to 16 mm, ceftazidime 10 to 18 mm, aztreonam 9 

to 17 mm, cefotaxime 17 to 25 mm and ceftriaxone 16 to 24 mm (CLSI, 2009, CLSI 2011).  

In the disc diffusion phenotypic testing, the K. pneumoniae ATCC 700603 strain shows an 

equal or a more than 5 mm increase in ceftazidime-clavulanic acid and a more than 3 mm 

increase in the cefotaxime-clavulanic acid zone diameter (CLSI, 2009; CLSI, 2011).  On disc 

diffusion testing, the zone diameter of E. coli ATCC 25922 strain shows a ≤ 2 mm increase in 

zone diameter for an antimicrobial agent tested alone versus its zone when tested in 

combination with clavulanic acid (CLSI, 2009; CLSI, 2011). 

 

2.9 Typing of K. pneumoniae isolates 

 

Different phenotypic and genotypic methods have been used with various degrees of success 

in Klebsiella typing (Paterson and Bonomo, 2005; Mohamudha et al., 2010).  From an 

epidemiological point of view, it is often necessary to determine the clonality of the strains 

(Mohamudha et al., 2010). This is particularly important in endemic and epidemic nosocomial 

outbreaks of Klebsiella infections in order to improve the management of such outbreaks 

(Mohamudha et al., 2010). 
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2.9.1 Typing of K. pneumoniae by phenotypic methods 

 

The phenotypic methods traditionally used for the typing of K. pneumoniae isolates include 

phage typing, biotyping, bacteriocin typing and serotyping (Hall, 1971; Taylor, 1983; Arlet et 

al., 1990; Mohamudha et al., 2010).  Unfortunately, because of inconsistently expressed 

phenotypic traits, these phenotypic typing approaches are often not able to discriminate 

between outbreaks of related K. pneumoniae strains (Hamouda et al., 2003).  Phage typing of 

Klebsiella was first developed in the 1960s, although the phage reaction is easily read and the 

reproducibility of the method is acceptable; this technique has shown a relatively poor typing 

rate of 19% to 67% (Slopek, 1978). 

 

Serotyping is potentially useful in discriminating ESBL-producing K. pneumoniae (Schembri 

et al, 2003).  The drawback of the serotyping technique is the large number of serological 

cross-reactions that occur among the 77 capsule types (Podschun and Ullmann, 1998).  

Secondly, the individual sera have to be absorbed with the cross-reacting K antigens 

(Podschun and Ullmann, 1998).  The antisera are not commercially available and the typing 

procedure is time consuming (Podschun and Ullmann, 1998).  Finally, the test is susceptible 

to subjectivity because of weak reactions that are not always easy to interpret (Podschun and 

Ullmann, 1998). 

 

2.9.2 Typing of K. pneumoniae by molecular methods 

 

Molecular typing methods, such as plasmid profiling, pulsed field gel electrophoresis (PFGE), 

ribotyping, random amplified polymorphic DNA (RAPD) (Brisse and Verhoef, 2001; 

Paterson and Bonomo, 2005) and rep PCR assays have been used to determine the clonal 

relatedness of bacterial isolates (Cao et al., 2002; Galani et al., 2002).  Primers used in PCR 

typing may be random or specific for a known sequence (Greenwood et al., 2007).  Random 

primers are extensively used in the RAPD typing methods.  Polymerase chain reaction 

genomic fingerprinting have been found to be extremely reliable, reproducible, rapid and 

highly discriminatory (Louws et al., 1997; Sampaio et al., 2006). 
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2.9.2.1 Plasmid analysis  

 

Plasmid profile analysis was the first and the simplest nucleic acid-based typing technique 

applied to epidemiological studies (Van Leeuwen, 2009). In this method, the extra-

chromosomal genetic elements are isolated from each bacterium and then separated by 

agarose gel electrophoresis to determine their number and size (Brook et al., 2010).  However, 

plasmids of identical size with different sequences can exist in many bacteria (Farber, 1996).  

Thus, digesting the plasmids with restriction endonuclease and then comparing the number 

and size of the resulting fragments often provides additional useful information (Van 

Leeuwen, 2009).  Plasmid profile analysis is most useful in examining outbreaks that are 

restricted in time and place (Van Leeuwen, 2009). 

 

2.9.2.2 Rep-PCR typing method 

 

The rep-PCR genomic fingerprinting method has become a valuable tool for the identification 

and classification of bacteria and for molecular epidemiological studies of human and plant 

pathogens (Van Belkum, 1994; Louws et al., 1996; Rademaker et al., 2000).  This typing 

method makes use of DNA primers complementary to naturally occurring, highly conserved, 

repetitive DNA sequences, present in multiple copies in the genomes of most Gram-negative 

and several Gram-positive bacteria (Van Leeuwen, 2009).  

 

One distinct advantage of the rep-PCR genomic fingerprinting method is that the primers used 

work in a variety of Gram-negative and Gram-positive bacteria (Versalovic et al., 1991; 

Louws et al., 1997; Rasschaert et al., 2005).  This means that no previous knowledge of the 

genomic structure or nature of indigenous repeated sequences is necessary (Versalovic et al., 

1991).  The assay also bypasses the need to identify suitable arbitrary primers by trial and 

error that is inherent to the RAPD protocol (Welsh and McClelland, 1990). 

 

In rep-PCR genomic fingerprinting, primers are used to amplify specific fragments, which can 

be resolved in a gel matrix, yielding a profile referred to as a rep-PCR genomic fingerprint 

(Versalovic et al. 1994; Cleland et al., 2008).  Repetitive extragenic palindromic sequence 

based PCR (REP-PCR) and enterobacterial repetitive intergenic consensus sequence PCR 

(ERIC-PCR) have been successfully used for typing K. pneumoniae isolates (Gazouli et al., 

1997; Cao et al., 2002; Galani et al., 2002).  The ERIC-PCR is based on primers targeting the 
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highly conserved enterobacterial repetitive intergenic consensus and REP-PCR is based on 

primers targeting the repetitive extragenic palindromic sequence.  The BOX-PCR is based on 

primers targeting the highly conserved repetitive DNA sequence of the BOXA subunit of the 

BOX element of the organism (Rasschaert et al., 2005).  The rep-PCR genomic fingerprints 

generated from bacterial isolates permit differentiation of bacterial isolates to the species, 

subspecies and strain level.  These fingerprints resemble "bar code" patterns (Cleland et al., 

2008) analogous to universal product code (UPC) codes used in grocery stores (Figure 2.7) 

(Lupski, 1993). 

 

 

 

Figure 2.7: Flow chart diagram showing a summary of steps used to perform REP, ERIC and BOX 

PCR (Rademaker and De Bruijn, 1997). 

 

The generated fragments can be analysed visually or with computer assisted analysis 

(Rademaker and De Bruijn, 1997).  Recently, a semi-automated and highly standardized rep-

PCR DNA fingerpriting system called DiversiLab (DL) (bioMérieux, France) has become 

commercially available (Fluit et al., 2010).  The DL is a rapid bacterial typing system that can 
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easily be used by technologists with minimum molecular experience (Healy et al., 2005).  A 

study conducted in the United States of America by Endimiani and colleagues (2009) which 

included 42 K. pneumoniae isolates concluded that the DiversiLab typing system can quickly 

type and discriminate between K. pneumoniae isolates. 

 

2.9.2.3 Pulsed field gel electrophoresis typing  

 

Due to its high discriminatory capacity and good reproducibility, pulsed field gel 

electrophoresis (PFGE) is widely considered the most powerful tool to study the hospital 

epidemiology of K. pneumoniae (Hansen et al., 2002).  Bacterial isolates grown either in 

broth or on solid media are combined with molten agarose or poured into small molds, which 

forms agarose plugs containing the whole bacteria. The embedded bacteria are subjected to in 

situ detergent-enzyme lysis and digestion with an infrequently cutting restriction enzyme 

(Tang and Stratton, 2006).  The digested bacterial plugs are inserted into an agarose gel and 

subjected to electrophoresis in an apparatus in which the polarity of the current is changed at 

predetermined intervals (Schwartz and Cantor, 1984; Tang and Stratton, 2006).  

 

The pulsed field gel electrophoresis allows clear separation of very large molecular length 

DNA fragments ranging from 10 to 800 kb (Schwartz and Cantor, 1984).  The electrophoretic 

patterns are visualized following staining of the gels with a fluorescent dye, such as ethidium 

bromide. Gel results can be photographed and the data can be stored by using one of the 

commercially available digital systems, such as those manufactured by Alpha-Innotech, Bio-

Rad, Hitachi, or Molecular Dynamics.  Data analysis can be accomplished by using any of a 

number of commercially available software packages (Duck et al., 2003).  The PFGE has 

proven to be superior to most other methods for biochemical and molecular typing (Lin et al., 

2008). 

 

2.9.2.4 Random amplified polymorphic DNA typing method 

 

The random amplified polymorphic DNA (RAPD) assay, also referred to as arbitrary primed 

PCR, was first described in the 1990s by Williams and colleagues (1990).  The random 

amplified polymorphic DNA typing assay is based on short random primers that anneal at 

different locations on the bacterial genomic DNA (Welsh and McClelland, 1990; Van 

Leeuwen, 2009).  When amplified, these primers generate PCR products of different lengths.  
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The generated PCR fragments are resolved on agarose or acrylamide gels (Ranjard et al., 

2000).  Thus, after separation of the amplification products by agarose gel electrophoresis, a 

pattern of bands, which in theory is characteristic of the particular bacterial strain is formed 

(Welsh and McClelland, 1990; Williams et al, 1990). 

 

In most cases the sequences of the RAPD primers, which generate the best DNA pattern for 

differentiation must be determined empirically (Ranjard et al., 2000).  Researchers have 

reported success in using the RAPD assay for bacterial typing, the assay was found to be rapid 

and reliable in revealing the differences between strains.  A study conducted by Eisen and 

colleagues (1995) concluded that the RAPD assay is a useful tool in confirming outbreaks of 

multi-drug resistant K. pneumoniae strains. 

 

2.9.2.5 Amplified fragment length polymorphism typing method 

 

The amplified fragment length polymorphism (AFLP) assay is a genomic fingerprinting 

technique based on the selective amplification of a subset of DNA fragments generated by 

restriction enzyme digestion (Dijkshoorn et al., 1996).  Initially applied to the characterization 

of plant genomes, this assay has been applied to bacterial typing (Dijkshoorn et al., 1996).  In 

the AFLP assay, bacterial DNA is extracted, purified and subjected to digestion with two 

different enzymes, such as EcoRI and MseI (Blears et al., 1998).  The restriction fragments 

are then ligated to linkers containing each restriction site and a sequence homologous to a 

PCR primer binding site (Blears et al., 1998).  The PCR primers used for amplification 

contain DNA sequences homologous to the linker and contain one to two selective bases at 

their 3’ ends.  A selective primer directed against an EcoRI site might have the sequence 5’-

GAATTCAA-3’, where the first six bases are complementary to the EcoRI site while the two 

A residues at the 3’ end are selective and allow amplification of only those EcoRI sites with 

the sequence 3’-CTTAAGTT-5’.  Thus, the selective nucleotides allow amplification of only 

a subset of the genomic restriction fragments.  The pattern of AFLP can be examined under 

UV light after staining a gel with ethidium bromide (Gibson et al., 1998).  The AFLP assay 

has been reported to be reproducible and has a good ability to differentiate clonally derived 

strains (Dijkshoorn et al., 1996; Gibson et al., 1998).  The differentiation power of AFLP 

appears to be greater than that of the PCR-based ribotyping method (Koeleman et al., 1998). 
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2.10 Summary 

 

Klebsiella pneumoniae is a well-described pathogen capable of causing a range of infections 

including sepsis, urinary tract infections, pneumonia and soft tissue infections in patients in 

the intensive care unit including the neonatal intensive care unit (NICU) (Hart, 1993). The 

emergence of extended-spectrum beta-lactamase (ESBL) production in K. pneumoniae is of 

great concern because ESBL-producing bacteria may be difficult to detect and if detected 

must be reported as resistant to all penicillins, cephalosporins and aztreonam regardless of 

susceptibility testing results (Luzzaro et al., 2006). 

 

Outbreaks of ESBL-producing strains have been reported worldwide and it is therefore 

essential for diagnostic microbiology laboratories to have the updated methods for the 

detection of ESBL-producing strains (Brown et al., 2000; Tofteland et al., 2007).  The fact 

that patients most likely to become infected with ESBL-producing K. pneumoniae are those 

with prolonged stays in the ICU is of great concern, because any delay in detecting ESBL-

producing strains may result in serious consequences, such as death (Stürenburg and Mack, 

2006). 

 

The aim of this study was to determine the prevalence of ESBL-producing K. pneumoniae 

clinical isolates; to investigate the sensitivity and specificity of multiplex PCR assay and the 

Vitek2 AES in detecting ESBL-production using the combination disc method as a gold 

standard.  Lastly, the study investigated the clonal relatedness of K. pneumoniae clinical 

isolates using ERIC, BOX and REP-PCR genotypic assays. 

 

This study will help in determining the prevalence of ESBL-producing K. pneumoniae isolates 

in the area of Tshwane.  The results of this study will determine whether the Vitek2 AES and 

multiplex PCR assays are as good as the combination disc method in detecting ESBL-

producing K. pneumoniae isolates.  Lastly, the results of this study will help in determining 

whether the ESBL-producing K. pneumoniae isolates from the Steve Biko Academic Hospital 

are clonally related or not. 
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CHAPTER 3 

 

3.1 ABSTRACT 

 

Klebsiella pneumoniae is an opportunistic pathogen that can cause infection under certain 

conditions. The bacterium tends to cause infection in people with underlying diseases.  

Treatment of K. pneumoniae infection can be challenging, this is due to its ability to produce 

extended spectrum beta-lactamases.  This study investigated the prevalence of ESBL-

producing K. pneumoniae clinical isolates and determined the sensitivity and specificity of the 

Vitek2 advanced expert system (AES) (bioMérieux, France) and a multiplex PCR assay 

(targeting the blaSHV, blaTEM and blaCTX-M genes) against the combination disc method in 

detecting ESBL-production.  A total of 150 consecutive clinical isolates of K. pneumoniae 

were collected and analysed for ESBL-production.  The combination disc method was 

considered the gold standard; this method was performed and interpreted according to the 

Clinical and Laboratory Standards Institute’s 2009 guidelines.  The prevalence of ESBL 

positive K. pneumoniae according to the combination disc method was 57.4% (85/148).  

Compared to the combination disc method, which was used as a confirmatory test, the 

sensitivity and specificity of the Vitek2 AES in detecting ESBL-production were 99% (84/85) 

and 98% (62/63) respectively.  The sensitivity and specificity of the multiplex PCR assay 

(using blaCTX-M as a true marker for ESBL-production) were found to be 96% (82/85) and 

98% (62/63) respectively.  A good correlation was obtained between the three assays 

(multiplex PCR assay, Vitek2 AES and the combination disc method) evaluated in this study.  

According to the results, there is a high prevalence of ESBL-producing K. pneumoniae 

isolates in the Tshwane area.  Infection control measures to reduce the spread of ESBL-

producing isolates are recommended.   

  

Key words: Klebsiella pneumoniae, blaCTX-M, extended spectrum beta-lactamases, 

prevalence, sensitivity and specificity 
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3.2 INTRODUCTION 

 

Extended-spectrum beta-lactamase (ESBL)-producing bacteria were first isolated in Germany 

in 1983 (Huang et al, 2007).  Extended-spectrum beta-lactamases are plasmid-mediated 

enzymes capable of hydrolyzing a beta-lactam bond in commonly prescribed beta-lactam 

antibiotics, such as penicillins, broad spectrum cephalosporins and aztreonam (Moland et al., 

2008).  Once the antibiotics are hydrolyzed they become ineffective (Moland et al., 2008).  

During the 1990s, the temoniera (TEM) and sulphydryl (SHV) ESBLs were the most 

dominant ESBLs all over the world, with cefotaximase (CTX-M) enzymes being rarely 

detected (Canton and Coque, 2006).  The CTX-M enzymes are increasingly detected 

throughout the world and are becoming the most prevalent ESBLs found in bacterial isolates 

(Perez et al., 2007). 

 

The marked increase in the incidence of infections caused by ESBL-producing bacteria is of 

great concern because any delay in detecting ESBL-producing strains may result in serious 

consequences, such as treatment failure and death (Paterson et al., 2003).  Currently, the 

Clinical Laboratory Standards Institute (CLSI, 2009; CLSI, 2011) recommends screening for 

ESBL-production among Escherichia coli, Klebsiella pneumoniae, K. oxytoca and Proteus 

mirabilis (Pitout et al., 2005; Jeong et al., 2008).  

 

Klebsiella pneumoniae is among the leading nosocomial pathogens that cause pneumonia and 

bloodstream infections in intensive care units (Paterson, 2006; Marchaim et al., 2008). 

However, most of the K. pneumoniae strains have the tendency to produce ESBLs, which as 

described above renders these strains to be resistant to beta-lactam antibiotics (Luzzaro et al., 

2006). Although ESBLs have been detected in a wide variety of Gram-negative bacteria, 

K. pneumoniae has been found to be the most common bacterial species to produce ESBLs 

(Paterson et al., 2004). 

 

In the Nordic countries, the disc diffusion method is commonly used in clinical settings for 

ESBL detection and has been shown to have a specificity of 100% and sensitivity of 93.6% 

(Robin et al., 2007).  Molecular methods, such as PCR and DNA sequencing can increase the 

detection of ESBL-production; however, these methods are not suitable for most routine 

diagnostic laboratories (Nyberg et al., 2008).  The Vitek2 automated expert system (AES) 

(bioMérieux, France) detects ESBLs by giving an estimation of the minimum inhibitory 
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concentration (MIC), by comparing the growth curves to those of reference strains with 

known MICs and / or comparing the MIC of an antimicrobial agent when tested alone versus 

the MIC of antimicrobial agents when tested in combination with beta-lactamase inhibitors 

(clavulanic acid) (Dashti et al., 2006).  In a study done in Italy the Vitek2 ESBL AES test 

system correctly identified 306 of the 312 ESBL-producing bacteria, yielding a sensitivity of 

98.1% and a specificity of 99.7% (Spanu et al., 2006). 

 

The prevalence of ESBL producers among enterobacterial isolates differs at institutions and 

varies between geographic regions (Yu et al., 2006).  In some parts of the world, the 

prevalence of ESBL-producing K. pneumoniae strains in hospitals ranges from 5% to 25% 

(Marra et al., 2006).  In the United States, the prevalence of ESBL-producing K. pneumoniae 

isolates is usually less than 9% (Dandekar et al., 2004).  In Europe, the prevalence is around 

15% to 20% (Luzzaro et al., 2006).  In South Africa, several outbreaks of infections caused by 

ESBL-producing Klebsiella have been reported, but no national surveillance figures have 

been published (Bell et al., 2002).  However, Bell et al. (2002) reported that 36% (13/36) of 

the K. pneumoniae isolates collected in a single South African hospital in 1998 and 1999 were 

ESBL producers. 

 

The fact that patients most likely to become infected with ESBL-producing 

Enterobacteriaceae are those with prolonged stays in the ICU is of great concern (Paterson 

and Bonomo, 2005).  Failure to rapidly detect ESBL-producing strains may result in serious 

consequences, such as treatment failure and death (Stürenburg and Mack, 2003; Pitout and 

Laupland, 2008).  It is essential for diagnostic laboratories to use rapid and reliable methods 

for the detection of ESBL-producing bacteria (Brown et al., 2000; Tofteland et al., 2007).  As 

long as there is no rapid and reliable test to detect ESBL-producing strains, patients will 

continue to be at risk of becoming infected with strains that will not respond to seemingly 

appropriate therapy, let alone the high mortality rate especially in ICUs. 

 

The aim of this study was to determine the prevalence of ESBL-positive clinical isolates of 

K. pneumoniae.  The study compared the sensitivity and specificity of the Vitek2 AES 

(bioMérieux, France) and a multiplex PCR assay against the combination disc method in 

detecting ESBL-producing K. pneumoniae isolates.   
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3.3 MATERIALS AND METHODS 

 

3.3.1 Study setting, sample collection and storage 

 

The study was conducted at the University of Pretoria, Department of Medical Microbiology/ 

National Health Laboratory Service (NHLS), Pretoria, South Africa.  This study was approved 

by the Research Ethics Committee, Faculty of Health Sciences, University of Pretoria 

(protocol number S21/2010). 

 

A total of 150 consecutive clinical isolates of K. pneumoniae identified by the Vitek2 AES 

(bioMérieux, France) were obtained from clinical specimens sent for analysis from the Steve 

Biko Academic Hospital to the Department of Medical Microbiology, Tshwane Academic 

Division, National Health Laboratory Service (NHLS).  The sample size was calculated for 

the conservative series where a prevalence of 60% is assumed.  The collected isolates were 

temporarily stored in a cold room (for less than two weeks); the isolates were subcultured on 

sheep blood agar and incubated for 24 hrs at 37˚C (HF 212 UV, Shangai Lishen Scientific 

Equipment, China) in order to obtain a fresh culture.  The fresh culture was used to prepare 

0.5 McFarland standard suspensions (for ESBL combination disc detection method) and to 

inoculate 3 ml of Brain Heart Infusion (BHI) broth (Oxoid, England), which was subsequently 

incubated for 18 to 24 hrs at 37˚C (HF 212 UV, Shangai Lishen Scientific Equipment, China).  

After incubation, 200 µl of the cultured broth was used for DNA extraction and the remaining 

broth culture was mixed with an equal volume of 50% sterile glycerol and stored at -70˚C 

(New Brunswick Scientific, Germany) for future use. 

 

3.3.2 ESBL detection methods 

 

The Vitek2 AES (bioMérieux, France), the combination disc method (Mast Diagnostics) and a 

multiplex PCR assay were used to detect ESBL-producing K. pneumoniae isolates.  Klebsiella 

pneumoniae ATCC 700603 (ESBL-positive) and Escherichia coli ATCC 25922 (ESBL-

negative) quality control strains were included in all the ESBL detection methods.  All isolates 

showing discordant results were re-tested with all three assays.  All isolates with discordant 

results after re-testing were sequenced by Inqaba biotec (Pretoria).  The sequences were edited 

with CLC DNA workbench 6.0 (CLC bio, Denmark) and analyzed using the basic local 

alignment tool software (BLAST) programme (http://www.ncbi.nlm.nih.gov/BLAST). 
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3.3.2.1 Vitek2 AES ESBL detection method 

 

The Vitek2 AES (bioMérieux, France) ESBL detection method was performed by a qualified 

medical technologist as part of the routine laboratory diagnostic testing at the Department of 

Medical Microbiology (NHLS/TAD).  In brief, a fresh culture of the bacterial isolate to be 

tested was diluted to a standard concentration (0.5 to 0.6 McFarland standard) and inoculated 

into the Vitek2 AST NO64 and/or AST N133 card (bioMérieux, France) containing 

antibiotics in the wells at different concentrations.  The system monitors the growth of each 

well in the card over a defined period of time (Nyberg et al., 2008). After incubation, the MIC 

values were measured using the Vitek2 software.  After determining the MIC values, a report 

classifying the tested bacterial isolate as ESBL-positive or negative was generated (Dashti et 

al., 2006). 

 

3.3.2.2 Combination disc ESBL detection method 

 

The combination disc method (CLSI, 2009; CLSI, 2011) was used as the gold standard and it 

was used for the confirmation of all ESBL-positive strains as recommended by the CLSI 

guidelines (2009, 2011).  Briefly, a 0.5 McFarland standard of the tested bacterium was 

prepared according to the standard disc diffusion recommendations.  The 0.5 McFarland 

standard suspension was then spread in three directions onto the Mueller-Hinton (Oxoid, 

England) media plate.  Two sets of discs (Mast diagnostic, Merseyside, UK), ceftazidime (30 

µg) and cefotaxime (30 µg) discs alone and in combination with beta-lactamase inhibitor 

(clavulanic acid 10 µg) were applied on the agar using a sterile disc dispenser.  The media 

plates were incubated at +/- 37˚C (Shangai Lishen Scientific Equipment, China) for 16 to 18 

hours.  After incubation, the plates were examined for growth and the zone of inhibition was 

measured.  The isolates were termed ESBL producers if there was an equal or more than 5 

mm increase in the zone diameter for either antimicrobial agent tested in combination with 

clavulanic acid versus its zone when tested alone (CLSI, 2009; CLSI, 2011). 

 

3.3.2.3 Multiplex PCR ESBL detection method 

 

The multiplex PCR assay (Monstein et al., 2007) was performed using the Qiagen Multiplex 

PCR Kit (Qiagen, Germany). This assay was used to simultaneously detect the presence of 

three sets of genes (blaCTX-M =593 bp, blaSHV =747 bp, and blaTEM = 445 bp) associated with 



 65

ESBL-production.  The product size and primer sequences of these genes are shown in Table 

3.1.  The DNA was manually extracted using a commercial DNA extraction kit (Zymo 

Research, USA), according to the manufacturer’s protocol.  The extracted DNA samples were 

stored at -20ºC (Whirlpool, USA) until further use. 

 

The multiplex PCR reaction mix was prepared according to the manufacturer’s instructions 

(Qiagen, Germany).  The total reaction volume was 50 µl and it consisted of the following 

multiplex PCR components:  25 µl of 2X Qiagen multiplex PCR master mix (HotstarTaq 

DNA polymerase, multiplex PCR buffer and dNTP mix), 5 µl of 20 pmol/µl primer mix, 5 µl 

of 5X Q-Solution, 10 µl of RNase- free water (Qiagen, Germany) and 5 µl of template DNA.  

The amplification of DNA was done using a Mastercycler (Eppendorf, Germany) with the 

following cycling conditions: initial activation step (HotStarTaq DNA Polymerase) at 95˚C 

for 15 minutes, 40 cycles of denaturation at 94˚C for 30 seconds, annealing at 59˚C for 90 

seconds, extension at 72˚C for 90 seconds, followed by a final extension step at 72˚C for 10 

minutes.   

 

The separation of the amplified products was done using 1% (m/v) agarose (Seakem, USA) 

gel electrophoresis in a 1X TBE buffer [1 mM EDTA (Promega, Madison, USA), 10 mM 

Boric acid (Analar, Merck, Canada) and 10 mM Tris-HCl (Calbiochem, Merck, Canada), pH 

8.0] at 80 V for 120 minutes.  On each gel a standard molecular size marker (1 Kb ladder) 

(Fermentas, Lithuania) was included to estimate the sizes of the DNA fragments. The DNA 

fragments were visualized using the Ultraviolet Light Box (UVP products, USA). 

Visualization of the DNA fragments was made possible by the addition of 5 µl ethidium 

bromide (10 µg/ml) (Promega, Madison, USA) in the gel before it was completely solidified. 

 

3.3.3 Statistical analysis 

 

In this study, descriptive statistics (percentage frequencies) was used do determine the 

prevalence rates of ESBL-positive bacterial isolates using the combination disc method 

recommended by the CLSI.  The two ESBL detection methods (Vitek2 AES and multiplex 

PCR assay) were investigated and compared using specificity and sensitivity with the 

combination disc method used as the confirmatory test (gold standard).  
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The sensitivity (%) was calculated as follows: (number of isolates positive for ESBL-

production by multiplex PCR or Vitek2 AES) X 100/ (number of isolates positive for ESBL-

production by the combination disc method).  The specificity (%) was calculated as follows: 

(number of isolates showing a negative result for ESBL-production by multiplex PCR or 

Vitek2 AES X100/ (number of isolates that failed to produce any ESBLs by the combination 

disc method). 

 

3.4 RESULTS 

 

The results of the quality control strains were all within the reference range; K. pneumoniae 

ATCC 700603 showed a more than 5 mm increase in zone diameter of ceftazidime and 

cefotaxime disc tested alone vs its zone when tested in combination with clavulanic acid.  The 

E. coli ATCC 25922 strain showed an equal or less than 2 mm increase in zone diameter for 

an antimicrobial agent tested alone versus its zone when tested in combination with clavulanic 

acid).  Two isolates were contaminated and excluded from the study, thus, a total of 148 

K. pneumoniae isolates were analysed.  

 

The combination disc method was used as a confirmatory test for detecting ESBL-production 

and it was performed and interpreted according to the CLSI, 2009 guidelines.  The 

combination disc containing cefotaxime detected the presence of ESBL activity in 57% 

(84/148) K. pneumoniae clinical isolates, while the ceftazidime combination disc detected 

ESBL activity in 57% (85/148) K. pneumoniae isolates (Table 3.4).  The overall prevalence of 

ESBL-producing K. pneumoniae isolates was 57% (85/148) (Table 3.2) when the results of 

both the two cephalosporin combination discs were taken into consideration.  The results from 

the Vitek2 AES (bioMérieux, France) were reported as either ESBL-positive or ESBL-

negative.  The overall sensitivity and specificity of the Vitek2 AES in this study were 99% 

(84/85) and 98% (62/63) respectively when compared to the combination disc method 

(confirmatory test) (Table 3.3).    

 

The multiplex PCR assay was successfully performed on all 148 K. pneumoniae clinical 

isolates. The 1% agarose gel electrophoresis revealed a distinct separation of the targeted 

genes associated with ESBL-production (blaCTX-M =593 bp, blaSHV =747 bp, and blaTEM = 445 

bp) (Figure 3.1).  The blaSHV gene was detected in 79% (117/148) of the bacterial isolates, 

blaTEM gene was detected in 51% (76/148) of the bacterial isolates and the blaCTX-M gene was 
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detected in 57% (84/148) bacterial isolates.  The combination of the blaSHV and blaTEM genes 

were detected in 13% (6/148) of the K. pneumoniae isolates, whilst the combination of the 

blaSHV, blaTEM and blaCTX-M genes was detected in 41% (61/148) of the K. pneumoniae 

clinical isolates. In this study the blaSHV gene alone was detected in 18% (27/148) of the 

bacterial isolate.  The multiplex PCR assay in this study revealed the absence of blaSHV, 

blaTEM and blaCTX-M genes in 11% (16/148) of the K. pneumoniae clinical isolates.  The 

sensitivity and specificity of the multiplex PCR assay in detecting ESBL-positive 

K. pneumoniae isolates (using CTX-M gene as a true marker for ESBL-production) were 

reported as 96% (82/85) and 98% (62/63) respectively (Table 3.3) when compared to the 

combination disc method.  Sequencing of discordant results were as follows; isolate number 

44 had blaSHV2 and blaTEM genes, isolate number 93 had blaSHV-1  and blaTEM-1 genes, isolate 

number 111 had blaSHV-1 and blaTEM-1 genes.  Sequencing of the blaCTX-M gene was 

unsuccessful.  

 

3.5 DISCUSSION 

 

In this study, the prevalence of ESBL-producing K. pneumoniae isolates was successfully 

determined using several different methods.  The sensitivity and specificity of the Vitek2 AES 

and multiplex PCR assay in detecting ESBL-positive K. pneumoniae isolates when compared 

to the combination disc method (gold standard) were determined.  The prevalence of ESBL-

producing K. pneumoniae clinical isolates observed in this study was 57% (85/148), which is 

higher than that described in similar studies. Bell and colleagues (2002) reported a prevalence 

of 36% (13/36) among K. pneumoniae isolates collected between 1998 and 1999 in a South 

African medical centre.  Another study conducted in a South African medical center by 

Hirakata et al. (2005) which included 135 K. pneumoniae isolates collected between 1998 and 

2002, reported a prevalence of 31% (38/135) ESBL-producing K. pneumoniae isolates.  The 

results of this study when compared to the study by Hirakata et al. (2005) shows that the 

prevalence of ESBL-producing isolates in South Africa have increased in the past 10 years.   

 

In Tanzania, Mshana and colleagues (2009) reported a prevalence of 63% (58/91) ESBL-

producing K. pneumoniae isolates, which is slightly higher than the 57% (85/148) prevalence 

observed in this study. Similar studies conducted in Southern Thailand by Jitsurong and 

Yodsawat (2006) reported an ESBL prevalence of 44% (16/36) in K. pneumoniae isolates 

obtained from blood culture specimens.  A study done in South Arabia by Tawfik et al. (2011) 
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which included 430 K. pneumoniae isolates collected over a six months period from January 

to June 2008, reported a prevalence of 25.6% (110/430) ESBL-producing K. pneumoniae.   

 

The prevalence of ESBL-production observed in this study is high and poses a threat to the 

treatment of serious infections due to K. pneumoniae isolates.  All the ESBL isolates from this 

study were reported as being sensitive to meropenem and imipenem by the Vitek2 AES.  

However, this does not necessarily mean that all isolates were sensitive to meropenem and 

imipenem because the Vitek2 AES might have misinterpreted the susceptibility results.  The 

sensitivity and specificity of the Vitek2 AES system in the identification of carbapenemase is 

78% and 38% respectively (Coetzee et al., 2011).  A multiplex PCR assay targeting genes 

associated with carbapenemase-production (OXA-23, OXA-24, OXA-51 and OXA 58) 

corroborated the results obtained with the Vitek2 AES by yielding negative results for all the 

isolates tested (data not shown).  The results showed that in the Tshwane region (South 

Africa), it is rare to find K. pneumoniae isolates that are resistant to carbapenem antibiotics.  

Thus making these carbapenems a drug of choice in treating infections caused by ESBL-

producing isolates.  However, in the near future the carbapenem antibiotics will become 

useless due to the emergence of carbapenem resistant isolates, such as the KPC and NDM-1-

producing isolates, which have recently been reported in the Gauteng region of South Africa 

(Coetzee et al., 2011).  

 

In other settings, such as New York, the production of carbapenemases by K. pneumoniae 

isolates have been reported (Woodford et al., 2004).  Yong and colleagues (2009) identified a 

new type of carbapenem-resistant K. pneumoniae isolate designated New Delhi Metallo-beta-

lactamase-1 strain (NDM-1).  Payal et al. (2010) have recently isolated NDM-1 isolates in 

patients admitted at a tertiary hospital centre in Mumbai.  In South Africa, an outbreak of 

NDM-1 producing isolates have recently been reported (National Institute for Communicable 

Diseases, 2011).  The emergence of the NDM-1 strain is a great concern in the clinical setting; 

this strain has been reported to be resistant to almost all beta-lactam antibiotics and other 

classes of antibiotics (Raghunath, 2010).  Colistin and tigecycline are some of the few 

antibiotics that can be used to treat infections caused by NDM-1-producing isolates (National 

Institute for Communicable Diseases, 2011).  However, colistin is highly toxic and has 

significant side effects, such as nephrotoxicity and neurotoxicity (Perez et al., 2007). 
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This study revealed that the ceftazidime combination disc is more specific than the cefotaxime 

combination disc in detecting ESBL activity (Table 3.4).  This is supported by the fact that the 

cefotaxime disc failed to detect one K. pneumoniae isolate (isolate number 44) as ESBL 

positive, instead it reported the isolate as ESBL-negative.  This observation has been reported 

in a similar study (Gheldre et al., 2003).  A study done by Gheldre et al. (2003) concluded 

that the detection rate of ESBL-production is increased when more than one cephalosporin 

combination disc are used.  In line with results by Gheldre et al. (2003), this study confirmed 

the higher sensitivity of the ceftazidime/clavulanate discs compared with the 

cefotaxime/clavulanate discs in detecting ESBL-producing K. pneumoniae isolates. 

 

The Vitek2 AES was able to detect the presence of ESBL in 57% (84/148) of K. pneumoniae 

isolates (Table 3.2).  When the Vitek2 AES was compared to the combination disc assay (gold 

standard), it revealed a high level of agreement, with the exception of one isolate, which was 

misidentified (isolate no 44) as ESBL-negative by the Vitek2 AES.  In comparison with the 

combination disc method the overall sensitivity and specificity of the Vitek2 AES were 99% 

and 98%, respectively (Table 3.3).  Sorlózano et al. (2005) reported that the Vitek2 AES is as 

good as phenotypic methods, such as disc diffusion and ESBL E-test in detecting ESBL-

producing isolates.  Furthermore, the high sensitivity and specificity of the Vitek2 AES 

observed in this study are consistent with that observed by Spanu et al. (2006), where a 

sensitivity of 97.7% (306/312) and a specificity of 99.7% (815/817) by the Vitek2 AES in 

detecting ESBL-production among a total of 1 129 Enterobacteriaceae clinical isolates were 

reported.  In a study by Nyberg et al. (2008), the Vitek2 AES reported an accuracy of 91.1% 

(113/123) in detecting ESBL-production.  The sensitivity and specificity were reported as 

89.7% and 85.7% respectively, which is much lower than that observed in this study.  The 

results of this study showed that the Vitek2 AES is a reliable and easy to perform assay in 

detecting ESBL-producing K. pneumoniae isolates. 

 

The prevalence rates of the blaSHV, blaCTX-M and blaTEM genes in K. pneumoniae isolates were 

found to be 79% (117/148), 57% (85/148) and 51% (76/148) respectively.  In this study, the 

blaCTX-M gene was detected in 96% (82/85) of the ESBL-producing K. pneumoniae clinical 

isolates.  The widespread distribution of the blaCTX-M enzymes in hospital settings is likely to 

be caused by the spread of mobile genes through plasmids and transposons among unrelated 

strains (Canton and Coque, 2006). 
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The multiplex PCR assay (Monstein et al., 2007) employed in this study revealed the absence 

of the blaSHV, blaTEM and blaCTX-M genes in 11% (16/148) of the K. pneumoniae clinical 

isolates, as anticipated, all of these 16 isolates were reported as none ESBL-producers by the 

combination disc method.  Interestingly, some of the strains harbouring the blaSHV and blaTEM 

genes were found to be none ESBL-producers by the combination disc method (gold standard) 

as well as by the Vitek2 AES.  These discrepancies are; however, not surprising, because 

there are various variants of SHV and TEM genes not associated with ESBL-production.  

Such variants include the SHV-1 subtype that is not associated with ESBL-production 

(Chaves et al., 2001), instead this gene has been reported to be chromosomally located in the 

K. pneumoniae genome (Chaves et al., 2001; Ford and Avison, 2004). 

 

Discordant results were encountered in six (44, 59, 61, 88, 93 and 111) of the 148 isolates. 

The discordant results obtained for isolates number 88 and 61 were resolved by repeating the 

multiplex PCR assay.  Isolate number 44 was ESBL-positive by the combination disc method 

but was reported as ESBL-negative by the Vitek2 AES.  However, this isolate was found to 

harbour the blaSHV and blaTEM genes according to the multiplex PCR assay.  The sequencing 

of these genes revealed that this isolate was misidentified as ESBL-negative by the Vitek2 

AES, since it was found to possess the blaSHV-2 subtype, which is consistent with ESBL-

production as reported by Nyberg and colleagues (2008).  Isolate number 59 was found to be 

ESBL-negative by the combination disc method and it was found to harbour no ESBL gene by 

the multiplex PCR assay; surprisingly the Vitek2 AES falsely reported this isolates as an 

ESBL-producing isolate.  There is no perfect explanation with regard to the discordant results 

showed by isolate number 59.  However, similar results were reported by Nyberg and 

colleagues (2008) in which one E. coli isolate tested negative for ESBL genes (blaSHV, blaCTX-

M and blaTEM) but was reported as an ESBL-producing isolate by the Vitek2 AES. However, 

the same isolate was reported as an ESBL-negative by the disc diffusion and agar dilution 

ESBL tests (Neyberg et al., 2008).  

 

Isolate number 93 was reported as being a non-ESBL-producing isolate by the combination 

disc method, in the Vitek2 AES this isolate was reported as being an inhibitor resistant TEM 

(IRT) isolate.  In the multiplex PCR assay, the isolate was found to harbour the blaSHV, blaTEM 

and blaCTX-M genes.  Sequencing of the blaSHV and blaTEM genes revealed that these genes did 

not code for ESBL-production since they were of the blaSHV-1 and blaTEM-1 subtypes (Chaves 

et al., 2001; Nyberg et al., 2008).  However, isolate number 93 was found to harbour the 
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blaCTX-M gene but was still reported as ESBL-negative by the Vitek2 AES and the 

combination disc method.  Discordant results showed by isolate number 93 might have been 

caused by the failure of the phenotypic assays to detect ESBL-production in an inhibitor 

resistant isolate coexisting with ESBL enzymes.  A similar observation has been reported in a 

study by Bell and colleagues (2007) in which a K. pneumoniae isolate was found to harbour 

blaSHV, blaTEM and blaCTX-M genes but yet reported as ESBL-negative by combination disc 

method.  The sequencing of the blaCTX-M gene failed because of the degeneracy of the primers 

that were used.   

 

Isolate number 111 was reported as ESBL-positive by the Vitek2 AES and the combination 

disc method. This isolate was found to harbour a blaSHV gene by the multiplex PCR assay, 

sequencing of this gene showed that it was a blaSHV-1 subtype which is mostly a non-ESBL 

subtype (Chaves et al., 2001).  The discordant results in isolate number 111 might be due to 

hyperproduction of the SHV-1 enzyme.  Hyperproduction of the SHV-1 enzyme has been 

shown to give false positive ESBL results in phenotypic methods (Rice et al., 2000).  Similar 

results were reported by Wu and colleagues (2001) in a study which included nine isolates of 

K. pneumoniae collected during an outbreak in a neonatal ward from June 1997 to April 1998. 

 

Most of the SHV-1, TEM-1 and some other variants of the SHV and TEM genes code for 

non-ESBL phenotypes, therefore it is essential to sequence and analyze the SHV and TEM 

amplicons detected by the multiplex PCR assay using Bioinformatics.  Further analysis will 

aid to reveal if the detected genes are of ESBL genotype or non ESBL genotype.  If these 

genes are not sequenced, it will be difficult to conclude whether these genes are associated 

with ESBL-production or not, unless compared with other detection methods, such as the 

combination disc method, as was done in this study.  

 

This study showed that the presence of the blaSHV and blaTEM genes in the bacterial genome 

does not always correlate with the level of ESBL-production by the bacterial isolate (poor 

comparison with combination disc method).  Nevertheless, in contrast with the blaSHV and 

blaTEM genes, the results of this study showed that the detection of the blaCTX-M gene is usually 

associated with ESBL-production.  Pitout and Laupland (2008) outlined that the PCR 

amplification of blaCTX-M specific products in bacterial isolates suspected of producing ESBLs 

without sequencing usually provides sufficient evidence that a blaCTX-M gene is responsible for 

the ESBL-production (Pitout and Laupland, 2008).  
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3.6 CONCLUSIONS 

 

There is a high prevalence of ESBL-producing K. pneumoniae clinical isolates in the Tshwane 

area.  The high prevalence of ESBL-producing K. pneumoniae in this clinical setting is a great 

concern; infections with these bacteria have serious implications, such as high mortality rate, 

because ESBL-production is one of the important causes of treatment failure.  Strict infection 

control measures, such as the appropriate use of antibiotics and isolation of patients infected 

with ESBL-producing isolates are needed. 

 

The Vitek2 AES results were found to be comparable to the results of the combination disc 

method recommended by the CLSI in detecting ESBL-positive K. pneumoniae clinical 

isolates.  Detection of the blaSHV and blaTEM genes in a bacterial isolate does not always 

correlate with ESBL-production by a bacterial isolate.  The multiplex PCR assay (using the 

blaCTX-M gene as a true marker for ESBL production) evaluated in this study was also 

comparable to the combination disc method.  However, the assay is not as rapid as the Vitek2 

AES in detecting ESBL-production among K. pneumoniae isolates.  Nevertheless, the 

multiplex PCR assay may be useful, if used as a screening assay for the detection of 

circulating bla genes in the Tshwane region.  Future studies with an additional panel of 

various bacteria (eg E. coli) is recommended in order to assess the overall usefulness of the 

Vitek2 AES (bioMérieux, France) in detecting ESBL-producing bacterial isolates. 
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Table: 3.1 The nucleotide sequences of primers and expected product size used in the multiplex 

PCR assay reaction for the detection of ESBL genes (Monstein et al., 2007) 

 

 

________________________________________________________________________________________ 

 
ESBL genes       Primer sequence 5’-3’                                                                          Size of amplicon (bp)  
________________________________________________________________________________________ 
 

blaSHV                            Forward: ATGCGTTATATTCGCCTGTG                                                                                                         747 

                                            Reverse:  TGCTTTGTTCGGGCCAA    

 
blaTEM                            Forward: TCGCCGCATACACTATTCTCAGAATGA                                                                          445 

                                            Reverse:  ACGCTCACCGGCTCCAGATTTAT  

 
blaCTX-M                       Forward: ATGTGCAGYACCAGTAARGTKATGGC                                                                             593 

                                            Reverse:  TGGGTRAARTARGTSACCAGAAYCAGCGG 

 

 

*All primers were manufactured by Inqaba Biotechnical Industries (Pty) Ltd (Pretoria, South Africa) * 

 

 

Table 3.2 The prevalence of ESBL-producing K. pneumoniae isolates by three detection methods: 

Vitek2 AES (bioMérieux, France), multiplex PCR assay (Monstein et al., 2007) and 

combination disc method (CLSI, 2009) 

 

                                                                           
                                                                                            ESBL status  

        

_______________________________________________________________________________________ 
      

  ESBL detection method                                Positive                           Negative                            Total No: 

_______________________________________________________________________________________ 

 
Combination disc method                                  85   (57%)                          63                                           148 
Vitek2 AES                                                        84   (57%)                          62                                           148 
Multiplex PCR                                                   82   (55%)                          62                                           148 
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Table 3.3: Specificity and sensitivity of Vitek2 system (bioMérieux, France) and the multiplex PCR 

assay (Monstein et al., 2007) in detecting ESBL-production when compared to the 

combination disc method (CLSI, 2009) 

 

 

 

 

 

 

 

 

 

 

Table 3.4: Phenotypic characterisation and detection of ESBL-production in K. pneumoniae clinical 

isolates 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
8000bp 
 
3000bp 
 
 
 
1000bp 
750bp 

500bp 

 

________________________________________________________________________________________ 

 
ESBL detection method                                   Sensitivity %                                        Specificity %    

________________________________________________________________________________________ 
 
Vitek2 AES                                                         99% (84/85)                                          98% (62/63)                               

 

Multiplex PCR                                                    96% (82/85)                                          98% (62/63)  

 
                                                                          ESBL status                                     
__________________________________________________________________________________________ 

 

ESBL detection method                                                   Positive                Negative                 Total No: 
-___________________________________________________________________________________________ 
 

1. Vitek2 AES 
    NO64 Card                                                                       32                               21                          54            
    N133 Card                                                                        52                               41                          94 
 
2. Combination disc method 
    Ceftazidime                                                                      85                              63                         148                                                                             
    Cefotaxime                                                                       84                              64                         148                                                   
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Figure 3.1: Multiplex PCR agarose gel electrophoresis results showing ESBL genes visualized under 

UV light. Samples 8, 9, 11, 14, 17, 18, 19, 20 and 22 have the blaTEM and blaCTX-M genes. 

Sample 10 and 16 have the blaCTX-M and blaTEM genes. Sample 15 has the blaCTX-M ESBL 

gene.  Sample 13 posseses no ESBL gene.  N= Negative control, P= positive control for 

ESBL-production and L= 1 Kb ladder. 

 

Hint: blaSHV= 747 bp, blaCTX-M= 593 bp and blaTEM= 445 bp  
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Figure 3.2 The combination disc ESBL detection method showing a ESBL-negative isolate of 

Klebsiella pneumoniae. Note there is no expansion of the zone diameters around the 

cefotaxime (CTX) and ceftazidime (CAZ) discs when tested in the presence of clavulanic 

acid (CV) versus the zone diameters for the agents tested alone. A less than 5 mm 

increase in zone diameter for at least one combination disc indicates non-ESBL-

production. 
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Figure 3.3 The combination disc ESBL detection method showing an ESBL-positive isolate of 

Klebsiella pneumoniae.  Note the expansion of the zone diameters around the cefotaxime 

(CTX) and ceftazidime (CAZ) discs when tested in the presence of clavulanic acid (CV) 

versus the zone diameters for the agents tested alone. An increase in ≥ 5 mm zone 

diameter for at least one combination disc indicates ESBL-production. 
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In the following chapter the editorial style of the journal, FEMS Immunology and Medical 
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CHAPTER 4 

 

4.1 ABSTRACT 

 

The ability of Klebsiella pneumoniae to spread rapidly amongst patients often leads to 

nosocomial outbreaks of infection, especially in neonatal units.  Phenotypic methods 

developed for typing K. pneumoniae includes phage typing, bacteriocin typing and serotyping.  

However, due to the poor reproducibility of phenotypic methods newer molecular typing 

techniques, such as pulsed field gel electrophoresis, ribotyping and rep-PCR have emerged 

and have proven to be useful in typing bacterial isolates.  A total of 150 consecutive 

K. pneumoniae clinical isolates were collected and investigated for clonal relatedness using 

the rep-PCR (ERIC, BOX and REP) fingerprinting method.  In this study, the ERIC-PCR 

assay was found to have a higher resolution power than the BOX-PCR assay (22 groups 

versus 18 groups).  The rep-PCR assay using ERIC-primers may be useful in confirming the 

presence of clonal populations among K. pneumoniae isolates.  Furthermore, the rep-PCR 

assay can be an alternative method to PFGE in developing countries and resource-limited 

laboratories for rapidly determining the clonal relatedness of K. pneumoniae clinical isolates.  

The ESBL-producing and non ESBL-producing K. pneumoniae isolates were uniformly 

distributed in groups generated by ERIC and BOX PCR dendrogrammes. 

 

Keywords: Clonal relatedness, dendrogramme, K. pneumoniae, rep-PCR, ERIC-PCR, BOX-

PCR 
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4.2 INTRODUCTION 

 

Klebsiella pneumoniae is an important hospital-acquired pathogen that causes severe 

morbidity and mortality among newborns and has the ability to spread rapidly, expecially in 

neonatal intensive care units (Macrae et al., 2001; Kuripati et al., 2004).  Hospital outbreaks 

of K. pneumoniae are frequent and especially feared when caused by multidrug-resistant 

strains, such as extended-spectrum beta-lactamase (ESBL)-producers (Paterson and Bonomo, 

2005).  Outbreaks of K. pneumoniae infections often result from exposure to a common 

source of the aetiological agent (Olive and Bean, 1999).  Infections with ESBL-producing 

K. pneumoniae strains are usually encountered in critical care units in the hospitals (Samaha-

Kfoury and Araj, 2003).   

 

Several phenotypic typing methods, such as biotyping, phage typing and antibiogram typing 

have been traditionally used to distinguish isolates of a given bacterial genus or species 

involved in outbreaks (Mohamudha et al., 2010).  Unfortunately, because of inconsistently 

expressed phenotypic traits, these classical typing approaches are often not able to 

discriminate between related outbreak strains (Hamouda et al., 2003). 

 

Researchers rely on a variety of DNA-based typing methods to determine the genetic 

relatedness of bacterial isolates (Silbert et al., 2004).  These methods include plasmid profile 

analysis, pulsed field gel electrophoresis (PFGE), ribotyping and random amplified 

polymorphic DNA (RAPD) (Paterson, et al., 2004).  The PFGE is the most commonly used 

DNA-based typing method because of its high discrimatory power (Hansen et al., 2002).  

However, PFGE is not easy to perform, the assay relies on specialized equipment, well-

trained personnel and has a longer turnaround time (3 to 5 days) (Lin et al., 2008). 

 

In contrast to PFGE, the repetitive extragenic palindromic sequence (rep)-PCR genotyping 

techniques are inexpensive and are easy to perform (Versalovic and Lupski, 1998). The rep-

PCR based typing technique uses primers complementary to naturally occurring, highly 

conserved, repetitive DNA sequences (Tacao et al., 2005).  These non-coding sequences are 

present in multiple copies in the genomes of diverse bacterial species (Tacao et al., 2005).  

Examples of these repetitive elements are the repetitive extragenic palindromic (REP) 

sequences, the enterobacterial repetitive intergenic consensus (ERIC) sequences and the BOX 

sequences (Wieser and Busse, 2000).  The rep-PCR method amplifies diverse regions of DNA 
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flanked by the repetitive sequences, leading to amplicon patterns specific for an individual 

bacterial strain (Rademaker and De Bruijn, 1997).  The rep-PCR method can be used for 

genotyping of different bacterial strains (McLellan et al., 2003; Tacao et al., 2005).  Studies 

which have compared REP-PCR to other typing methods, such as multilocus enzyme 

electrophoresis (Woods et al., 1992) and ribotyping (Vila et al., 1996) have shown REP-PCR 

to be superior to these methods.  Studies have shown REP-PCR to have good correlation with 

PFGE results (Liu and Wu, 1997).  Sampaio and colleagues (2006) concluded that the ERIC-

PCR assay is a simple, reproducible and affordable assay in determining the genetic 

relatedness of rapidly growing mycobacteria of the M. chelonae-abscessus group.  The 

DiversiLab (DL) system (Bacterial BarCodes, bioMérieux, Athens, USA), which is a semi-

automated rep-PCR typing system has become commercially available (Shutt et al., 2005).  

The advantage of the DL system is that it provides internet-based data analysis, user specific 

data storage and a data retrieval system (Healy et al., 2005). 

 

Typing of microbial pathogens is of importance for medical microbiologists and hospital 

epidemiologists.  By adequate laboratory analysis of bacterial strains, valuable insight into the 

local, national or international spread of pathogens can be obtained.  This study was designed 

to investigate the clonal relatedness of 150 K. pneumoniae clinical isolates obtained from a 

large tertiary hospital in Pretoria. 

 

4.3 MATERIALS AND METHODS 

 

4.3.1 Study setting 

 

The study was conducted at the University of Pretoria, Department of Medical Microbiology/ 

NHLS, Pretoria, South Africa.  This was a second part of a study, which was approved by the 

Research Ethics Committee, Faculty of Health Sciences, University of Pretoria (protocol 

number S21/2010). 

 

4.3.2 Sampling methods 

 

Between September and December 2009, 150 consecutive clinical isolates of K. pneumoniae 

obtained from clinical specimens sent to the Medical Microbiology laboratory of NHLS for 

analysis from a large tertiary hospital in Pretoria were collected.  The collected isolates were 
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subcultured in 3 ml of Brain heart infusion broth (Oxoid, England) and incubated at 37˚C 

(Shangai Lishen Scientific Equipment, China) for 18 to 24 hrs.  Following incubation, 200 µl 

of the cultured broth was used for DNA extraction and the remaining broth culture was mixed 

with 50% glycerol and stored at -70˚C (New Brunswick Scientific, Germany) for future use. 

 

4.3.3 DNA extraction  

 

The DNA was manually extracted using a commercial DNA extraction kit (Zymo Research, 

USA).  The DNA extraction was performed according to the manufacturer’s protocol. 

 

4.3.4 Typing techniques 

 

Enterobacterial repetitive intergenic consensus (ERIC) PCR, repetitive extragenic palindromic 

sequence (REP) PCR and BOX-A1-based repetitive extragenic consensus (BOX) PCR assays 

were used to determine the clonal relatedness of the collected K. pneumoniae clinical isolates.  

The nucleotide sequences of the primers used for the ERIC, REP and BOX-PCR assays are 

shown in Table 4.1.  All the primers were manufactured by Inqaba Biotechnical Industries 

(Pty) Ltd (Pretoria, South Africa). 

 

4.3.4.1 Reaction mix and cycling conditions for the ERIC, REP and BOX PCR assays 

 

The total reaction volume for the ERIC and BOX PCR assay was 50 µl and it was made up of 

the following PCR components: 25 µl of DreamTaq Green PCR Master Mix (Fermentas, 

Lithuania), 1 µl of 20 pmol/µl forward primer, 1 µl of 20 pmol/µl reverse primer, 18 µl of 

RNase-free water (Fermentas, Lithuania) and 5 µl of template DNA.  The amplification 

reaction was performed using a Mastercycler (Eppendorf, Germany). The ERIC and REP 

PCR assays were performed using the following cycling conditions: initial activation step at 

95˚C for 7 min, 35 cycles of denaturation at 94˚C for 1 min, annealing at 52˚C for 1 min and 

extension at 65˚C for 8 min, followed by a single final extension cycle at 65˚C for 16 min, 

then cooling at 4˚C (De Bruijn, 1992).  

 

The total reaction volume for the BOX PCR assay was 50 µl and it consisted of of the 

following PCR components: 25 µl of DreamTaq Green PCR Master Mix (Fermentas, 

Lithuania), 1 µl of 20 pmol/µl forward primer, 19 µl of RNase-free water (Fermentas, 
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Lithuania) and 5 µl of template DNA.  The amplification reaction was done using a 

Mastercycler (Eppendorf, Germany) with the following cycling conditions: initial activation 

step at 95˚C for 7 min, 35 cycles of denaturation at 94˚C for 1 min, annealing at 53˚C for 1 

min and extension at 65˚C for 8 min, followed by a single final extension cycle at 65˚C for 15 

min and cooling at 4˚C (Louws et al., 1994). 

 

4.3.4.2 Procedure for detection and visualization of ERIC, REP and BOX-PCR 

amplification products 

 

Fingerprinting analysis was done using a 1% (m/v) agarose gel (Seakem, USA) in a 1X TBE 

buffer [10 mM Tris-HCl (Calbiochem, Merck, Canada), 10 mM Boric acid (Analar, Merck, 

Canada) and 1mM EDTA (Promega, Madison, USA), pH 8.0], which was electrophoresed at 

80 V for 120 min.  The fingerprints were visualized using the Ultraviolet Light Box (UVP 

products, USA), which was made possible by the addition of 5 µl of ethidium bromide 

(10 mg/ml) (Promega, Madison, USA) in the gel before it solidified.  On each gel, a 1 Kb 

DNA ladder (Fermentas, Lithuania) was included in three specified lanes as reference lanes.  

Each gel image was captured and stored for analysis. 

 

4.3.5 Analysis of ERIC and BOX PCR fingerprints 

 

Gel images were analyzed and compared using the GelComparII software programme 

(Applied Math, Belgium).  The positions of the bands on each gel were normalized using the 

1 Kb DNA ladder (Fermentas, Lithuania) as a normalization reference.  The distance matrix 

for ERIC-PCR was constructed using the Dice coefficient with band optimization of 0.61% 

and tolerance of 2.3%.  The distance matrix for BOX-PCR was also constructed using the 

Dice coefficient but with band optimization and tolerance of 0.67% and 3.9% respectively.  

Dendrogrammes were constructed using the unweighted pair group method with arithmetic 

mean algorithm (UPGMA) on the basis of averaged levels of similarity of the matrix.  Genetic 

relatedness between the isolates was determined on the basis of the percentage similarity, 

isolates were considered to be highly related if they showed ≥ 80% similarity on the 

dendrogramme.  Groups were constructed with 60% similarity for ERIC-PCR and BOX-PCR 

dendrogramme and 50% similarity for the composite (ERIC and BOX PCR) dendrogramme.  
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4.4 RESULTS AND DISCUSSION 

 

Two samples were excluded from the study due to contamination.  As a result only 148 

samples (85 ESBL-positive and 63 ESBL-negative isolates) were available for analysis.  The 

rep-PCR DNA fingerprinting technique using the ERIC, REP and BOX primer sets was used 

to determine the clonal relatedness of the 148 K. pneumoniae clinical isolates.  However, the 

REP-PCR primer set failed to yield any fingerprint and therefore was excluded from the 

analysis.  The ERIC and BOX primer sets yielded complex genomic fingerprints.  

 

With the ERIC-PCR primer set, the profiles generated consisted of three to ten bands, the 

bands were evenly distributed over the entire fingerprint profile (Figure 4.1).  The size of 

amplicons generated by the ERIC primers ranged from 250 to 10 000 base pairs (bp).  The 

ERIC-PCR dendrogramme revealed 22 distinct groups of K. pneumoniae isolates, designated 

group A to V (Figure 4.3).  The majority of these groups consisted of clusters and subclusters 

with high similarity scores (≥ 80% similarity values).  Group A had five clusters (A1 to A5) 

with cluster A1 containing 14 isolates, 13 of the 14 isolates shared 100% similarity.  From the 

13 isolates sharing 100% similarity, 11 of the isolates were ESBL-producing isolates.  

Furthermore, cluster A5 was also found to have four isolates with a similarity of 100%, again 

all these 4 isolates were ESBL-producers.  Group B consisted of 27 isolates and it had eight 

clusters (B1 to B8).  In group B, 67% (18/27) of the isolates were ESBL-producing isolates.  

Cluster B1 was the largest cluster in group B, it consisted of four isolates, three of the four 

isolates were ESBL-producing isolates.  Cluster B3 consisted of three isolates, two of the 

three isolates were non ESBL-producing isolates.  Cluster B2, B4, B5, B6, B7 and B8 

consisted of only two isolates per cluster. In addition, the dendrogramme generated by ERIC-

PCR showed that 91% (77/85) of the ESBL-positive K. pneumoniae isolates shared similarity 

values of ≥ 80%.  This high level of similarity among ESBL-producing isolates may be due to 

the nosocomial spread of a single clone.  Five isolates (isolate, 35, 48, 57, 59 and 146) were 

found not to belong to any of the twenty-two major groups, thus making these isolates unique. 

 

The BOX primer set generated DNA fragments of three to nine bands on each fingerprint 

(Figure 4.2).  The size of the bands generated by the BOX-PCR ranged from 500 to 5 500 bp.  

The dendrogramme generated by the analysis of the BOX-PCR DNA fragments revealed 18 

distinct major groups, designated group A to R (Figure 4.4).  In the BOX-PCR 

dendrogramme, only three isolates (isolate 18, 101 and 104) were found to be unique, thus not 
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belonging to any of the nineteen groups.  As in the case of ERIC-PCR, each major group 

consisted of several clusters and subclusters.  Group A was the biggest group; consisting of 40 

isolates distributed into seven clusters (A1 to A7).  In this group, 58% (23/40) of the isolates 

were ESBL-producing K. pneumoniae isolates.  Group B was the second largest group in 

BOX-PCR dendogramme and it consisted of 19 isolates.  In group B, 32% (6/19) of the 

isolates were ESBL-producing isolates.  The BOX-PCR dendrogramme revealed that 50% 

(9/18) of the groups had at least two isolates possessing a 100% similarity level and most of 

those isolates were ESBL-producers.  The BOX-PCR assay was found to have a slightly lower 

discriminatory power when compared to the ERIC-PCR assay.  In addition, the 

dendrogramme generated by the BOX-PCR data revealed comparable but not similar results 

to the ERIC-PCR dendrogramme. 

 

The composite dendrogramme (generated using BOX-PCR and ERIC-PCR data) revealed 18 

distinct major groups designated group A to R (Figure 4.5).  Most of the isolates were 

clustered in group A, within group A, 18 clusters (A1 to A18) with a more than 75% 

similarity were obtained.  Three isolates (18, 35 and 48) did not cluster into any group and 

were found to be unique.  Interestingly, isolate 48 was also found to be unique in the 

dendrogramme generated by the ERIC PCR data, while isolate 48 clustered to group A in the 

dendrogramme generated by BOX PCR data. When compared to the individual 

dendrogrammes (ERIC or BOX PCR dendrogramme), the composite dendrogramme revealed 

the highest resolution power among the ESBL-positive isolates.  In the composite 

dendrogramme, only two isolates (isolates 147 and 149) were shown to share 100% similarity.  

Furthermore, only one (isolate 149) of these two isolates was ESBL-positive.  In addition, 

both these two isolates were found to be 100% similar in dendrogrammes generated by either 

of the two PCR assays (ERIC / BOX PCR).  A composite dendrogramme (based on more than 

one fingerprinting method) may be useful in confirming the presence of clonal populations 

among K. pneumoniae isolates.  

 

The REP primer set which was successfully used by Stumpf and colleagues (2005) to 

fingerprint bacterial isolates failed to yield any fingerprint profile in the present study.  The 

inability of the REP primer set to yield any DNA fingerprint might be due to problems with 

the synthesis of these primers.  The BOX-PCR and ERIC-PCR fingerprinting assays 

generated characteristic banding profiles, which were successfully used in clustering and 

grouping the K. pneumoniae clinical isolates.  The results of this study corroborated the 
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assertion by Versalovic et al. (1991) that the direct amplification and agarose gel 

electrophoresis of PCR products can provide genomic fingerprints of sufficient complexity to 

distinguish species and strains.  The study also demonstrated that BOX and ERIC like 

sequences are present in many Gram-negative bacteria as observed by Versalovic et al. 

(1994).  The DNA fingerprinting assay employing REP, BOX and ERIC sequences as PCR 

primer binding sites can be used to study the distribution of repetitive sequences in different 

bacterial genomes (Ishii and Sadowsky, 2009). 

 

The rep-PCR DNA fingerprinting assay is fast becoming the most widely used typing 

technique, in this study this assay was successfully used in determining the clonal relatedness 

of K. pneumoniae clinical isolates.  This assay has also been successfully used to differentiate 

strains of Enterobacter aerogenes (Georghiou et al., 1995), Neisseria meningitidis and faecal 

Escherichia coli (Mohapatra et al., 2007).  In a study by Silbert et al. (2004) involving the 

typing of 20 Stenotrophomonas maltophilia isolates collected from six Latin American 

countries, the results of PFGE were found to be consistent with those obtained by ERIC-PCR.  

A study by Cartelle et al. (2004) which included the genotyping of 43 clinical strains of 

K. pneumoniae and seven ATCC strains of K. pneumoniae obtained 17 genotypes by ERIC-

PCR that were identical to those obtained by PFGE and rapid amplified polymorphic DNA, 

thus showing the discriminatory power and typing capacity of the ERIC-PCR assay. 

 

The distinguishing feature of the rep-PCR fingerprinting technique when compared to other 

molecular typing methods is that it is relatively cheap and easy to perform (Versalovic and 

Lupski, 1998; Ishii and Sadowsky, 2009).  A semi-automated typing system called DiversiLab 

(Bacterial BarCodes, bioMérieux, Athens, USA) has been developed and it has the potential 

to track and monitor antibiotic resistant bacteria in real-time basis (Shutt et al., 2005; Pitout 

et  al., 2009).  In a study by Pitout and colleagues (2009), the DL system successfully 

identified the CTX-M-15-producing Escherichia coli clone ST131 and was able to distinguish 

it from other E. coli isolates. 

 

4.5 CONCLUSION 

 

This study demonstrated that the rep-PCR fingerprinting technique using BOX and ERIC 

primer sets is an effective, rapid and easy to perform method to determine the clonal 

relatedness of bacterial isolates.  Furthermore, the rep-PCR technique evaluated in this study 
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can be an alternative to PFGE in developing countries and resource-limited laboratories for 

rapidly determining the clonal relatedness of K. pneumoniae clinical isolates.  The ERIC-PCR 

assay has a better discriminatory power than the BOX-PCR assay. 

 

The ESBL-producing and non ESBL-producing K. pneumoniae isolates were mixed in 

different clusters in both the ERIC and BOX PCR dendrogramme, thus ruling out the 

possibility of an ESBL-producing K. pneumoniae outbreak.  It can be concluded that the high 

prevalence of ESBL-producing K. pneumoniae isolates in the Pretoria region might be due to 

the inappropriate use of extended spectrum cephalosporins rather than a spread of one clone in 

the hospital.  Strict infection control measures, such as a strong and effective antibiotic policy 

is warranted and needed. 
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______________________________________________________________________________________ 
 

Primer  Primer Sequence  Length 

______________________________________________________________________________________ 
 
REPIR-PLS 5’- III ICG ICG ICA ICI GGC- 3’ 18 mer   
REP2-PLS 5’- ICG ICT TAT CIG GCC TAC- 3’  18 mer 
 
ERIC1R-PLS 5’-ATG TAA GCT CCT GGG GAT TCA C- 3’ 22 mer  
ERIC2-PLS 5’- AAG TAA GTG ACT GGG GTG AGC G- 3’ 22 mer 
 
BOXAIR-PLS 5’- CTA CGG CAA GGC GAC GCT GAC G- 3’ 22 mer   
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Figure 4.1: The agarose gel electrophoresis results visualized under UV light showing the DNA 

fragments generated by ERIC-PCR.  Lanes 17 to 32 correspond to K. pneumoniae isolates 

number 17-32, L = 1 Kb DNA ladder and N is a negative control. 
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Figure 4.2: The agarose gel electrophoresis results visualized under UV light showing the DNA 

fragments generated by BOX-PCR.  Lanes 1 to 16 corresponds to K. pneumoniae isolate 

number 1-16, L = 1 Kb DNA ladder and N is a negative control. 
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Figure 4.3: Dendrogramme obtained for ERIC-PCR typing, depicting the clonal relationship of 148              

K. pneumoniae clinical isolates.  The 1
st
 line represents 60% similarity for the groups and the 2

nd
 

line represents 80% similarity for the clusters.  Twenty-two groups (A to V) were obtained. 
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Figure 4.4: Dendrogramme obtained for BOX-PCR typing, depicting the clonal relationship of 148     

K. pneumoniae clinical isolates.  The 1
st
 line represents 60% similarity for the groups and 

the 2
nd

 line represents 80% similarity for the clusters.  Eighteen groups (A to R) were 

obtained. 
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Figure 4.5: Dendrogramme obtained for ERIC and BOX-PCR typing, depicting the clonal relationship 

of 148 K. pneumoniae clinical isolates.  The 1st line represents 50% similarity for the groups 

and the 2nd line represents 75% similarity for the clusters.  Eighteen groups (A to R) were 

obtained. 
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CHAPTER 5 

 

Concluding remarks 

 

Klebsiella pneumoniae is among the most common Gram-negative bacteria encountered by 

physicians worldwide.  It is the most common nosocomial bacterial pathogen, causing urinary 

tract infections, hospital-acquired pneumonia and intra-abdominal infections (Ko et al., 2002).  

The overuse of extended-spectrum cephalosporins and monobactams has allowed the 

emergence of ESBL-producing K. pneumoniae strains (Pfaller and Segreti, 2006).  The ESBL-

producing strains are highly efficient at inactivating the newer third-generation 

cephalosporins, such as cefotaxime and ceftriaxone (Dubois et al., 2002).  In addition, ESBL-

producing strains are frequently resistant to many classes of non-beta-lactam antibiotics, thus 

resulting in treatment failure (Stürenburg and Mack, 2003). 

 

There are various methods for detecting ESBL-production by a bacterial isolate and the 

evaluations of these methods have been well published (Komatsu et al., 2003; Linscott and 

Brown, 2005).  However, the combination disc test is currently regarded as a confirmatory test 

for detecting ESBL-production by K. pneumoniae isolates (CLSI, 2009).  However, in a 

routine diagnostic laboratory, it is important to develop and evaluate a test that can be rapidly 

used to detect ESBL-producing bacteria (Gheldre et al., 2003). 

 

The Vitek2 advanced expert system (AES), the combination disc method and a multiplex PCR 

assay were used to detect and characterize ESBL-producing K. pneumoniae clinical isolates.  

The prevalence of ESBL-producing K. pneumoniae isolates in the Tshwane region (South 

Africa) was determined.  The study further investigated the clonal relationship of the 150 

K. pneumoniae clinical isolates. 

 

The combination disc method detected the production of ESBL in 57% (85/148) of 

K. pneumoniae isolates.  The high prevalence of ESBL-producing K. pneumoniae in Tshwane 

region is likely to have been caused by the over-use of third generation cephalosporins.  The 

observed high prevalence of ESBL-producing K. pneumoniae isolates warrants constant 

surveillance to monitor the spread and prevalence of ESBL-producing isolates.  Knowing the 

overall prevalence of ESBL-producing isolates in the Tshwane region will help in monitoring 

the efficacy of infection control measures that are currently in place. 
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The combination disc method, which is recommended by the CLSI (2009) and CLSI (2011) 

guidelines as the confirmatory test in detecting ESBL-production by the bacterial isolates has 

the disadvantage of having a longer incubation period (18 to 24 hours versus 8 to 13 hours 

needed in the Vitek2 AES).  Furthermore, the combination disc method can only be 

performed once the bacterial isolate has been identified. 

 

Detection of ESBL-producing K. pneumoniae clinical isolates using the Vitek2 AES was 

completed within 8 to 13 hours.  The Vitek2 AES has the advantage of identifying the bacteria 

while simultaneously detecting the presence of ESBL-production.  In large diagnostic 

laboratories where there are a large number of requested tests, the Vitek2 AES can be used to 

detect ESBL-producing K. pneumoniae isolates without compromising the turnaround time.   

 

The detection of ESBL-producing K. pneumoniae isolates using a multiplex PCR assay offers 

the advantage of detecting more than one ESBL gene in a single PCR reaction.  The multiplex 

PCR assay is labour intensive and time consuming, since it requires extraction of bacterial 

DNA, amplification and lastly, the detection of amplified products using agarose gel 

electrophoresis.  Furthermore, the assay can only be performed after the identification of the 

bacterial isolate.  However, this assay with additional genes added need to be implemented in 

diagnostic laboratories in order to track and monitor the circulating ESBL-genes.  This is vital 

for the detection of Klebsiella pneumoniae carbapenemases (KPC) and New Delhi Metallo-

beta-lactamase-1 (NDM-1) producing K. pneumoniae isolates, which are usually missed by 

phenotypic methods. 

 

The results of the Vitek2 AES and multiplex PCR assay were comparable with the results of 

the combination disc method; both assays yielded a high sensitivity and specificity.  

Furthermore, when taking the sequencing results into consideration the multiplex PCR assay 

was superior to the combination disc method, since it was able to detect ESBL-production in 

an inhibitor resistant isolates that co-produced an ESBL enzyme; this isolate was 

misidentified as ESBL-negative by the Vitek2 AES and the combination disc method. 

 

There are various variants of sulfyhydry variable (SHV) (eg SHV-1) and temoneira (TEM) 

(eg TEM-1) genes that do no code for ESBL-production (Chaves, 2001).  Due to the 

occurrence of SHV and TEM genes not associated with ESBL-production it is important to 
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sequence these genes in order to confirm if it is an ESBL genotype or not.  Nevertheless, in 

contrast to the blaSHV and blaTEM genes, the results of this study showed that the detection of 

the blaCTX-M gene in K. pneumoniae bacterial genome is usually associated with ESBL-

production.  This is in agreement with the review by Pitout and Laupland (2008) which 

outlined that the PCR amplification of the blaCTX-M gene without sequencing usually provides 

sufficient evidence that the blaCTX-M gene is responsible for ESBL-production.   

 

In this study, the blaSHV was the most prevalent gene and it was detected in 79% (117/148) of 

the bacterial isolates.  In a study conducted in Iran by Feizabadi and colleagues (2010) a 

blaSHV prevalence of 67.4% (60/89) among K. pneumoniae isolates was reported.  The blaCTX-

M  gene was the second most detected gene with a prevalence of 57% (84/148) while in a 

study by Feizabadi et al. (2010) the second most detected gene was the blaTEM with a 

prevalence of 54% (48/89).  Tollentino et al. (2011) in a study conducted in Brazil reported 

the blaCTX-M gene as the most prevalent gene in 70% (46/65) of K. pneumoniae isolates. 

 

The ERIC-PCR and BOX-PCR assays determined the clonal relatedness of 148 Klebsiella 

pneumoniae clinical isolates.  The assays were found to be simple, rapid and reliable as 

reported by Versalovic and Lupski (1998), Rademaker et al. (2008) as well as Ishii and 

Sadowsky (2009).  The use of a DreamTaq™ green PCR master mix further simplified the 

ERIC-PCR and BOX-PCR assays.  The DreamTaq™ green master mix is supplemented with 

two tracking dyes and a density reagent that allows for direct loading of the PCR product on a 

gel.  The dye did not interfere with the performance of the Taq polymerase.  

 

The dendrogramme generated from the ERIC-PCR assay data revealed twenty-two distinct 

major groups of K. pneumoniae isolates.  The majority of these groups consisted of clusters 

and subclusters with high similarity values (≥ 80% similarity).  The dendrogramme generated 

by the BOX-PCR assay revealed 18 distinct major groups; interestingly, the composite 

dendrogramme (combined ERIC and BOX PCR data) revealed the same number of groups 

(18 distinct major groups).  As in the case of the ERIC-PCR dendrogramme, each major group 

in the BOX-PCR dendrogramme consisted of several clusters and subclusters.  Group A was 

the largest group in the BOX PCR dendrogramme; consisting of 40 isolates distributed into 

seven clusters.  Furthermore, in this group (Group A) 58% (23/40) of the isolates were ESBL-

producing isolates.  In this study, there was a uniform distribution of ESBL and non ESBL-

producing K. pneumoniae isolates in both the ERIC-PCR and BOX-PCR dendrogramme.  
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This might suggest that there was not an outbreak of ESBL-producing K. pneumoniae isolates 

during the period of this study.   

 

The BOX-PCR assay was observed to have a low-resolution power compared to the ERIC-

PCR assay.  The reproducibility of the ERIC and BOX-PCR assays was not evaluated in this 

study.  It would have been interesting to see if these assays are reproducible or not.  The 

reproducibility of the assay can be determined by analyzing a certain number of isolates in 

duplicate in order to see if the duplicate isolates yield the same results.  

 

Future research 

 

Future studies should look at evaluating the Vitek2 AES with an additional panel of bacteria 

(eg Escherichia coli, Proteus mirabilis and other bacteria known to produce ESBLs) in order 

to assess the overall usefulness of the Vitek2 AES in detecting ESBL-producing bacterial 

isolates.  The development of novel antibiotics that are resistant to hydrolysis by extended 

spectrum beta-lactamases enzymes are desired.  The development and validation of a 

multiplex real-time PCR assay for the detection of ESBL genes is needed to reduce 

turnaround times. 

 

The emergence and spread of ESBL and NDM-1-producing K. pneumoniae and Escherichia 

coli isolates is of great concern because such isolates are multidrug resistant (Mulvey et al., 

2011).  In developing country, the spread of NDM-1-producing isolates is facilitated by the 

unsanitary disposal of human excretion, faecal contamination of drinking water and 

inappropriate use of antibiotics (Promed post, 17 October 2011, http://www.deccanherald.com

/content/198645/s-african-hospital-reports-superbug.html).  In New Delhi, the NDM-1-

producing isolates have been isolated from sewage and drinking water (Walsh et al., 2011).  

Proper infection control strategies such as hand washing and isolation of patients infected with 

multidrug resistant strains are warranted.  These strategies may help in limiting the spread of 

ESBL-producing bacteria.  The proper use of antimicrobial agents accompanied by the close 

monitoring of multidrug resistant isolates may play a crucial role in limiting the spread of 

these pathogens. 
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