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ABSTRACT 

Escherichia coli is an important nosocomial pathogen and extended-spectrum 

cephalosporin (ESC) resistance E. coli is recognized as the global drug-resistant threat. 

This study aims to determine the resistance mechanisms of ESC and genetic diversity of 

Malaysian E. coli strains using various phenotypic and genotypic approaches.  

 

One hundred ten non-repeat E. coli strains were isolated from the stools of paediatric 

patients in 2009 from a tertiary hospital in Malaysia. Twenty-one were categorized as 

extended spectrum beta-lactamase (ESBL)-producers using the double-disk synergy test 

and ESBL E-test. CTX-M-15 was the pre-dominant CTX-M variant (77%). Class 1 

integron was the most common class of integrons found in the E. coli strains (76%); 

however, they lack gene cassette encoding ESBL genes. Using PFGE, three strains 

displayed DNA degradation (Dnd) phenotype and few CTX-M-15-positive strains with 

indistinguishable pulsotypes were identified. To better understand the dissemination of 

CTX-M genes, E. coli strains from clinical, zoonotic, food and environment samples 

isolated between 2002 - 2011 in Malaysia were screened for ESBL-production. Using 

multi-locus sequence typing (MLST), 6 out of 35 CTX-M positive E. coli strains 

belonged to the sequence type (ST) ST131, an E. coli clone notorious for the global 

dissemination of CTX-M genes. Insertional sequences IS26 and ISEcp1 were the most 

common genetic environments for CTX-M genes in the Malaysian E. coli strains. 
 

The degradation phenotype which was observed earlier in this thesis was overcome 

for 12 Dnd+ E. coli strains by adding thiourea into the PFGE run. The dnd operon, 

responsible for the phosphorothioation modification of DNA, was detected in all Dnd
+
 

E. coli strains by PCR. Further genomic analysis of the genetic environment of dnd 

operons of 52 global E. coli genomes revealed a total of 7 types of dnd-encoding 

genomic islands, indicating substantial diversity in these regions. dnd operons were 

more often found in pathogenic E. coli, indicating a possible linkage of the dnd operons 

with E. coli pathogenicity. 

Two highly related E. coli strains EC302/04 and EC096/10 with single band 

difference in their pulsotypes (identified in the first part of this study) were investigated 

using whole genome sequencing (WGS).  EC302/04 and EC096/10 that were isolated 

from tracheal aspirate and a stool specimen, respectively, shared the same sequence type 

ST349, and serotype O166:H5. EC302/04 harboured a 140,232 bp IncFII plasmid, 

pEC302/04, that was absent in EC096/10. Plasmid pEC302/04 is self-transferable and 

carried resistance genes (blaTEM-1; integron-encoded- sul1, cml, and aadA) and two iron-

acquisition systems. Phylogenomic analysis with 38 global E. coli of various pathotypes 

revealed that ExPEC and intestinal strains may share similar phylogenetic signals. This 

may help in identifying commensal-like strains with extraintestinal virulence potential. 

Phylogenomic analysis also unveiled ExPEC with rare genotypes, indicating the 

importance of genomic approach in detecting the potential emergence of new ExPEC 

lineage(s). 

Besides providing comprehensive understanding on the resistance mechanisms of the 

clinically important CTX-M genes, this thesis also demonstrates the usefulness of whole 

genome sequence approach in investigating the resistance mechanisms and genetic 

diversity of specific region or whole genome of various types of E. coli strains. (500 

words) 
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ABSTRAK 

Escherichia coli merupakan patogen nosokomial yang penting dan E. coli yang 

resisten kepada “extended- spectrum cephalosporin (ESC)” diiktiraf sebagai ancaman 

kepada kesihatan awam di peringkat dunia. Tesis ini bertujuan untuk menentukan 

mekanisme resisten terhadap ESC serta mencirikan fenotip dan genotip E. coli. 

110 E. coli telah diisolasi daripada najis pesakit pediatrik pada tahun 2009 dari satu 

hospital pengajian tinggi di Malaysia. Dengan menggunakan  “double disk synergy 

(DDST)” dan “ESBL E-test”, dua puluh satu E. coli merupakan produser “extended-

spectrum beta-lactamase” (ESBL). CTX-M-15 merupakan varian CTX-M yang paling 

dominan (77%). Kelas I integron merupakan jenis integron yang paling biasa dijumpai 

di kalangan strain E. coli tempatan (76%). Namunbegitu, tiada gen ESBL ditemui dalam 

integron. Dengan menggunakan PFGE, tiga E. coli adalah “untypeable” (Dnd) dan 

beberapa isolat CTX -M -15- positif mempunyai “pulsotypes” yang amat sama. Untuk 

memahami penyebaran gen CTX-M secara mendalam, penentuan produser CTX-M 

telah dilanjutkan ke kalangan E. coli daripada pelbagai sumber (klinikal, zoonotik, 

makanan dan persekitaran) dari tahun 2002-2011. Dengan menggunakan “multi-locus 

sequence typing” (MLST) dan PCR, 6 isolat dengan O25-ST131 telah dijumpai di 

kalangan 35 produser CTX-M, satu klon yang terkenal dengan penyebaran gen CTX-M. 

“Insertional sequence” IS26 dan ISEcp1 merupakan persekitaran genetik yang paling 

biasa dijumpai untuk gen CTX -M di kalangan E. coli Malaysia. 

Fenotip Dnd juga telah diatasi dengan penambahan thiourea dalam PFGE untuk 12 

Dnd
+
 E. coli. Dengan meggunakan PCR, operon dnd juga telah dikesan di kalangan 

Dnd
+
 E. coli. Analisis genomik persekitaran operon dnd operon untuk 52 E. coli 

mendedahkan sejumlah 7 jenis organisasi genetic yang amat berlainan, di mana semua 

adalah berkaitan dengan “genomic island” (GI). Operon dnd juga lebih kerap dijumpai 

di kalangan E. coli yang patogenik, menunjukkan kemungkinan hubungan operon dnd 

dengan patogenisiti E. coli. 

Dari bahagian pertama, dua isolat E. coli daripada sampel klinikal yang berbeza 

didapati berkait rapat dengan meggunakan PFGE. EC302/04 (daripada “tracheal 

aspirate”) dan EC096/10 (daripada sampel najis) berkongsi “sequence type” (ST349) 

dan “serotype” (O166:H5) yang sama. Walaubagaimanapun, EC302/04 mempunyai satu 

plasmid IncFII yang bersaiz 140,232 bp (pEC302/04), dimana pEC302/04 tidak 

dijumpai dalam EC096/10. Plasmid pEC302/04 adalah “self-transferable” dan 

mempunyai gen resisten sul1, cml dan aadA dalam integron kelas 1. Selain itu, gen 

resisten blaTEM -1, dan dua sistem “iron-acquisition” juga ditemui dalam pEC302/04. 

Analisis filogenomik dengan 38 isolat E. coli dengan pelbagai “pathotypes” yang 

diekstrak daripada pangkalan data awam mendedahkan bahawa ExPEC serta isolat 

“intestinal” berkongsi isyarat filogenetik yang amat sama. Tesis ini juga memberi 

penekanan terhadap ancaman isolat “intestinal” dalam menyebabkan jangkitan 

“extraintestinal”. Analisis filogenomik juga telah mendedahkan keupayaan E. coli 

dengan genotip yang amat jarang dalam menyebabkan jangkitan “extraintestinal”, 

menunjukkan kepentingan kaedah filogenomik dalam pengesanan kemunculan klon 

patogen bakteria yang baru.  

Tesis ini memberikan pemahaman komprehensif mengenai mekanisme resisten 

untuk gen CTX -M yang amat penting di Malaysia. Kajian ini juga menunjukkan 

kegunaan “whole genome sequencing” dalam menyiasat mekanisme gen resisten dan 

kepelbagaian genetik untukl seluruh genome atau pun ciri-ciri yang spesifik untuk E. 

coli.
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CHAPTER 1: GENERAL INTRODUCTION 

Escherichia coli is a highly versatile bacterium and is the most extensively studied 

organism worldwide (Blount, 2015). Besides existing as part of the common microbiota 

in the gastrointestinal tract of many warm-blooded animals (Luo et al., 2011), E. coli 

can also be pathogenic causing a broad spectrum of intra- and extra-intestinal diseases 

in both humans and animals (Kaper et al., 2004). Treatment using antibiotics is the 

usual approach used to prevent and treat bacterial infections in clinical and veterinary 

settings. However, the indiscriminate use of antibiotics has led to the emergence of 

multidrug resistance bacteria due to selection pressure (WHO, 2014), resulting in 

ineffective antimicrobial therapy and increased economic burden. In Malaysia, rapid 

development of extended cepahlosporin resistance in E. coli has also been reported 

(Lim et al., 2009; Sekawi et al., 2008) and its resistance rate has been escalating for the 

past few years in the local clinical settings (MOH, 2014a, 2012, 2013). This is certainly 

a cause for concern since extended-spectrum cephalosporins are often used as first-line 

antimicrobial agents for treating infections caused by Gram-negative bacteria (MOH, 

2014; Winokur et al., 2001). Hence it is a routine practice in clinical laboratories to 

perform routine surveillance of antibiotic resistance and epidemiological investigation 

especially among pathogenic bacteria for effective infection control.  

Although E. coli infections affect patients of all ages, certain types of infections are 

more common in children under 5 years old (CDC, 2011). Hence, in chapter 3, one-

hundred and ten non-repeat E. coli strains from stool samples of children under the age 

of 5 years that were obtained between 2009–2010 from a tertiary hospital in Johor 

Bahru, a city at the southern tip of Peninsular Malaysia, were characterized. The E. coli 

strains were analyzed for their antibiograms, carriage of extended-spectrum beta-

lactamase (ESBL) and AmpC genes which may confer non-susceptibility to extended 
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cephalosporins, and association of beta-lactamase genes with integron. The genetic 

diversity of the 110 strains was also investigated using pulsed-field gel electrophoresis 

(PFGE), a gold standard for E. coli subtyping. 

To have a better understanding on the dissemination of CTX-M genes, the study was 

further expanded to investigate the prevalence of CTX-M-encoding genes in 189 non-

repeat E. coli strains from clinical (n=53), zoonotic (n=47), environmental (n=34) and 

food (n=55) samples that were isolated over a 10-year period (2002-2011) in Malaysia 

(Chapter 4). The genetic environments that may have contributed to the dissemination 

of the CTX-M genes in these E. coli strains, in particular insertion sequences and 

complex integrons, were explored in detail using polymerase chain reaction (PCR) and 

primer walking. On the other hand, the possible clonal dissemination of E. coli strains 

harbouring CTX-M genes was also investigated using multi-locus sequence typing 

(MLST) and PFGE. 

When using PFGE as typing tool, some E. coli strains that exhibited DNA 

degradation phenotype (Dnd
+
) yielded smeared DNA, leading to incomplete molecular 

epidemiological investigations. Thus, this study also aimed to improve the typeability of 

the Dnd
+ 

E. coli strains and to determine the genetic mechanism conferring DNA 

degradation. A PCR assay was developed to detect the dnd operons responsible for the 

dnd phenotype of Dnd
+
 E. coli strains. Fifty-two whole genome sequences of E. coli 

harbouring dnd operons were then retrieved from the public database, where further 

genomic analysis of the dnd operons together with their respective immediate genetic 

environments was performed. The association of dnd operons of representative E. coli 

with genomic islands designated dnd-encoding GIs was also further investigated. The 

employment of whole genome sequence analysis in this study revealed substantial 

diversities among the genetic environment of dnd operons in E. coli. 
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Two E. coli strains, EC302/04 and EC096/10, which were characterized in Chapter 3 

displayed nearly identical pulsed-field profiles (with only a single band difference) and 

were isolated from different patients of the same hospital over a gap of 5 years. 

Interestingly, EC302/04 was isolated from tracheal aspirate (i.e., extra-intestinal site) 

whereas EC096/10 was isolated from a stool specimen, where intra- and extra-intestinal 

sites belonged to two different sites with distinct nutritional niches. Hence, in Chapter 6, 

detailed characterization of the two closely related E. coli strains was carried out using 

high resolution technique including Next Generation Sequencing (NGS) technology and 

Phenotypic Microarray (PM) assay. Genomic differences between EC302/04 and 

EC096/10 were also investigated in detail. Phylogenomic analysis with 38 other E. coli 

genomes sequences that were retrieved from the public database was also performed to 

provide further insights into the phylogenetic relationships of E. coli of various 

pathotypes.  

Overall, the general goal of this thesis is to investigate the antibiotic resistance 

mechanism and epidemiology of local E. coli strains. The objectives of the study are: 

a) To investigate the resistance trend, resistance mechanisms and epidemiology of 

E. coli strains from various sources; 

b) To improve the typeability of E. coli strains with degradation phenotype and 

investigate the diversity of the dnd operon of E. coli strains; 

c) To characterize two clonally related E. coli strains EC096/10 and EC302/04 that 

were isolated from intra- and extra-intestinal sites using various phenotypic and 

genotypic approaches. 

The findings of this study will provide insights into the current resistance issues and 

epidemiological data of local E. coli strains. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Escherichia coli 

Escherichia coli was first discovered by Theodor Escherich from the feces of a child 

in 1885 (Escherich, 1886). The genus Escherichia belongs to a group of bacteria 

informally known as "coliforms", and is a member of the Enterobacteriaceae family.  E. 

coli is a Gram-negative, rod-shaped bacterium and facultative anaerobe that commonly 

inhabit the lower intestine of warm-blooded organisms. E. coli can either be motile or 

immotile, with its locomotion usually driven by peritrichous flagella (Murray, 1999). 

Today, E. coli is one of the best-studied microorganisms and certain strains such as 

DH10B, JM109, and K12 are often used as a laboratory workhorse (Cronan, 2014). 

Nevertheless, E. coli strains causing diseases at intraintestinal and extraintestinal sites 

have been reported worldwide and are of great public health concern. E. coli consists of 

three main clinical groups, namely the commensal, extraintestinal pathogenic E. coli 

(ExPEC) and intestinal pathogenic E. coli (IPEC), making them a versatile bacterium 

(Kaper et al., 2004). The intra- and extra-intestinal sites in human hosts are also known 

to be two distinct habitats with unique nutritional niches where limited supply of iron 

and nitrogen sources, which are essential for bacteria growth, were found at 

extraintestinal sites (Hagan et al., 2010; Sandy & Butler, 2010). 
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Figure 2.1: Schematic diagram of E. coli groups and pathotypes. Pathogenic E. coli can 

be classified as either extraintestinal pathogenic E. coli (ExPEC) or intestinal 

pathogenic E. coli (IPEC) (also known as Diarrheagenic E. coli, or DEC). The ExPEC 

can be subdivided into neonatal-meningitis E. coli (NMEC), avian pathogenic E. coli 

(APEC), uropathogenic E. coli (UPEC) and sepsis-associated pathogenic E. coli 

(SePEC). On the other hand, IPECs can be subdivided into enteropathogenic E. coli 

(EPEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC),  

enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC) and diffusely adherent 

E. coli (DAEC). 

 

2.1.1 Commensal E. coli 

      E. coli typically colonizes the gastrointestinal tract of infants within hours after 

birth and then establishes mutual benefits with the hosts. E. coli exists as harmless 

symbiont within the host but in rare cases, it may cause infections in immuno-

compromised hosts, or when gastrointestinal barriers are violated (Kaper et al., 2004). 

However, pathogenic E. coli harbouring broad range of virulence factors can cause wide 

spectrum of diseases in both intraintestinal and extraintestinals sites. 

 

2.1.2 Intestinal pathogenic E. coli  

     Diarrheagenic E. coli (DEC), which is also known as intestinal pathogenic E.coli 

(IPEC), can cause different types of diarrheal diseases, with six well described 

pathotypes being recognized up till today (CDC, 2014). Shiga toxin-producing E. coli 

(STEC), which may also be referred to as verocytotoxin-producing E. coli (VTEC) or 

enterohemorrhagic E. coli (EHEC) are pathotypes that are most commonly associated 

with foodborne outbreaks (CDC, 2014). Other diarrheagenic pathotypes are 

enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteropathogenic E. coli 

Commensal 

ExPEC 

NMEC    APEC      UPEC    SePEC 

Escherichia coli 

Pathogenic 

IPEC/DEC 

EPEC   EHEC     ETEC     EAEC    EIEC    DAEC 
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(EPEC), enteroaggregative E. coli (EAEC) and diffusely adherent E. coli (DAEC). Each 

pathotype is characterized by the possession of specific set of virulence determinants, 

which is detailed in Table 2.1. The carriage of different virulence factors in E. coli 

determines its pathogenicity and their pathotypes (Bekal et al., 2003; Gómez-Duarte et 

al., 2009; Nataro & Kaper, 1998; Yu & Thong, 2009). Approximately 2 million 

foodborne illnesses were documented for IPEC annually in a study which was carried 

out by Scallan et al. (2011) between years 2000-2008. Of all pathotypes, E. coli O157 

steals the limelight for causing outbreaks globally, where a total of 390 outbreaks has 

been reported (as of July 2015), with 65% associated with food while the remaining 

incidences were due to human contacts with animals, water or human as well (Heiman 

et al., 2015).   
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Table 2.1: Clinical and epidemiological features and virulence factors of various E. coli pathotypes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Donnenberg & Whittam (2001)

Pathotype Clinical features Epidemiological features Virulence factors 

Enteropathogenic 

(EPEC) 
Watery diarrhea and vomiting Infants in developing countries 

Bundle-forming pilus, 

attaching and effacing 

Entero-hemorrhagic 

(EHEC) 

Watery diarrhea, hemorrhagic 

colitis, hemolytic-uremic syndrome 

Food-borne, water-borne 

outbreaks in developed countries 

Shiga toxins, attaching and 

effacing 

Enterotoxigenic 

(ETEC) 
Watery diarrhea 

Childhood diarrhea in 

developing countries, traveler’s 

diarrhea 

Pili, heat-labile and heat-

stable enterotoxins 

Enteroaggregative 

(EAEC) 
Diarrhea with mucous Childhood diarrhea Pili, cytotoxins 

Enteroinvasive 

(EIEC) 
Dysentery, watery diarrhea Food-borne outbreaks 

Cellular invasion, 

intracellular motility 

Diffuse-adhering 

(DAEC) 
Poorly characterized Older children Unknown Univ
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2.1.3 Extraintestinal pathogenic E. coli  

     Extraintestinal pathogenic E. coli (ExPEC) is known to be able to cause 

extraintestinal infections in almost any organs and represents a major health threat 

(Russo & Johnson, 2000). ExPEC is able to colonize the intestinal tract of the host 

asymptomatically in a symbiotic fashion, but has been known to be incapable of causing 

intestinal infections. Nevertheless, compromised host with weak defense system may be 

infected with non-virulent E. coli strains (Russo & Johnson, 2000). Generally, ExPEC 

can be determined by the source of isolation (extraintestinal sites) and also the virulence 

genes they harboured (such as adhesin, iron acquisition systems and protectins) (Köhler 

& Dobrindt, 2011) (detailed in Table 2.2). However, some E. coli from the gut 

microflora also harboured the above-mentioned virulence genes. Hence, ExPEC are 

often not easily distinguishable from the commensals despite the difference in isolation 

sites. Besides, majority of the ExPEC also belonged to phylogenetic group B2, followed 

by group D at a lesser extent (James R. Johnson & Russo, 2002).  In contrast, the IPEC 

strains often belonged to phylogenetic groups A, B1, D or ungroup lineages (Pupo et al., 

1997). 

     Three main types of clinically-relevant ExPECs have been reported worldwide, 

namely the UPEC, NMEC and SePEC (Figure 2.1), which are causative agents for 

urinary tract infections (UTI), neonatal meningitis and sepsis (Johnson & Russo, 2002; 

Moriel et al., 2010), respectively. On the other hand, APEC, which is an animal-

associated E. coli pathotype, causes various infections primarily respiratory infections, 

pericarditis, and septicaemia in poultry (Kaper et al., 2004). 

     In comparison to the intestinal tract, extraintestinal sites are known to have low 

abundance of substrates which are essential for bacterial growth such as iron and 

nitrogen sources. Besides harbouring fitness determinants which can scavenge crucial 
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nutrients such as iron, vast varieties of virulence factors essential for host mucosal 

surface colonization, host defense evasion, host invasion, and inflammatory response 

stimulation are also found in ExPECs (Johnson & Russo, 2002; Table 2.2). Many of 

these ExPEC-aasociated virulence factors are also encoded on pathogenicity islands 

(PAIs), which are large, potentially mobile regions of the genome characterized by 

having a number of mobile genetic elements such as insertion sequences, integrons and 

transposons (Johnson & Russo, 2002). 

     Virulence genes associated with ExPEC were reportedly located in both the 

chromosome and virulence plasmids (Johnson & Nolan, 2009). A bacterial plasmid is an 

important agent for introducing adaptive traits horizontally to bacterial hosts as well as 

contributing to bacterial pathogenesis and evolution. Plasmids that carry virulence and 

resistance genes besides genes essential for their own transmission and maintenance are 

termed virulence plasmids and resistance plasmids, respectively (Sengupta & Austin, 

2011). Large virulence plasmids (>100 kb) belonging to the incompatibility group IncF 

are widely disseminated in clinically relevant Enterobacteriaceae (Villa et al., 2010) 

including extraintestinal pathogenic E. coli (Brolund et al., 2013; Johnson & Nolan, 

2009; Johnson et al., 2010; Mellata et al., 2009; Peigne et al., 2009; Woodford et al., 

2009). An example of an IncF virulence plasmid that is often associated with ExPEC is 

the colicin-producing plasmid where colicins are antimicrobial substances produced by 

certain members of colicin-producing Enterobacteriaceae that can kill susceptible 

strains (Waters & Crosa, 1991). In fact, the successful global dissemination of IncF 

plasmids may be attributed to its multi-replicon characteristic which enables replication 

in a broader range of hosts (Villa et al., 2010). 
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Table 2.2: Virulence factors of ExPEC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Köhler & Dobrindt 2011 and Pitout, 2012 

 

 

 

 

 

 

 

Functional category Virulence factor

Adhesin

Type 1 fimbriae (Fim) 

P fimbriae (Pap/Prf) 

S or F1C fimbriae (Sfa/Foc) 

N-acetyl d-glucosamine-specific fimbriae (Gaf)

Heat-resistant agglutinin (Hra)

M-agglutinin (Bma) 

Bifunctional enterobactin receptor/adhesin (Iha) 

Afimbrial adhesin (Afa)  

Temperature sensitive hemagglutinin (Tsh)

Invasin Invasion of brain endothelium (IbeA) 

Iron acquisition

Siderophore receptor IreA 

Aerobactin (Iuc) 

Yersiniabactin (Ybt) 

Salmochelin (Iro) 

Periplasmic iron binding protein (SitA)

Toxins

alpha-Hemolysin (HlyA) 

Vacuolating toxin (Vat)

Enteroaggregative E. coli toxin (AstA)

Cytolethal distending toxin IV (CDT 1) 

Cytotoxic necrotizing factor 1 (CNF-1) 

Putative hemolysin (HlyF) 

Colibactin (Clb) 

Secreted autotransporter toxin (Sat)

Serine proteases (Pic)

Protectins

Group II capsule incl. K1 capsule 

Conjugal transfer surface exclusion protein (TraT) 

Outer membrane protease T (OmpT)

Increased serum survival (Iss) 

Colicin V (Cva)

Others

d-Serine deaminase (DsdA) 

Maltose and glucose-specific PTS transporter subunit

Pathogenecity island marker (MalX) 

Flagella

Uropathogenic-specific protein (Usp)
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2.2 Antimicrobial resistance in E. coli 

Antimicrobial resistance is now a major clinical problem globally (WHO, 2014). The 

condition whereby a patient becomes non-responsive to the drugs of choice may not 

only result in treatment failure, but also lead to the spread of infections. Effective 

infection control is hence made difficult and antimicrobial resistance has definitely led 

to increases in the rate of morbidity and mortality along with health care costs (WHO, 

2014). E. coli is still currently recognized as one of the major causative agents of 

common health-care associated and community-acquired infections such as UTI, wound 

infections, bloodstream infections and pneumonia. What makes the current problem 

more worrisome is the association of E. coli with high resistance rates globally (WHO, 

2014).  

E. coli resistant to third generation cephalosporins has been identified as a public 

health threat since the beginning of the 21
st
 century (Bradford, 2001; Winokur et al., 

2001). Today, the same problem still persists (WHO, 2014). Resistance to 

cephalosporins is mainly associated with the production of extended-spectrum beta- 

lactamase (ESBL) (Philippon et al., 2002), with cefotaximase (CTX-M) being the most 

common ESBL found worldwide (Bonnet, 2004; Cantón & Coque, 2006). E. coli strains 

harbouring blaCTX-M genes are also often MDR, as CTX-M gene is often located on 

plasmid carrying other resistance genes that confer resistance to co-trimoxazole, 

tetracycline, gentamicin, and ciprofloxacin (Pitout & Laupland, 2008).  

 

2.2.1 Extended-spectrum beta-lactamases 

Extended-spectrum beta-lactamases (ESBLs) are derived from the non-ESBL-

progenitor of β-lactamase, for instance the TEM-1, TEM-2 and SHV-1 β-lactamases, 

which can only hydrolyze penicillin, ampicillin, and to a lesser degree, carbenicillin and 

cephalothin, but not extended-spectrum cephalosporins and monobactams (Bush et al., 
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1995; Paterson & Bonomo, 2005). With the gain of mutations in the non-ESBL-

progenitor of β-lactamase, the ESBL enzymes are made capable of hydrolyzing third-

generation cephalosporins (e.g., cefotaxime, ceftriaxone, ceftazidime) and monobactams 

(e.g., aztreonam) by breaking their β-lactam rings (Figure 2.2), but not carbapenems and 

cephamycins. ESBLs are also inhibited by beta-lactamase inhibitors such as clavulanic 

acid (Bradford, 2001). 

 

 

 

 

 

Figure 2.2: Inactivation of the β-lactam ring of cephalosporin by β-lactamase (adapted 

from http://www.blad.co.in/resistance.php) 

 

2.2.1.1 Types of ESBL 

     Classical ESBLs can be divided into three major groups namely the TEM-, SHV- 

and CTX-M-type ESBLs (Paterson & Bonomo, 2005; Pitout & Laupland, 2008).  

 

2.2.1.1.1 TEM 

TEM-1 was first reported in year 1965 from E. coli in Greece (Datta & 

Kontomichalou, 1965; Paterson & Bonomo, 2005). TEM-1 is able to hydrolyze 

ampicllin but with negligible activity against extended-spectrum cephalosporins and is 

inhibited by clavulanic acid. TEM-1, TEM-2 and TEM-13 have similar hydrolytic 

profiles and are all non-ESBLs (Jacoby & Medeiros, 1991; Paterson & Bonomo, 2005). 

In the early 1980s, plasmid-mediated ESBLs such as TEM-3 and TEM-12 that were 
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derived from the non-ESBL progenitors with amino acid substitutions were found to 

have enhanced activity against extended-spectrum cephalosporins. Today, the total 

subtypes of TEM have exceeded 130 types with most of them belonging to ESBLs 

(Jacoby & Price, 2005; Paterson & Bonomo, 2005). The blaTEM gene in particular TEM-

1 is often located on plasmids of E. coli and Enterobacteriaceae (Jacoby and Price, 

2005). Among hundreds of subtypes of TEM, TEM-10, TEM-12 and TEM-26 are the 

most common subtypes reported in the North and South America (Paterson et al., 2003).  

 

2.2.1.1.2 SHV 

SHV-2, one of the most common SHV (sulfhydryl variable)-type ESBL, differed 

from the non-ESBL SHV-1 by a single amino acid difference (replacement of glycine 

by serine at position 238), and can hydrolyze cefotaxime effectively but not so on 

ceftazidime (Knothe et al., 1983; Paterson & Bonomo, 2005). In fact, most SHV-type 

ESBLs bear the same amino acid replacement at position 238 (Bradford, 2001). SHV-

type ESBLs are widely found in various Enterobacteriaceae and outbreaks of SHV-

producing bacteria (Pseudomonas aeruginosa and Acinetobacter spp.) have also been 

reported in Greece and China (Huang et al., 2004; Paterson & Bonomo, 2005; Poirel et 

al., 2004). More than 50 subtypes of SHV has been recognized currently, with SHV-5 

and SHV-12 being the most common subtypes found in the clinical resistant bacterial 

isolates in both Europe and America (Paterson et al., 2003; Yuan et al., 1998).\ 

 

2.2.1.1.3 CTX-M 

Cefotaximase (CTX-M)-producing bacteria can hydrolyze the third-generation 

cephalosporin, cefotaxime effectively (with MIC values in the resistant range, 

>64µg/ml) but weakly on ceftazidime (with MIC values in the susceptible range, 2-8 

µg/ml). Nevertheless, certain CTX-M subtypes may have high potency in inactivating 
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ceftazidime, with reported MIC values as high as 256µg/ml (Baraniak et al., 2002; 

Poirel et al., 2002; Stürenburg et al., 2004). CTX-M can also hydrolyze cefepime 

efficiently (Tzouvelekis et al., 2000) but with variable efficiency on aztreonam 

(Paterson & Bonomo, 2005). CTX-M genes were phylogentically classified into 5 main 

groups based on amino acid sequence similarities, namely the CTX-M-1, CTX-M-2, 

CTX-M-8, CTX-M-9 and CTX-M-25 (Bonnet, 2004). Today, up to a total of 170 types 

of CTX-M have been identified (http://www.lahey.org/Studies/other.asp#table1, 

accessed on 31 May 2015). 

Since the first detection of CTX-M in 1986 (Matsumoto et al., 1988), there has been 

a dramatic increase in the numbers of CTX-M-enzymes. CTX-M has also become the 

most prevalent ESBLs worldwide in the Enterobacteriaceae in the hospitals, 

community settings and among animal populations (Cantón & Coque, 2006; Eckert et 

al., 2006; Paterson & Bonomo, 2005). CTX-M-15 producing E. coli, which was first 

identified in India in 1999, is now the most prevalent ESBL variant found worldwide 

(Cantón et al., 2012; Pitout, 2009) except for Asia (Hawkey, 2008). A recent study by 

Sidjabat & Paterson (2015) revealed that different CTX-M subtypes have also appeared 

to predominate in different regions of Asia. According to a recent publication by the 

Study for Monitoring Antimicrobial Resistance Trends (SMART) (Jean and Hsueh, 

2016), CTX-M-15 and CTX-M-14 remained as the predominant ESBL type among 

intra-abdominal infections-causing Enterobacteriaceae. Out of 12 Asia-Pacific 

countries which participated in the SMART programme (years 2008 – 2014), 6 

countries (i.e., Australia, Kazakhstan, Malaysia, New Zealand, Philippines and 

Singapore) had the highest prevalence for CTX-M-15 among the 1739 studied E. coli 

strains. On the other hand, CTX-M-14 is the predominant ESBL subtype found in E. 

coli from Hong Kong, Korea and Taiwan (Jean and Hsueh, 2016).  
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CTX-M can be found associated with different genetic platforms including 

insertional sequences (e.g., ISEcp1, ISCR1), integrons, phage-related sequences and 

conjugative plasmids (Bonnet, 2004; Paterson & Bonomo, 2005; Rossolini et al., 2008). 

The wide dissemination of CTX-M genes (in particular CTX-M-15 and CTX-M-14) has 

also been partly attributed to the clonal spread of the E. coli O25-ST131 clone 

(Bradford, 2001; Hawkey & Jones, 2009; Johnson et al., 2010). 

 

2.2.1.1.4 Other ESBLs  

There are several non-classical ESBLs that have been reported. OXA-type-β-

lactamase has high efficiency in hydrolyzing oxacillin and is predominantly found in 

Pseudomonas aeruginosa (Weldhagen et al., 2003). Many other Gram-negative bacteria 

including E. coli are also common in harbouring OXA (Livermore, 1995). Majority of 

the OXA-type-β-lactamases are not able to hydrolyze extended-spectrum 

cephalosporins (ESC) efficiently and are hence not considered as ESBLs. Nonetheless, 

certain OXA types (e.g., OXA-11, -14, -16, -17, and -19) can hydrolyze cefotaxime and 

sometimes even ceftazidime and aztreonam (Paterson & Bonomo, 2005). 

Other less common ESBLs include PER, BES-1, VEB-1, and CME. PER-1 has been 

found associated with a Pseudomonas aeruginosa outbreak in Italy (Luzzaro et al., 

2001), which has been subsequently found in other countries such as France, Italy, 

Belgium (Claeys et al., 2000; De Champs et al., 2002; Pagani et al., 2004) and Korea 

(Kwon et al., 2002; Yong et al., 2003). VEB-1, which is plasmid-mediated, share high 

sequence identities with PER-1 and PER-2 (Poirel et al., 1999) and confers high 

potency on ceftazidime, cefotaxime, aztreonam and is inhibited by clavulanic acid. 

Other non-TEM and non-SHV ESBLs such as GES, BES, SFO, and IBC are also found 

distributed in various geographical regions (Paterson & Bonomo, 2005).  
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2.2.2 Dissemination of CTX-M genes  

The main focus of the mechanism of resistance for ESBL in this study will be on 

CTX-M since CTX-M is the most common ESBL in E. coli. Both mobile genetic 

elements and vertical transmission play an important role in the dissemination of CTX-

M genes (Peirano & Pitout, 2010). 

 

2.2.2.1 The association of CTX-M genes with insertion sequences and phage 

elements   

CTX-M genes have been reported to be associated with several types of mobile 

genetic elements, mainly the insertion sequences ISEcp1 and ISCR1 and phage related 

elements, to a lesser extent (Poirel et al., 2012). ISEcp1 is an IS element of the IS1380 

family. It is able to recognize a wide range of structurally unrelated DNA sequences that 

are located adjacent to it as right inverted repeats (IRR) and then mobilize the gene (in 

this case CTX-M) via one-ended transposition mechanism. Hence, a single copy of 

ISEcp1 located upstream of a CTX-M gene is able to mobilize the CTX-M gene which 

will then lead to the 5 bp duplication at the target site of the transposed fragment. 

ISEcp1 has an outward-directing promoter sequence which is able to enhance the 

expression of an adjacent blaCTX-M gene, where the CTX-M expression is known to be 

low naturally (Lartigue et al., 2004; Poirel et al., 2012). ISEcp1-like insertion sequence 

elements have been found to be associated with genes encoding for CTX-M-1, CTX- 

M-2 and CTX-M-9 (Cantón & Coque, 2006; Poirel et al., 2008).  

The CR1 (common region 1, formerly orf513) element (Toleman et al., 2006), which 

is now known as ISCR1 (an insertion sequence element) is often found to be associated 

with CTX-M-2 and CTX-M-9 genes. ISCR1, which belongs to the IS91 family, is 

reportedly able to mobilize neighboring CTX-M genes via a rolling-circle replication 
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mechanism and is often found to be embedded in complex class I integrons. Integrons 

are mobile genetic elements that are able to acquire gene cassettes and express them as 

functional genes including the antibiotic resistance phenotypes (Cambray et al., 2010). 

Nevertheless, CTX-M genes are usually not present in the integron in the form of a gene 

cassette but is located downstream of ISCR1 instead. ISCR1 is also found to be capable 

of enhancing the expression of CTX-M-9 gene (Cantón & Coque, 2006; Poirel et al., 

2012). 

On the other hand, phage-related sequences have only been identified upstream of 

the CTX-M-10 gene, which was first reported in Spain (Oliver et al., 2005). In fact, 

similar phage-like elements have been identified upstream of CTX-M-10 genes of 

various CTX-M-10 producing strains. Nonetheless, the self-transferability of the phage-

like structure was not determined (Oliver et al., 2005). 

 

2.2.2.2 CTX-M genes and plasmids 

Most blaCTX-M genes together with their respective immediate genetic environment 

are usually located in plasmids, facilitating the widespread distribution of blaCTX-M. 

CTX-M genes have been found to be associated with both narrow host-range (IncFI, 

IncFII, IncHI2 and IncI) and broad host-range (IncN, IncP-1-a, IncL/M and IncA/C) 

plasmids (Carattoli, 2009). Among different CTX-M subtypes, CTX-M-9, CTX-M-14, 

CTX-M-15 and CTX-M-32 were often found associated with epidemic plasmids 

(Cantón & Coque, 2006). IncFII plasmids are among the most well-known plasmids 

that are responsible for the widespread distribution of CTX-M-15 genes. Majority of 

these CTX-M-15-bearing IncFII plasmids are also multireplicon in nature (Villa et al., 

2010). On the other hand, the spread of CTX-M-9 in Spain was attributed to the 

dissemination of narrow host-range IncHI2 plasmids (Gilmour et al., 2004). In fact, 
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CTX-M-9 as well as CTX-M-32 have been reported to be linked to the epidemic spread 

of broad host-range IncP-1a and IncN plasmids, respectively (Novais et al., 2006). 

 

2.2.2.3 Clonal dissemination of E. coli strains harbouring CTX-M genes 

The widespread distribution of CTX-M genes (in particular CTX-M-15) is partly 

attributed to the single disseminated E. coli clone that belongs to sequence type (ST) 

131, serotype O25b:H4 and B2 phylogenetic group, namely the ST131-O25b:H4 clone. 

The ST131-O25b:H4 clone also often harbour IncFII plasmids (Pitout, 2009), and is 

notorious for being a multidrug-resistance uropathogenic E. coli (Cantón et al., 2012; 

Johnson et al., 2010; Molina-lópez et al., 2010; Woodford et al., 2009). In fact, the E. 

coli O25-ST131 clone is also often co-resistant to fluoroquinolone (Johnson et al., 

2010), as the IncFII plasmid often harbour both fluoroquinolone and extended- 

spectrum cephalosporin resistance genes (Canton and Coque, 2006). Besides CTX-M-

15, ST131-O25b:H4 has been identified to harbour CTX-M-9 and CTX-M-14, but at a 

lower occurrence (Cao et al., 2011; Mora et al., 2010). Nonetheless, E. coli of other 

clones such as ST393 and ST69 (determined using MLST) were also often found 

associated with CTX-M genes (Riley, 2014). 

 

2.3 Subtyping of E. coli  

Understanding the genetic diversity of bacterial pathogens is essential for 

epidemiological investigation, microbial source tracking as well as the early detection of 

newly emerging clinically important pathogens. Hence, it is important to have a useful 

tool which can type bacterial isolates quickly and reliably. Various phenotypic and 

genotypic approaches have been described for E. coli subtyping with some commonly 

used tools being described in detail as below.  
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2.3.1 Serotyping 

Conventional E. coli serotyping uses antisera which detects the somatic O- and H- 

antigens being expressed by E. coli, and hence able to distinguish E. coli of different 

serotypes (Orskov & Orskov, 1984). Although useful for short term epidemiologic 

studies (Ranjbar et al., 2014), serotyping is labour intensive, and time consuming for 

timely epidemiological investigations (van Belkum et al., 2007; Ranjbar et al., 2014). 

Nevertheless, molecular serotyping has been made available which can increase the 

efficiency to determine E. coli serotype (Coimbra et al., 2000). One of the ways to 

perform molecular serotyping for E. coli is by amplifying genes encoding flagellin (H-

(flagellar) antigen) and O-antigen gene cluster (rfb) (Coimbra et al., 2000; Machado et 

al., 2000), followed by digesting the amplified region using the previously described 

primers and restriction enzymes. The serogroup and serotypes can then be determined 

by matching the restriction patterns to those in the previously described databases 

(Coimbra et al., 2000; Machado et al., 2000).  

Certain E. coli serotypes are often associated with particular clinical outcomes. Of 

all, EHEC with serotype O157:H7 has drawn the limelight as a deadly diarrheagenic 

pathogen due to its frequent association with outbreaks, attributed to consumption of 

contaminated food and water (Kaper et al., 2004; Riley, 2014). Another well recognized 

clone, E. coli O104:H4, with combine features of EHEC and EAEC, also made another 

worldwide headline for causing approximately 3000 diarrheal cases with 17 deaths 

recorded via contaminated salad vegetables (EFSA, 2011). Besides IPEC, ExPEC also 

often associated with certain serotypes. E. coli with serotypes O4:K12:H5, O6:K2:H1, 

and O18:K1:H7 are serotypes that are epidemiologically associated with pyelonephritis, 

bacteremia, and/or neonatal meningitis (Russo & Johnson, 2000). 
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2.3.2 Multilocus sequence typing 

Besides serotypes, E. coli clonal lineages are also often determined using multilocus 

sequence typing (MLST). MLST is a genotyping method with web accessible MLST 

databases for various bacterial species, including E. coli 

(http://mlst.warwick.ac.uk/mlst/dbs/Ecoli). MLST often uses DNA sequences of 

selected seven housekeeping genes, which are believed to evolve slowly as they are 

under stabilizing, and not directional, selective pressure (Wirth et al., 2006). For E. coli, 

the 7 housekeeping genes are adk (adenylate kinase), fumC (fumerase isozyme C), gyrB 

(DNA gyrase subunit B), icd (isocitrate hydrogenase), mdh (malate dehydrogenase), 

purA (adenylosuccinate synthetase), and recA (recombinase A). 

MLST is often utilized to determine the clonal dissemination of virulent and/or drug 

resistant E. coli clones. Several pandemic clonal lineages of ExPEC based on MLST 

have been reported to be disseminated globally, including ST131, ST393, ST69, ST95, 

and ST73 which often associated with urinary tract and bloodstream infections (Riley, 

2014). On the other hand, ST1, ST11, ST25, ST270, ST272, ST280, ST582, ST731, 

ST1200 and ST1283 were found to be exclusively associated with intestinal pathogenic 

E. coli (Köhler & Dobrindt, 2011). Sequence type also often combined with E. coli 

serotype, to name several predominant ExPEC clonal groups including O25:H4-ST131 

and O6:H1-ST73, which often linked to extraintestinal infections (Johnson et al., 2010; 

Riley, 2014). 

 

2.3.3 Pulsed-field gel electrophoresis 

Pulsed-field gel electrophoresis (PFGE) is known for its remarkable discriminatory 

power and reproducibility that is able to differentiate among closely related strains, 

including E. coli strains that shared the same sequence types determined using MLST 
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(Brolund et al., 2013; Price et al., 2013; Riley, 2014). In brief, PFGE is a molecular 

typing method which uses an alternating current (pulsed fields) at a particular switch 

time which is predetermined to separate large chromosomal DNA fragments. PFGE 

requires high quality DNA, hence the DNA preparation involves embedding the bacteria 

in agarose, lysing it in situ, and then digesting the chromosomal DNA with restriction 

enzyme that cleaves infrequently. The slices of agarose plugs containing the DNA 

fragments are placed into the wells of an agarose gel, and the restriction fragments are 

then resolved into different banding patterns. The pulsotypes or pulsed field profiles of 

the strains are then compared with one another to determine their relatedness by 

generating a dendrogram (Tenover et al., 1995). Although PFGE is known to have high 

discriminatory power, it is a time consuming typing method (2-4 days) (van Belkum et 

al., 2007). Nevertheless, PFGE has been demonstrated to be able to determine whether 

an outbreak comes from a single source in the case of a suspected outbreak (van 

Belkum et al., 2007). PFGE has been used to investigate outbreak caused by 

contaminated food, as well as outbreaks occurred in the hospital and community. 

Mamlouk et al. (2006) reported an outbreak by drug resistant CTX-M-producing E. coli 

in a Tunisian hospital while Zhou et al. (2002) described a gastroenteritis outbreak in 

Japan caused by E. coli O166:H15. PFGE also successfully confirmed an outbreak of E. 

coli O157:H7 hemorrhagic colitis that is associated with unpasteurized gouda cheese in 

Canada (Honish et al., 2005). On the other hand, Lim et al. (2009) reported that 47 E. 

coli clinical strains yielded 44 pulsotypes, indicating substantial genetic diversity among 

the Malaysian E. coli.  

Nonetheless, PFGE does suffer from problems such as DNA degradation, indicated 

by smearing in the PFGE lane instead of the appearance of distinct restriction bands. 

Such phenomenon can be caused by several reasons including premature cell lysis due 

to undue stress to bacterial cells prior to plug casting, incomplete lysis, insufficient 
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washing, and nucleolytic derivatives generated during electrophoresis (in the PFGE 

context, the peracetic acid), all of which have been described by PulseNet USA 

(http://www.aphl.org/conferences/proceedings/Documents/2009/2009_PulseNet/023Co

oper.pdf). The degradation of DNA caused by the first three reasons can be easily 

overcome by gentle handling of bacterial suspensions, sufficient lysis and washing, 

respectively. As for the degradation caused by peracetic acid, which will give a 

characteristic smearing especially on the lower part of the gel, the degradation can be 

solved by adding free radicals scavengers such as thiourea to the running buffer and/or 

the agarose gel (Römling & Tümmler, 2000). The added thiourea can scavenge the Tris-

peracetic acid generated during gel electrophoresis, and has been reported to improve 

the typeability of many bacterial isolates including Pseudomonas aeruginosa, 

Clostridium difficile and Vibrio species (Corkill et al., 2000; Römling & Tümmler, 2000; 

Takayanagi et al., 2005). 

The DNA degradation phenotype (designated dnd) was first observed during an 

electrophoretic separation of DNA of a Gram-positive bacterium, Streptomyces lividans 

(Zhou et al., 1988). A DNA modification system (conferred by a five-gene dnd cluster, 

dndABCDE) was then found to be responsible for the dnd phenotype by mediating the 

incorporation of sulphur into the DNA backbone via a process called 

phosphorothioation (Zhou et al., 2005, 1988). The DNA modification renders the DNA 

susceptible to cleavage by peracetic acid generated during a PFGE run (Ray et al., 1995; 

Xie et al., 2012). While the 5-gene cluster (consisting of dndA and the dndBCDE operon) 

is found in bacteria across different families (such as Acidobacteriaceae, Clostridiaceae, 

and Streptomycetaceae), Enterobacteriaceae including E. coli only harbour a 4-gene 

dndBCDE operon without the dndA gene. IscS, a cysteine desulfurase that has a similar 

function as the dndA-encoded protein, was then identified in E. coli to support DNA 

phosphorothioation (An et al., 2012; Ou et al., 2009). 
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2.3.4 Phylogenetic grouping 

     Escherichia coli is composed of four main phylogenetic groups (A, B1, B2, and D). 

Three candidate markers are used to assigned E. coli into one of the phylogroups (A, 

B1, B2 or D) based on the presence and absence of the three genes (Figure 2.4) 

(Clermont et al., 2000), which can be carried using PCR. The three genes are: a) chuA, a 

gene required for heme transport in E. coli; b) yjaA, a gene with unknown function, and 

c) TSPE4.C2, a putative lipase esterase gene (Clermont et al., 2000; Clermont et al., 

2013). 

 

 

 

 

 

 

 

 

Figure 2.3 Phylogenetic grouping of E. coli based on the presence and absence of three 

genetic markers (Clermont et al., 2000). 

 

     Virulent extra-intestinal strains mainly belong to phylogroup B2 and to a lesser 

extent, phylogroup D while most commensal strains belong to phylogroup A (Clermont 

et al., 2000; Clermont et al., 2013). In fact, ExPEC are often reported to be derived 

predominantly from E. coli phylogroup B2, followed by phylogroup D since more than 

a decade ago (Jauréguy et al., 2007; Johnson et al., 1991; Picard et al., 1999; Salipante 

et al., 2015). 
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2.3.5 Phenotypic microarray assay 

     Phenotypic microarray (PM) assay is a high throughput technology that enables the 

simultaneous evaluation of nearly 2000 phenotypes of a bacterial strain in a single 

experiment. PM results are useful for correlating genotypes and phenotypes, 

characterizing cell phenotypes for epidemiological studies, determining gene functions 

and many more. Generally, each well of the PM plate is designed to test for different 

phenotypes. When cell respires in the well with substrate that is being inoculated with 

cell suspension, the tetrazolium dye in the well will be reduced forming a purple-

coloured compound (Bochner et al., 2001). The intensity of the colours formed is 

dependent on how actively the cell respires and the PM results are available in the form 

of kinetic graphs (Bochner et al., 2001).  

PM has been used for various E. coli research purposes. Several studies have 

employed PM for gene knockout or mutation studies for E. coli (Bochner et al., 2001; 

Roesch, 2003; Zhou et al., 2003). Using PM, Alqasim et al. (2014) showed that the 

pandemic virulent E. coli ST131 clone is not metabolically distinct from other ExPEC 

lineages. The same assay also revealed that by comparing the metabolic profiles of two 

closely related commensals E. coli strain B and K-12, strain B served as a better 

candidate for production of recombinant proteins due to advantages in certain metabolic 

reactions (Yoon et al., 2012). PM assay also often couples with whole genome sequence 

analysis for detail E. coli investigations (Blum et al., 2015; Yoon et al., 2012). 

 

2.3.6 E. coli and whole genome sequencing (WGS)  

E. coli is a highly versatile bacterium, which can exists as commensals, IPEC and 

ExPEC in humans, animals and environment (Kaper et al., 2004). In general, genome 

sizes of E. coli are approximately 4.5 - 5.9 million bp, with estimated number of ORFs 

ranging from 4687 to 5526, based on a study which includes 61 E. coli genomes from 
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various pathotypes and sources (Lukjancenko et al., 2010). As the number of E. coli 

genomes increase, the core genome size will decrease, while the pangenome size will 

increase (Lukjancenko et al., 2010). Nonetheless, core and pangenome sizes vary 

depending on the study population as E. coli from the same pathotypes may share high 

number of core genes and vice versa (Salipante et al., 2015). 

Generally, E. coli with the same pathotype, phylogenetic group and/or sequence type 

are well clustered together in a phylogenomic tree as they shared similar phylogenetic 

signal (Mcnally et al., 2013; Salipante et al., 2015). With the advent of next generation 

sequencing, high resolution phylogenomic analysis shed further insights into the 

evolutionary relationship between or within the same E. coli pathotypes. Using 

phylogenomic analysis, both Salipante et al. (2015) and Hazen et al. (2013) further 

divided ExPEC and attaching and effacing E. coli (AEEC) into different lineages, in 

which each of the lineages harbour distinct virulence and/or resistance profiles, 

suggesting the utility of phylogenomic analysis in further distinguishing E. coli of the 

same pathotypes.  

Although E. coli of the same pathotypes are generally grouped together into a cluster 

of a phylogenomic tree, the boundaries between different pathotypes have been blurred 

due to recombination (Mcnally et al., 2013). Recently, Chattaway et al. (2014) 

described a diarrheagenic E. coli, EAEC, in causing extraintestinal infections. Although 

E. coli of ST38 is a successful EAEC clone, it carries several extraintestinal virulence 

determinants and were often associated with urinary tract infections, indicating the 

emergence of UPEC/ EAEC hybrid pathotype (Chattaway et al., 2014). Similarly, the 

hybrid EAEC/EHEC O104:H4 is also notorious for the large hemolytic uremic 

syndrome outbreak in German, which was caused by contaminated sprouts (EFSA, 

2011). 
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     Besides being useful for inferring phylogetic relationships and epidemiological and 

outbreak investigations, whole genome sequences can be used for many other purposes. 

WGS is reported by several studies to be feasible for the 4-step routine diagnostics for 

clinical implementation, namely detection, identification, antibiotic susceptibility 

profiling and epidemiological typing (Bertelli & Greub, 2013; Fournier et al., 2014; 

Hasman et al., 2014; Köser et al., 2012). Whole genome sequences of E. coli have also 

been found useful for identification genetic markers (Clermont et al., 2013), and fitness 

traits such as toxin-antitoxin systems (Norton & Mulvey, 2012; Shao et al., 2011), 

virulence determinants (Chen et al., 2012) and many more, leading to a step-change in 

public health microbiology. By comparing the genomes of pathogenic and non-

pathogenic E. coli, Moriel et al. (2010) identified several vaccine candidates for ExPEC, 

which may also be effective against IPEC as some antigens are also present in IPEC. In 

fact, many E. coli typing methods that were used to be tedious and time consuming can 

be carried out using the in silico approach, by submitting the whole genome sequences 

to the relevant webservers. These typing tools includes MLST 1.8 (Larsen et al., 2012) 

and SerotypeFinder 1.1 (Joensen et al., 2015) which are used to determine the sequence 

types and serotypes of E. coli. Other genomic features such as genomic islands and 

clustered regularly interspaced short palindromic repeat (CRISPR) elements that are of 

research interests can also be determined (Bellanger et al., 2014; Dhillon et al., 2015; 

Grissa et al., 2007; Lange et al., 2013; Soares et al., 2012).  
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CHAPTER 3: CHARACTERIZATION OF ESBL-PRODUCING E. COLI FROM 

PEDIATRIC WARDS OF A MALAYSIAN HOSPITAL 

3.1 INTRODUCTION 

Extended-spectrum cephalosporins (ESCs) resistance is recognized as a major drug 

resistant threat globally (CDC, 2013) as ESC is often used as first-line antimicrobial 

agents for treating infections caused by Gram-negative bacteria (MOH, 2008; MOH, 

2014b; Winokur et al., 2001). As reviewed in Chapter 2, various beta-lactamase genes 

can be associated with ESC resistance with ESBL and AmpC enzymes (Philippon et al., 

2002) representing a major challenge to the public health worldwide. This is because 

ESBL producing bacteria are often multidrug resistant while AmpC-producing bacteria 

frequently appear as susceptible to certain ESC in-vitro but therapeutic failures have 

been reported with ESC treatment (Jacoby, 2009). This phenomenon has resulted in 

increased morbidity and mortality due to treatment failures.  

ESBL-encoding genes located on integron-like structures have been reported 

worldwide at an increasing rate (Bonnet, 2004; Cantón & Coque, 2006). Besides, the 

pandemic E. coli O25-ST131 clone which is notorious for its successful global 

dissemination of CTX-M-15, has not been reported in Malaysia. There have been very 

few reports on the prevalence of beta-lactamase genes in E. coli isolated from hospitals 

in Malaysia (Lim et al., 2009; Sekawi et al., 2008; Yusof, 2011) and the Southeast 

Asian region. Any association between ESBL genes and integrons has not been 

investigated among Malaysian E. coli strains. Although E. coli infections affect patients 

of all ages, certain types of infections are more common in children under 5 years old 

(CDC, 2011). Thus, this study was undertaken to (1) determine the prevalence of 

different types of beta-lactamase genes and their respective variants, (2) determine the 

level of resistance to ESCs conferred by different variants of ESBL and AmpC genes, 
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(3) investigate the association between integrons and ESBL genes, and (4) investigate 

the clonality of ESBL- and AmpC-producing E. coli strains isolated from children in a 

Malaysian tertiary hospital. 

 

3.2 METHODOLOGY 

3.2.1 Bacterial strains  

One-hundred and ten non-repeat E. coli strains from stool samples of children under 

the age of 5 years were obtained in 2009–2010, from a tertiary hospital in Johor Bahru, 

a city at the southern tip of Peninsular Malaysia. The background information for the E. 

coli strains are detailed in Appendix II a. These strains were previously identified by the 

clinical microbiology laboratory in the hospital using standard cultural methods and 

biochemical tests. 

 

3.2.2 PCR confirmation of E. coli strains 

     PCR confirmation targeting phoA, which is an E. coli housekeeping gene (Kong et 

al., 1999) was carried out (Appendix III a) using DNA templates prepared using the 

Wizard Genomic DNA Purification Kit (Promega) (Appendix IV a). Strains that have 

been validated as E. coli were then stored in cryovials of veal infusion broth with 50% 

glycerol (Invitrogen) at -20°C and -85°C.  

 

3.2.3 Antimicrobial susceptibility testing  

     Antimicrobial susceptibility of E. coli strains was determined using the disk 

diffusion method according to Clinical and Laboratory Standards Institute (CLSI) 

guidelines (CLSI, 2015) (Appendix IV b). The antimicrobial agents used were: 

ampicillin (AMP, 10 μg), tetracycline (TET, 30 μg), trimethoprim/sulfamethoxazole 

(SXT, 30 μg), nalidixic acid (NAL, 30 μg), streptomycin (STR, 10 μg), cefoperazone 
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(CFP, 30 μg), kanamycin (KAN, 30 μg), chloramphenicol (CHL, 30 μg), ceftriaxone 

(CRO, 30 μg), amoxicillin/clavulanic acid (AMC, 20/10 μg), cefotaxime (CTX, 30 μg), 

ciprofloxacin (CIP, 5 μg), aztreonam (ATM, 30 μg), cefepime (FEP, 30 μg), gentamicin 

(GEN, 10 μg), ceftazidime (CAZ, 30 μg), amikacin (AMK, 30 μg), meropenem (MEM, 

10 μg), and imipenem (IPM, 10 μg). Minimum inhibitory concentration (MICs) was 

also performed using E-test strips (AB Biodisk) with third generation cephalosporins, 

namely ceftazidime (CAZ), cefotaxime (CTX), ceftriaxone (CRO), and aztreonam 

(ATM). E. coli ATCC 25922 and ATCC 35218 were used as control strains (CLSI, 

2015). 

 

3.2.4 Phenotypic detection of ESBL production 

     E. coli strains were screened for presumptive ESBL production using four 

antimicrobial disks containing CAZ (30 mg), CRO (30 mg), CTX (30 mg), and ATM 

(30 mg) (Appendix IV c i).  Presumptive-positive ESBL-producing E. coli strains were 

further tested for the ESBL production using the modified double-disk synergy test 

(DDST) (Jarlier et al., 1988) (Appendix IV c ii) and E-test ESBL strips (CTX/CTX + 

clavulanic acid [CT/CTL] and CAZ/CAZ + clavulanic acid [TZ/TZL]) (AB Biodisk) 

(Appendix IV c iii). These two methods were used together to increase the efficiency of 

ESBL detection. Strains with positive results for DDST or ESBL E-test were termed 

ESBL producers. E. coli ATCC 25922 and ATCC 35218 were used as control strains 

(CLSI, 2015). 

 

3.2.5 Genotypic detection of genes encoding for beta-lactamases  

     Polymerase chain reaction (PCR) was used to detect the presence of seven different 

types of beta-lactamase genes using primers previously described for the amplification 

of blaCTX-M (Pagani et al., 2003); blaTEM, blaOXA-1, and blaSHV (Oliver et al., 2002); 
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blaVEB (Naas et al., 2001); blaDHA (Pai et al., 2004); and blaCMY-2 (Archambault et al., 

2006). CTX-M genes were known to consist of 5 major phylogenetic groups where 

different CTX-M subgroups predominate in different geographical regions (Bonnet, 

2004). Hence, strains that yielded positive amplification for blaCTX-M were further 

subgrouped into CTX-M groups 1, 2, 8/25, and 9 as described by Ensor et al. (2007). 

PCR detection for the CTX-M-15 gene was carried out using primers described by 

Conceição et al. (2005). All amplified CTX-M genes (except for CTX-M-15) were 

purified and submitted to a commercial facility (First BASE Laboratories) for 

sequencing to determine the specific CTX-M subtype. Representative amplified blaCTX-

M, blaTEM-1, blaOXA-1, and blaSHV genes with the expected amplicon sizes were also 

sequenced and validated by sequence alignment. These validated genes were then used 

as positive controls for subsequent ESBL gene detection using PCR. All primers, 

expected amplicon sizes and annealing temperatures for the PCR detection of genes 

encoding for the various beta-lactamases were listed in Appendix III b. 

 

3.2.6 Detection of O25-ST131 clone  

     E. coli O25-ST131 clone is an international pandemic clone notorious for the 

dissemination of CTX-M genes, in particular CTX-M-15 (Johnson et al., 2010). Hence, 

detection of the O25-ST131 E. coli clone was carried out by PCR as previously 

described (Clermont et al., 2009) for CTX-M-15-producing strains. In brief, this rapid 

PCR targets the pabB gene which is specific to the E. coli O25-ST131 clone, with 

inclusion of a positive control named EC1003-1 that has been validated by DNA 

sequencing and alignment analysis (Appendix III c). 
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3.2.7 PCR detection of class 1, 2, and 3 integrons  

     All 110 E. coli strains were tested for the presence of class 1, class 2, and class 3 

integron-encoded integrases using PCR as described previously (Machado et al., 2005). 

Amplification of the gene cassette regions was carried out for integrase-positive strains 

(using the 5'CS/3'CS primers for gene cassette-bearing class 1 integrons and the attI2-

F/orfX-R primers for gene cassettes in class 2 integrons) (Machado et al., 2005). All 

PCR amplicons were purified and submitted to a commercial company for sequencing 

(First BASE Laboratories). Primers used for detection of integrases and variable gene 

cassette regions were detailed in Appendix III d.  

 

3.2.8 Pulsed-field gel electrophoresis 

     Pulsed-field gel electrophoresis (PFGE) for all 110 E. coli strains was performed 

according to Thong et al. (2007) with minor modifications. The detailed protocols for 

PFGE and data analysis are found in Appendix IV d i-vi. In brief, the E. coli genomic 

DNA plugs were prepared and then subjected to XbaI digestion. PFGE was performed 

for 24 hours in 0.5X TBE buffer at 14°C in a CHEF Mapper system (Bio-Rad) using 

pulse times of 2.16 to 54.17 sec. 
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3.3 RESULTS 

3.3.1 Antimicrobial resistance rates among the E. coli strains  

     Eighteen of the 110 (16.4%) E. coli strains were susceptible to all the 19 

antimicrobials tested and a representative result of antimicrobial susceptibility testing on 

a Mueller Hinton II plate was included in Figure 3.1. The antimicrobial resistance rates 

are summarized in the form of graph (Figure 3.2). All the strains were found to be 

susceptible to carbapenems (i.e. imipenem and meropenem).  

     Fourty six percent (51/110) of the strains were multidrug resistant (MDR, bacterial 

strains that are resistant to three or more classes of antimicrobials) (CDC, 2013). Table 

3.1 summarizes the resistance profiles of the 51 MDR. Among the MDR strains, high 

resistance rates were observed for AMP (98%, n = 50/51), TET (75%, n = 38/51), and 

SXT (73%, n = 37/51) (Appendix V a). Three MDR strains had the highest number of 

antimicrobial resistance (n = 14) and were resistant to all broad-spectrum 

cephalopsorins and monobactam tested. Fourteen ESC-resistant and nine ESC-

intermediate-resistant E. coli strains were also MDR. 

                                              

                                         

 

Figure 3.1: Representative picture of antimicrobial susceptibility testing for an 

E. coli isolate on Mueller Hinton II agar plate using Kirby-Bauer disc diffusion 

method 

TE = tetracycline 

CN = gentamicin 

SXT = trimethoprim/ 

sulfamethoxazole  

K = kanamycin 

S = streptomycin Univ
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Figure 3.2: Antimicrobial resistance rates for the 110 E. coli strains isolated from 

paedriatic wards of a Malaysian tertiary hospital. 

 

    Thirty percent (33/110) of the E. coli strains were presumptive ESBL producers 

based on initial four-antimicrobial disk-diffusion screening. Eighteen were ESBL 

producers based on DDST (Figure 3.3). Based on the phenotypic confirmatory test 

(ESBL E-test), 15 strains were ESBL producers while 2 were non-determinate as their 

MIC values for CTX/CTX + clavulanic acid and CAZ/CAZ + clavulanic acid were 

above the test range. According to the manufacturer’s interpretation, Nd results might 

suggest the presence of an inhibitor-resistant (such as AmpC enzyme). Thirteen strains 

were confirmed as ESBL producers by both phenotypic detection tests (DDST and 

ESBL E-test methods). 

 

Antimicrobial resistance rates for 110 E. coli strains 

Antimicrobial agents 

 

R
es

is
ta

n
ce

 r
a
te

s 
(%

) 

Figure 3.3: Representative 

picture of double disk 

synergy testing (DDST) for 

an E. coli isolate on Mueller 

Hinton II agar plate. 
 

 

AMC = amoxicillin/ 
         clavulanic acid 

CAZ = ceftazidime 

ATM = aztreonam 

 

Synergistic effect 
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Table 3.1: Antimicrobial resistant phenotypes of 51 MDR E. coli strains

No. of antimicrobial resistance Resistance phenotypes No. of strains

14 AMP, TET, SXT, NAL, STR, CFP, KAN, CHL, CRO, CTX, CIP, ATM, FEP, CAZ 3

10 AMP, TET, SXT, NAL, STR, CFP, KAN, CHL, AMC, CIP 1

AMP, TET, SXT, STR, CFP, KAN, CRO, CTX, AMC, ATM 1

8 AMP, TET, SXT ,NAL, STR, KAN, CHL, CIP 1

AMP, TET, SXT, NAL, STR, CHL, CIP, AMK 1

AMP, TET, SXT, NAL, CFP, KAN, AMC, CIP 1

AMP, TET, SXT, NAL, CFP, CHL, CRO, CTX 1

AMP, TET, SXT, STR, CFP, CHL, CRO,  CTX 2

7 AMP, TET, SXT, NAL, STR, KAN, CHL 1

AMP, TET, SXT, NAL, STR, CHL, CIP 2

AMP, TET, SXT, NAL, STR, AMC, CIP 1

AMP, TET, SXT, STR, CFP, KAN, AMC 1

AMP, STR, CFP, KAN, CRO, CTX, FEP 1

6 AMP, TET, SXT, NAL, STR, CIP 1

AMP, TET, SXT, NAL, STR, GEN 2

AMP, CFP, CRO, CTX, ATM, FEP 1

5 AMP, TET, SXT, NAL, STR 1

AMP, TET, SXT, NAL, KAN 4

AMP, TET, SXT, KAN, C 3

AMP, TET, SXT, STR, KAN 1

AMP, TET, SXT, STR, C 1

TET, SXT, STR, KAN, CHL 1

AMP, TET, NAL, CFP, CRO 1

AMP, CFP, CRO, CTX, ATM 1

AMP, SXT, NAL, CFP, CRO 1

AMP, CRO, CTX, AMC, ATM 1

4 AMP, TET, SXT, STR 1

AMP, TET, NAL, CFP 2

AMP, TET, STR, AMC 1

AMP, SXT, NAL, STR 1

AMP, SXT, STR, CHL 1

3 AMP, TET, SXT 1

AMP, TET, AMC 1

AMP, TET, KAN 1

AMP, SXT, STR 1

AMP, SXT, NAL 1

AMP, CFP, AMC 3

AMP, CRO, AMC 1
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3.3.2 Prevalence of different beta-lactamase genes and O25-ST131 clone  

     Out of the 7 beta-lactamase genes tested (TEM, CTX-M, OXA-1, SHV, VEB, DHA, 

and CMY-2) using PCR, only 3 were detected among the 110 E. coli strains: blaTEM 

(49.1%, n = 54), blaCTX-M (11.8%, n = 13), and blaCMY-2 (6.4%, n = 7) (Figures 3.4 a, b, 

and c). Analysis of the DNA sequence of the blaTEM amplicons revealed that they 

belonged to subgroup blaTEM-1 and this was the most prevalent beta-lactamase gene 

detected. 

     All CTX-M-positive strains were ESBL producers with positive results for both 

DDST and ESBL E-test methods and the 13 CTX-M genes were further subgrouped 

into CTX- M-15 (n = 10) and CTX-M-9 (n = 3). Further DNA sequence analyses of the 

CTX-M-9 genes revealed two subtypes, CTX-M-14 (n = 2) and CTX-M-27 (n = 1). No 

CTX-M subgroup 2 or 8/25 was detected. All strains with CMY-2 or CTX-M genes 

were nonsusceptible to third-generation cephalosporins. The O25-ST131 clone was also 

not found among the 10 CTX-M-15- positive E. coli strains. 

     CTX-M enzymes had higher hydrolytic activity against CTX (MIC, 24–256 µg/ml) 

than CAZ (MIC, 1–16 µg/ml). Majority of the CTX-M-positive E. coli strains (11/13) 

showed high resistance levels to CTX with MIC values of ≥ 32 µg/ml. The MIC values 

for CTX-M-15- and CTX-M-14- producing E. coli for the four antimicrobial agents 

were as follows: CTX (16–256 vs. 24–48 µg/ml), CAZ (2–16 vs. 1– 2 µg/ml), CRO 

(16–256 vs. 48–64 µg/ml), and ATM (3–96 vs. 3–8 µg/ml) (Figure 3.5). 

     MIC values of CTX, CAZ, CRO, and ATM for CMY-2- producing strains were 1.5–

3, 3–12, 2–8, and 3–12 µg/ml, respectively.  
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Figure 3.4: Representative agarose gel pictures of PCR amplified products of: a) 

blaTEM and blaCTX-M. Lanes 2-11: EC002/09, EC003/09, EC004/09, EC005/09, 

EC006/09, EC007/09, EC007/09, EC009/09, EC010/09, EC011/09; lane 12: negative 

control;   b) blaCMY-2. Lanes 2-5: EC002/09, EC003/09, EC004/09, EC005/09; lane 6: 

negative control; c) class 1 integron-encoded integrase. Lanes 2-10: EC072/10, 

EC073/10, EC074/10, EC075/10, EC076/10, EC077/10, EC078/10, EC079/10, 

EC080/10; lane 11: negative control   d) class I integron. Lanes 2-14: EC088/10, 

EC087/10, EC086/10, EC083/10, EC081/10, EC080/10, EC079/10, EC078/10, 

EC077/10, EC076/10, EC074/10, EC073/10, EC072/10; lane 15: negative control e) 

class II integron. Lanes 2-5: EC038/10, EC072/10, EC082/10, EC083/10; lane 6: 

negative control. Lane M: 100 bp DNA ladder (Promega); Lane 1: positive control. 

 

 

 

 

 

b) a) 

blaTEM (867 bp) blaCTX-M (593 bp) blaCMY-2 (758 bp) 

800bp 

1500bp 

500bp 

800bp 

1500bp 

500bp 

M     1        2       3        4       5       6        7       8       9      10      11     12 M     1      2       3      4      5      6      
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1500bp 
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M      1       2       3       4       5       6       7       8       9      10     11      M 
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d) M     1     2     3     4     5      6     7     8     9     10   11   12   13   14   15   M e) M     1      2       3      4      5      6      
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3.3.3 Prevalence of class 1, 2, and 3 integrons  

     All 110 E. coli strains were screened for class 1, 2, and 3 integron-encoded integrase 

genes. No class 3 integron-encoded integrase gene was detected. Among the 110 strains, 

48 (43.6%) and 4 strains (3.6%) harbored the intI1 and intI2 integrase genes, 

respectively. Of the 48 intI1-positive strains, only 21 yielded amplified products with 

the 5'_CS/3'_CS primers, implying the presence of gene cassettes, while all 4 intI2 

integrase-positive strains harbored gene cassettes as part of class 2 integrons. Six types 

of gene cassettes were identified (Table 3.2). Three types of aadA genes (aadA1, aadA2, 

and aadA5) were identified, which conferred resistance to STR and spectinomycin. The 

aadB gene (n = 2), which confers resistance to a range of aminoglycosides, namely, 

GEN, KAN, and tobramycin, was found to be associated with aadA2 in the class 1 

integrons. Four types of dfr genes (dfrA12, dfrA17, dfrA5, and dfrA7) were detected in 

class 1 integrons and one type (dfrA1) in a class 2 integron. The dfr genes encode for the 

enzyme dihydrofolate reductase that mediates resistance to trimethoprim. The dfrA and 

aadA genes can exist alone or in combination with other resistance genes. All E. coli 

strains that harbored dfr and aad genes were nonsusceptible to SXT and 

aminoglycosides, respectively. The genotypes of the gene cassettes found in the 

integrons corresponded to the resistotypes. Only the sat1 gene was identified in class 2 

integron strains, which confers resistance to streptothricin. No beta-lactamase genes 

AMC = amoxicillin/ 
clavulanic acid 

Figure 3.5: Representative 

picture of minimum 

inhibitory concentration 

(MIC) test for an E. coli 

isolate using E-test strip on 

Mueller Hinton II agar 

plate. 
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were found within the gene cassettes that were amplified from the integrase-positive E. 

coli strains. 

 

Table 3.2: Contents of class 1 and class 2 integrons gene cassettes detected in 23 integron 

positive E. coli strains 

Integrons Gene cassettes 
Amplicon   size 

(bp) 
No. of   strains 

Class 1 dfrA12- orfF -aadA2 1900 8 

 dfrA17-aadA5 1600 4 

 aadB- aadA2 1600 2 

 aadA1 1000 1 

 dfrA7 800 3 

 dfrA5 700 1 

Class 2 dfrA1-sat1-aadA 2000 2 

Class 1 + class 2 dfrA12- orfF -aadA2 1900 2 

 +   

 dfrA1-sat1-aadA 2000  

No. of strains with 

integrons  
  23 

No. of strains without 

integrons    
87 

 

 

3.3.4 Genetic relatedness of the E. coli strains based on PFGE  

     PFGE subtyped XbaI-digested genomic DNA of 107 strains into 72 PFPs with a 

Simpson’s index diversity value of 0.98, and F-value (coefficient of similarity) ranging 

from 0.45 to 1.0 (Figure 3.6), indicating that the local E. coli strains that were obtained 

from the same hospital are quite diverse. XbaI digestion of the genomic DNA resulted 

in a total of 14 – 26 DNA fragments with sizes ranging from 20 to 800 kb. Three strains 
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(EC062/10, EC063/10, and EC075/10) were untypeable although their DNA preparation 

was repeated three times. At 85% similarity, a total of 78 strains were clustered into 29 

clonal groups, each comprising of 2 – 4 strains. Most strains within the same clonal 

group shared high degree of similarities with closely related PFPs and similar 

genotypes. Another 29 strains were less defined and were not clustered into any 

apparent clonal group. 

     The 13 CTX-M-positive strains were subtyped into 11 PFPs. Three out of four 

strains (EC009/09, EC013/09, and EC019/09) that had the highest detectable MICs for 

CTX and CRO (256 mg/ml) were grouped together into a clonal group. These three 

strains also displayed relatively high resistance to ATM (MIC, 32–96 mg/ml) and CAZ 

(8–16 mg/ml). All three strains were highly related with one band difference and carried 

both CTX-M-15 and class 1 integron (dfrA12-orfF-aadA2). Seven CMY-2-positive 

strains from different pediatric wards had no apparent linkage as they were found 

scattered in the dendrogram. 

     The PFGE profiles of E. coli in the present study (isolated between 2009 - 2010) 

were also compared with profiles of previously isolated E. coli (isolated in 2004) in the 

same hospital (Lim et al., 2009). The genetic relatedness of the E. coli strains obtained 

from the same hospital over a gap of more than 5 years was established from a 

dendrogram based on their PFGE profiles (Figure 3.7). Overall, these E. coli strains 

were genetically diverse except for two strains, EC096/10 (isolated from a stool sample) 

and EC302/04 (isolated from tracheal aspirate) that differed by only a single band 

(PFGE analysis for these two strains was repeated three times) (Figure 3.8). 
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PFGE 
100 95 90 85 80 75 70 65 60 55 50 45 

PFGE  

EC087/10 
EC089/10 
EC014/09 
EC016/09 
EC092/10 
EC093/10 
EC094/10 
EC095/10 
EC004/09 
EC011/09 
EC002/09 
EC008/09 
EC010/09 
EC012/09 
EC040/10 
EC102/10 
EC088/10 
EC058/10 
EC059/10 
EC061/10 
EC050/10 
EC051/10 
EC066/10 
EC046/10 
EC047/10 
EC060/10 
EC015/09 
EC055/10 
EC101/10 
EC026/09 
EC068/10 
EC080/10 
EC005/09 
EC006/09 
EC018/09 
EC017/09 
EC027/10 
EC032/10 
EC081/10 
EC013/09 
EC019/09 
EC009/09 
EC074/10 
EC082/10 
EC003/09 
EC007/09 
EC105/10 
EC109/10 
EC083/10 
EC096/10 
EC001/09 
EC106/10 
EC044/10 
EC107/10 
EC021/09 
EC022/09 
EC084/10 
EC041/10 
EC052/10 
EC053/10 
EC023/09 
EC030/10 
EC031/10 
EC034/10 
EC036/10 
EC086/10 
EC033/10 
EC035/10 
EC039/10 
EC076/10 
EC077/10 
EC079/10 
EC037/10 
EC048/10 
EC071/10 
EC090/10 
EC091/10 
EC029/10 
EC049/10 
EC069/10 
EC038/10 
EC042/10 
EC108/10 
EC110/10 
EC097/10 
EC103/10 
EC067/10 
EC085/10 
EC024/09 
EC028/10 
EC064/10 
EC025/09 
EC070/10 
EC054/10 
EC065/10 
EC043/10 
EC104/10 
EC020/09 
EC072/10 
EC073/10 
EC078/10 
EC045/10 
EC098/10 
EC099/10 
EC100/10 
EC056/10 
EC057/10 
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Figure 3.6: Dendrogram generated from PFGE profiles of 107 E. coli strains isolated in year 2009 and 

2010 from children. 
a
Strain code; 

b
presence of

 
β-lactamase genes; 

c
gene cassettes found in class 1 

integrons: (1A) dfrA12-orfF-aadA2; (1B) aadB-aadA2; (1C) dfrA5; (1D) aadA1; (1E) dfrA7; (1F) 

dfrA17-aadA5; gene cassette found in class 2 integron: (2A) dfrA1-sat-aadA1; 
d
pulsed-field profiles. 

The scale on top of the dendrogram indicates the percentage of similarity. ND, not detected; UPGMA, 

unweighted pair group method using arithmetic averages. 
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Figure 3.7: Dendrogram generated from PFGE profiles of the 130 E. coli strains isolated in years 2004 

and 2009/2010 obtained from the same hospital. Bold letters of strain codes (/04) indicate that the 

strains were obtained from the previous study (year 2004) (Lim et al., 2009). Strains EC302/04 and 

EC096/10 were isolated 5 years apart and showed one band difference in their PFGE profiles (red box). 
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3.3.5 Prevalence of integrons in ESBL- and non-ESBL- producing strains 

     A total of 15 out of the 24 integrons (class 1 and class 2) detected were found in non-

ESBL-producing E. coli and no significant correlation was found between the ESBL 

phenotype and the carriage of integrons (p = 0.23). 

 

3.4 DISCUSSION 

Antimicrobial resistance in E. coli from children’s stool samples in this study was 

compared with previous reports from Malaysia (MOH, 2014; Lim et al., 2009) to 

observe the trend in antimicrobial resistance keeping in mind that the respective study 

populations were different. All 3 reports shared similar findings whereby E. coli strains 

had low resistance rates to carbapenems (0% - 0.3%) and high resistance rates to 

ampicillin (60% - 77%). Notably, the resistance rate of cefotaxime reported by the 

National Surveillance of Antibiotic Resistance 2014 (MOH, 2014) is approximately 

100% higher (22.9%) compared to the study from Lim et al. (2009) (11%) as well as 

this study (10.9%). The hike in resistance rates to the extended-spectrum cephalosporins 

is of concern as cephalosporin resistant E. coli is recognized as one of the drug 

resistance threat globally (CDC, 2013).  

Figure 3.8: Pulsed-field profiles of EC302/04 and EC096/10 

EC302/04 
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Half (50%, n=12/24) of the non-susceptible ESC (intermediate and resistant) strains 

were CTX-M positive. CTX-M was the most common type of ESBL observed in both 

studies (this study: 10.9%; Lim et al. (2009): 17%) with CTX-M-15 as the most 

common subtype in Malaysia (Lim et al., 2009; Sekawi et al., 2008) and India (Shakil et 

al., 2010). Although CTX-M-14 is the most prevalent variant of CTX-M in other Asian 

countries such as Korea, China and Taiwan (Song et al., 2009; Yan et al., 2006; Yu et 

al., 2007), it is relatively low in Malaysia with rates of 17% (n=2/12) in this study and 

31%, (n=4/13) in a previous study (Sekawi et al., 2008). Perhaps, the prevalence of a 

particular genotype is associated with different geographical regions. To the best of our 

knowledge, this is the first report of the presence of a CTX-M-27-producing E. coli 

strain in Malaysia. The low prevalence of CTX-M-27 concurred with the reports from 

Korea (1.3%) (Song et al., 2009) and Canada (0.6%) (Pitout et al., 2007) and Saudi 

Arabia (3.2%) (Al-Agamy et al., 2014). 

E. coli strains that carried CTX-M genes exhibited higher resistance to cefotaxime 

than ceftazidime (MICs of 8 - 32 fold dilutions), consistent with the classical phenotype 

of CTX-M enzymes. Nevertheless, a broad range of resistance levels to cefotaxime 

(MICs of 24 - 256 μg/ml) for the E. coli strains that carried the CTX-M-encoding genes 

was observed, similar to a previous report by (Edelstein et al., 2003). CTX-M-15 has 

stronger hydrolytic activities against ceftazidime (MIC: 2 - 16 μg/ml) compared to its 

parental enzyme, CTX-M- 14 (MIC: 1 - 2 μg/ml). E. coli strains containing CTX-M-27 

also exhibited higher resistance levels to ceftazidime compared to CTX-M-14 (MIC = 8 

versus 1 - 2 μg/ml) which is in agreement with a previous report from Bonnet et al. 

(2003). 

Besides CTX-M-encoding genes, AmpC genes also play an essential role in 

conferring non-susceptibility to broad spectrum cephalosporins (Jacoby, 2009). In this 
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study, CMY-2 was the only AmpC gene detected in 6 of the 110 E. coli strains. Five out 

of 6 CMY-2-positive strains were non-susceptible to ESC while another CMY-2-

positive strain had reduced susceptibility. All CMY-2-positive strains were resistant to 

amoxicillin/ clavulanic acid, a known trait of AmpC-type β-lactamase (weakly inhibited 

by β-lactamase inhibitors) (Bauernfeind et al., 1996), and consistent with an AmpC-type 

β-lactamase phenotype. The CMY-2 producing strains also had a higher resistance level 

(MICs) to ceftazidime than for cefotaxime, which is in agreement with the findings of 

Philippon et al. (2002). Plasmid-encoded AmpC-type β-lactamase-producing strains are 

often not resistant to third generation cephalosporins because they are found in low 

copy numbers (Hanson, 2003). It would thus be of interest to find out if the AmpC-

encoding genes in these E. coli strains are plasmid- or chromosomally-encoded.  

The remaining 7 strains that were non-susceptible to ESC did not contain any ESBL 

or AmpC genes that were tested in this study, indicating that resistance to 

cephalosporins may be conferred by other resistance mechanisms (Pfeifer et al., 2010), 

such as OXA of other subtypes, as well as rare ESBL types (blaPSE and blaPER) 

(Bradford, 2001) in which their detection by PCR detection was not carried out in this 

study. 

The association between ESBL genes and integrons has been reported worldwide 

(Machado et al., 2005; Machado et al., 2007; Vinué et al., 2009), but no such studies 

have yet been carried out for Malaysian E. coli strains. In this study, class 1 integrons 

were the most common integrons in the Malaysian E. coli strains, but no gene cassettes 

that contained ESBL genes were detected. Sequence analyses of the amplicons revealed 

a predominance of gene cassettes that conferred resistance to streptomycin and 

spectinomycin (aadA genes) and trimethoprim (dfr genes), similar to an earlier report by 

White et al. (2001). A total of 15 out of 24 integrons (class 1 and class 2) were found in 
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non-ESBL-producing E. coli. Integrons were also not significantly found in either 

ESBL or non-ESBL producers (P>0.05). These findings inferred that integrons are 

unlikely to have contributed to the dissemination of the ESBL genes in the Malaysian E. 

coli strains. Previous studies by Machado et al., (2005; 2007) and Vinué et al. (2009) 

also indicated that integrons did not contribute much to the dissemination of ESBL 

genes unless these genes were located within integrons (such as the CTX-M-9 gene that 

was linked to the In60 integron). The transmissibility of ESBL genes could thus be 

linked to other mechanisms such as insertion elements (Machado et al., 2005; Machado 

et al., 2007) and plasmids (Saladin et al., 2002). 

E. coli strains that contained CTX-M genes were genetically diverse. This 

observation concurred with other studies (Niumsup et al., 2008; Vinué et al., 2009) 

which reported low clonal relationships among the strains containing CTX-M genes. 

This indicates that the dispersion of the E. coli strains with CTX-M genes was not likely 

due to the dissemination of a particular resistant clone harboring the gene. However, the 

3 strains that contained CTX-M-15 (EC013/09, EC019/09 and EC009/09) were highly 

related. These strains shared similar PFPs and resistotypes and might have derived from 

the same clone. It was found that the PFPs of EC096/10 that was isolated from a stool 

sample in this study, and EC302/04 that was isolated from tracheal aspirate from an 

earlier study (Lim et al., 2009) differed by only a single band. Similar observations 

whereby epidemiologically unrelated E. coli strains had closely related PFGE patterns 

have been reported by Mamlouk et al. (2006). Further analysis of these strains showed 

that they were of different resistotypes. No integron was detected in both strains while 

blaTEM-1 was detected only in EC302/04. According to van Belkum et al. (2007), strains 

with indistinguishable typing patterns do not necessarily belong to the same clone 

because different strains may yield indistinguishable patterns using the same typing 

method. Nevertheless, the high discriminatory power of PFGE strongly implies that 
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EC096/10 and EC302/04 were derived from the same clone that had persisted over five 

years in the same hospital environment with gain or loss of resistance due to the 

acquisition or deletion of respective genes, which are likely to be located on mobile 

genetic elements. This was further explored when the whole genome sequences for 

EC096/10 and EC302/04 were determined and analyzed (Chapter 6).   

 

3.6 CONCLUSION 

     In summary, the 110 E. coli strains isolated from pediatric wards of a tertiary 

hospital in the state of Johor, Malaysia showed high resistance rates to ampicillin and 

total susceptibility to carbapenems. The MDR rates were lower compared to other 

previously reported Malaysian strains. Class 1 integrons remained the major class of 

integrons in the Malaysian E. coli clinical strains. Nonetheless, no gene cassette 

encoding ESBL genes was found and no significant association could be made between 

ESBL production and the carriage of integrons. CTX-M-15 was the most common 

ESBL found in this study although its low prevalence was reported in other parts of 

Asia, indicating that the prevalence of genotypes is perhaps associated with different 

geographical regions. Possible clonal expansion was observed for a few CTX-M-15-

positive strains but no O25-ST131 clone was detected, indicating that E. coli of other 

clones may have played a role in the clonal dissemination of CTX-M-15-producing E. 

coli in Malaysia. Besides dissemination via clonal expansion, CTX-M genes have also 

been found associated with various mobile genetic elements. Nonetheless, both the 

O25-ST131 clone and integrons did not seem to play a role in the spread of CTX-M-15-

producing E. coli in Malaysia. Hence, further studies focusing on the cephalosporin 

resistance mechanisms of E. coli strains from various sources and time frames are 

necessary to further understand the dissemination of such resistance determinants in the 

local E. coli strains.  
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CHAPTER 4: GENETIC DIVERSITY OF ESBL-PRODUCING E. COLI 

STRAINS FROM MALAYSIA AND THE GENETIC ENVIRONMENT 

SURROUNDING THE GENES ENCODING THE CTX-M TYPE ESBL 

 

4.1 INTRODUCTION 

The previous chapter (Chapter 3) had revealed that CTX-M-15 was the most 

common ESBL subtype identified in the Malaysian pediatric E. coli strains but no 

integron-encoded gene cassette encoding ESBL genes was found. A few CTX-M-

producing strains with indistinguishable pulsotypes were also identified in Chapter 3 but 

the renowned CTX-M-15-harboring E. coli O25-ST131 strain was not detected. 

Nonetheless, mobile genetic elements such as insertion sequences and complex 

integrons often associated with the CTX-M genes amongst the E. coli population 

(Lartigue et al., 2004; Literacka et al., 2009; Poirel et al., 2008). In addition, E. coli of 

different STs harbouring CTX-M genes can also predominate different geographical 

regions (Riley, 2014). 

To better understand the prevalence and genetic mechanisms associated with the 

dissemination of CTX-M genes, the strains included in this chapter has been expanded 

encompassing local strains from various sources, time frames and geographical 

locations in Malaysia. This chapter aimed to determine the (1) prevalence of CTX-M 

genes and their respective variants, (2) sequence types (STs) for fluoroquinolone-

resistant and/or CTX-M-bearing E. coli, (3) genetic environment for the CTX-M genes 

and (4) genetic diversity of CTX-M-producing strains using PFGE. The presence of 

particular E. coli clone (determined using MLST and PFGE) in Malaysia may provide 

further understanding on the contribution of clonal spread to the dissemination of CTX-

M genes. 
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4.2 METHODOLOGY 

4.2.1 Bacterial strains 

A total of 189 non-repeat E. coli isolates collected from various samples over a 10-

year period (2002-2011) from different parts of Malaysia were studied. A total of 53 

clinical isolates (tracheal aspirates, n=2; stool, n=28; blood, n=4; urine, n=7; pus, n=1; 

swabs, n=6; body fluids, n=2; tracheal secretory, n=2; tissue, n=1) were obtained from 6 

public Malaysian hospitals (Kota Bharu Hospital, Ipoh Hosptial, Sultanah Aminah 

Hospital, Kuala Lumpur Hospital, Queen Elizabeth Hospital and University Malaya 

Medical Centre) located in six states in Malaysia. Forty-seven isolates were from 

zoonotic samples that were recovered from swabs (nasal, rectal and tongue) of pigs 

from swine farms located in Perak and Penang (Ho et al., 2013). Another 55 E. coli 

isolates were isolated from food samples that were obtained from different sources 

(seafood, n=23; dairy products, n=18; grilled meat, n=11; vegetables, n= 2 and poultry, 

n=1) and various locations in Selangor. On the other hand, a total of 34 environmental 

samples were obtained from aquatic environment in Kelantan and Selangor. Of the 53 

clinical isolates, 33 of them were previously determined to be ESBL-producers (Chapter 

3; Lim et al., 2009). The characterization of the remaining E. coli isolates has not been 

reported before. All E. coli strains were confirmed by positive PCR-amplification of the 

housekeeping gene phoA of E. coli (Kong et al., 1999) (Appendix III a).  

 

4.2.2 Antibiotic susceptibility test to screen for putative ST131 clone 

Antibiotic susceptibility of E. coli strains was determined using disk diffusion 

method according to the CLSI guidelines (CLSI, 2015). Antimicrobial agents used 

were: aztreonam (ATM, 30 μg); ceftriaxone (CRO, 30 μg); cefotaxime (CTX, 30 μg); 

ceftazidime (CAZ, 30 μg); nalidixic acid (NAL, 30 μg), ciprofloxacin (CIP, 5 μg), 

imipenem (IPM, 10 µg) and meropenem (MEM, 10 µg) (Appendix VI b). Only selected 
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antimicrobials were used to screen for ST131 clone as this clone is often resistant to 

extended-spectrum cephalosporins and fluoroquinolones (Johnson et al., 2010; Zhao & 

Hu, 2013). Carbapenems were also included due to its clinical importance as the “last 

resort” antimicrobial agent (Johnson et al., 2010). 

 

4.2.3 Phenotypic and genotypic detection of ESBL 

Presumptive ESBL-producers were determined by using four antimicrobial disks 

containing CAZ (30 mg), CRO (30 mg), CTX (30 mg), and ATM (30 mg) (Appendix 

VI c i). ESBL production of presumptive ESBL-producers was determined using 

modified double disk synergy test (DDST)
 
described by Jarlier et al., (1988) (Appendix 

VI c ii) and E-test ESBL strips (CTX/CTX + clavulanic acid [CT/CTL] and CAZ/CAZ 

+ clavulanic acid [TZ/TZL]) (AB Biodisk) (Appendix VI c iii). Two methods were used 

together to increase the efficiency of ESBL detection. Strains that showed positive 

results for either DDST or E-test ESBL strips were categorized as ESBL-producers.  

The presence of CTX-M genes was confirmed via PCR and DNA sequencing 

analysis (Pagani et al., 2003). For CTX-M positive strains, 4 sets of primers were used 

to subgroup the CTX-M genes into groups 1, 2, 8/25, and 9 (Ensor et al., 2007). CTX-

M-15 was detected using the primers previously described by Conceição et al. (2005) 

(Appendix III b). 

 

4.2.4 Minimum inhibitory concentrations 

The minimum inhibitory concentrations (MICs) for selected antimicrobial agents 

(cefotaxime, ceftazidime, ceftriaxone and aztreonam) were determined using E-test 

strips (AB Biodisk, Solna, Sweden) (Appendix IV b). E. coli ATCC 25922 and 

ATCC35218 strains were used as controls (CLSI, 2015). 
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4.2.5 Phylogenetic grouping  

E. coli strains are composed mainly of 4 phylogenetic groups (A, B1, B2 and D) with 

extraintestinal pathogenic E. coli often belonging to phylogroups B2 and D (Clermont et 

al., 2000). The phylogroup of the fluoroquinolone and/or cephalosporin non-susceptible 

(intermediate and resistant) and/or CTX-M positive E. coli strains was determined using 

a triplex PCR assay as previously described (Clermont et al., 2000) (Appendix III e). 

 

4.2.6 Detection of the O25-ST131 clone and MLST 

Rapid detection of the O25-ST131 E. coli clone was carried out (Clermont et al., 

2009) for fluoroquinolone (FQ) and/or cephalosporin non-susceptible and/or CTX-M-

producing strains (Appendix III c). For CTX-M positive strains that were non-O25-

ST131, multilocus sequence typing (MLST) was carried out using 7 housekeeping 

genes (Wirth et al., 2006) to determine their sequence types (Appendix III f; IV e i). 

Representatives of ST131 clones determined by the rapid PCR detection method were 

also further validated by MLST. Allelic profile and sequence type (ST) were determined 

using the scheme provided by the MLST website (Appendix IV e i). 

 

4.2.7 Pulsed-Field Gel Electrophoresis (PFGE) 

PFGE analysis for the CTX-M-positive strains was performed as previously 

described with minor modifications (Thong et al., 2007). The protocols for PFGE and 

data analysis were described in detail in Appendix IV, d, i-vi. Simpson’s index was 

calculated using a webtool 

(http://darwin.phyloviz.net/ComparingPartitions/index.php?link=Tool). 
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4.2.8 Genetic environment of CTX-M genes 

The genetic environments of the CTX-M genes in CTX-M-positive E. coli strains 

were investigated using PCR and validated by DNA sequencing. The presence of IS26, 

ISEcp1, and IS903 was determined by PCR using primers targeting the intragenic 

regions of the respective genes (Literacka et al., 2009; Poirel et al., 2003; Woodford et 

al., 2004). The linkage between IS26 and ISEcp1 with CTX-M genes was determined 

using primers previously described (Eckert et al., 2006; Pagani et al., 2003; Woodford 

et al., 2004). The possible inclusion of CTX-M genes in a complex class 1 integron was 

also studied by determining the linkage between 5'CS, qacE1, orf513, CTX-M, IS903, 

orf477, mucA and orf3 (Dhanji et al., 2011; Eckert et al., 2006; Pagani et al., 2003; 

Pallecchi et al., 2004) (Appendix III; g, i-iii). 

 

4.3 RESULTS 

4.3.1 Antimicrobial resistance rates and prevalence of ESBL-producers 

The highest antimicrobial resistance rates of the 189 strains were observed for CIP 

(37.6%) followed by NAL (35.45%), CTX (23.3%), CRO (22.2%), ATM (21.2%) and 

CAZ (19.6%). None of them were resistant to the carbapenems (i.e., meropenem and 

imipenem) tested (Table 4.1). E. coli strains from environmental samples had the lowest 

resistance rate towards the antimicrobials tested followed by zoonotic samples while the 

clinical strains have the highest resistance rates to all the antimicrobials tested. 

However, it should be noted that 62% (n=33/53) of the clinical strains have been 

categorized as ESBL-producers in previous studies (Chapter 3, Lim et al., 2009). On the 

other hand, a total of 60.9% (n=115/189) of E. coli strains were non-susceptible to 

fluoroquinolones and/or third generation cephalosporins, of which a total of 46 were 

ESBL-producers, with 36 from clinical, 3 from environmental, 2 from food and the 

remaining 5 from zoonotic samples (Table 4.1).  

Univ
ers

ity
 of

 M
ala

ya



 

52 

 

 

Table 4.1: Prevalence of antimicrobial resistance and ESBL-producers among E. coli strains isolated from various sources 

*Numerals shaded in grey were mentioned in section 4.4.1. 

 

  

No. % No. % No. % No. % No. % No. % No. No. % No. % No. % No. %

Clinical 53 35 52.24 23 32.4 34 81 35 87.5 29 78.4 35 79.6 43 36 83.7 34 87.2 36 78.3 37 100

Environ. 34 2 2.99 4 5.6 3 7.1 3 7.5 3 8.1 3 6.8 6 1 0 3 7.7 3 6.5 0 0

Food 55 16 23.88 12 16.9 0 0 0 0 0 0 0 0 22 2 4.7 1 2.6 2 4.3 0 0

Zoonotic 47 14 20.9 32 45.1 5 11.9 2 5 5 13.5 6 13.6 44 5 11.6 1 2.6 5 10.9 0 0

TOTAL 189 67 35.45 71 37.6 42 22.2 40 21.2 37 19.6 44 23.3 115 43 22.8 39 20.6 46 24.3 37 19.6

CAZ CTX DDST
E-test 

ESBL

DDST or E-

test ESBL

Number of resistant strains (%)

Source

Total 

no. of 

strains

Strains non- 

susceptible to FQ 

and 3rd generation 

cephalosporins

Number of ESBL-producers
CTX-M 

positive 

strainsNAL CIP CRO ATM

Univ
ers

ity
 of

 M
ala

ya



 

53 

4.3.2 Molecular detection of the E. coli O25b-ST131 clone and phylogenetic 

grouping 

A total of 115 E. coli strains that were non-susceptible to fluoroquinolones 

and/or third generation cephalosporins were subjected to PCR detection of the O25b-

ST131 clone. A total of 6 clinical strains were positive for O25b-ST131 using the 

primers previously described by Clermont et al. (2009) (Figure 4.1 a) while all non-

clinical strains did not belong to ST131 clone. 

     Of the 115 strains, majority (67%) belonged to phylogenetic group A. Notably, 

100% (n=22/22) of E. coli strains from food samples and 91% (n=40/44) of the 

zoonotic strains that were non-susceptible to fluoroquinolones and/or third generation 

cephalosporins belonged to phylogenetic group A (Table 4.2; Figure 4.1 b). 
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Figure 4.1: Representative agarose gel pictures of: a) PCR detection of E. coli 

O25:ST131 clone. . Lanes 2-15: EC058/10, EC059/10, EC068/10, EC075/10, 

EC077/10, EC080/10, EC082/10, EC087/10, EC090/10, EC101/10, EC106/10, 

EC108/10, EC109/10, EC021/10. b) PCR-based E. coli phylogrouping. Lanes 2-16: 

EC059/10, EC060/10, EC061/10, EC062/10, EC063/10, EC064/10, EC065/10, 

EC066/10, EC067/10, EC068/10, EC069/10, EC070/10, EC071/10, EC072/10, 

EC073/10. Lane M: 100 bp DNA ladder (Promega); Lane 1: positive control.
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Table 4.2: Prevalence of phylogroups A, B1, B2 and D in E. coli strains that were isolated from various sources and non-susceptible to 

fluoroquinolones and third generation cephalosporins

A B1 B2 D

No. No. No. No. No.

Clinical 53 43 12 6 11 14

Environ. 34 6 3 1 2 0

Food 55 22 22 0 0 0

Zoonotic 47 44 40 1 0 3

TOTAL 189 115 77 (66.96%) 8 (6.96%) 13 (11.30%) 17 (14.78%)

Source Total no. of strains

No. of strains non-susceptible 

to FQ and 3rd generation 

Phylogroup
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4.3.3 CTX-M-15 is the most prevalent CTX-M subtype with the highest MIC values for 

third generation cephalosporins and aztreonam 

     Out of 46 ESBL-producing E. coli, 35 were positive for CTX-M genes with CTX-M-15 as 

the predominant subtype (n=28, 80.0%), followed by CTX-M-14 (n=5, 14.3%), CTX-M-27 

(n=1, 2.9%) and CTX-M-9 (n=1, 2.9%). All 35 CTX-M-positive E. coli were from clinical 

samples. 

 

    E. coli strains harboring each type of CTX-M enzyme showed the following MIC values 

for the respective third generation cephalosporin and aztreonam: CTX-M-15 (CRO: 16-256 

μg/ml, CTX:  16-256 μg/ml, CAZ: 2-48 μg/ml, ATM: 3-256 μg/ml); CTX-M-14 (CRO: 32-

256 μg/ml, CTX: 16-256 μg/ml, CAZ: 0.5-4 μg/ml, ATM: 3-8 μg/ml); CTX-M-27 (CRO: 256 

μg/ml , CTX: 128 μg/ml, CAZ: 8 μg/ml, ATM: 8 μg/ml) and CTX-M-9 (CRO: 24 μg/ml, 

CTX:  48 μg/ml, CAZ: 1.5 μg/ml, ATM: 3 μg/ml). Overall, E. coli strains harboring the CTX-

M enzymes showed higher MIC values for cefotaxime compared to ceftazidime. 

 

4.3.4 Predominant sequence types among CTX-M-producing E. coli strains  

     A total of six O25-ST131 clones were detected in this study using a triplex PCR detection 

method (Clermont et al., 2009). The sequence type of the O25-ST131 clones was further 

validated by full MLST (Figure 4.2). Other predominant ST types that were observed among 

the CTX-M-producing E. coli strains include ST1171 (n=4), ST354 (n=3), ST349 (n=2) and 

ST69 (n=2) (Figure 4.3). 
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4.3.5 PFGE revealed high genetic diversity among CTX-M-positive strains  

     A total of 33 pulsotypes were observed for 35 CTX-M-producing strains, with a Simpson’s 

index diversity value of 0.997, and F-value (coefficient of similarity) ranging from 0.42 to 1.0 

(Figure 4.3), indicating the high genetic diversity of the CTX-M-producing E. coli strains.

Figure 4.2: Representative 

agarose gel picture of multilocus 

sequence typing of an E. coli 

isolate. Lane M: 100 bp ladder 

(Promega). Lanes 1 - 7: recA (780 

bp), icd (878 bp), mdh (932 bp), 

fumC (806 bp), adk (583 bp), gyrB 

(911 bp), purA (816 bp). 
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4.3.6 Regions surrounding CTX-M-encoded genes 

Besides the dissemination of CTX-M-encoded genes via clonal expansion, there are also 

other mechanisms that are directly involved in the mobilization of CTX-M-encoded genes. 

These genetic elements include insertion sequences, complex sul1-type class 1 integrons 

bearing ISCR1 or phage-related elements (D’Andrea et al., 2013). A total of 10 types of 

genetic environments were found among the 35 E. coli strains that were positive for blaCTX-M, 

with 5 types being observed for strains carrying the CTX-M-15 genes, 3 types for the CTX-

M-14 genes, while 1 each for CTX-M-9 and CTX-M-27 genes. Intriguingly, orf477, encoding 

a hypothetical protein (Alves et al., 2014), was found downstream of 27 out of 28 CTX-M-15 

genes but was not associated with CTX-M-9, CTX-M-14 and CTX-M-27-encoded genes. In 

fact, orf477 has been found downstream of wide variety of CTX-M subtypes such as CTX-M-

1, CTX-M-15, CTX-M-3 and CTX-M-32 although its function is currently unknown (Eckert 

et al., 2006; Vinué et al., 2008; Zhao & Hu, 2013). Meanwhile, IS26 and ISEcp1 were 

commonly found upstream of blaCTX-M-15 (Figure 4.3). Nevertheless, the blaCTX-M-15 upstream 

regions for 14 E. coli strains could not be determined as all PCR targeting various reported 

upstream regions failed to yield any positive band. 

Out of five CTX-M-14-producing strains, four harbours ISEcp1 as the upstream of blaCTX-

M-14 genes. On the other hand, IS903 was found downstream of blaCTX-M-14 in three E. coli 

strains whereas in the remaining two E. coli strains, the downstream region for blaCTX-M-14 

could not be determined. These two types of genetic environments for the blaCTX-M-14 gene 

were also commonly found in many other studies (Eckert et al., 2006; Kim et al., 2011; 

Lartigue et al., 2004; Zhao & Hu, 2013). The one and only CTX-M-27 gene identified in this 

study was found embedded in a complex class 1 integron bearing ISCR1. ISCR1 was also 

identified as the upstream region of the blaCTX-M-9 gene in this study. It should be noted that 

ISCR1 was formerly recognized as orf513 (Toleman et al., 2006). Despite the varieties of 

genetic elements associated with the genes encoding the various CTX-M-subtypes, the genetic 
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environment of several blaCTX-M genes could not be determined, suggesting possible novel 

genetic structures and arrangements flanking these CTX-M-encoded genes.  

 

4.4 DISCUSSION 

Antimicrobial resistance is now a major public health concern worldwide (WHO, 2014) 

including Malaysia (MOH, 2014), due to its association with high mortality and morbidity. 

Appropriate surveillance programs are needed to address the antibiotic resistance issue by 

determining the scope, magnitude and trends of the resistance problem. Third generation 

cephalosporins are often used as the first line treatment for E. coli infections and increased 

resistance to third generation cephalosporins has emerged as a public health threat worldwide 

since the 1990s (Dancer, 2001). In Malaysia, the resistance rates to third generation 

cephalosporins as well as fluoroquinolones are also on the rise. Reports from the National 

Surveillance of Antibiotic Resistance of the Ministry of Health, Malaysia (MOH, 2014a, 

2011, 2012, 2013) which covered at least 36 hospitals (36 hospitals in 2011 and 2012; 37 

hospitals in year 2013; 39 hospitals in 2014) showed elevated resistance to cefotaxime (years 

2011-2012-2013-2014: 15.8%- 20.2%- 22.9%- 22.9%), ceftazidime (11.7%- 14.8%- 17.1%- 

16.9%) as well as ciprofloxacin (21.2%- 23%- 23.4%- 23.2%). On the other hand, although 

carbapenem resistance poses another great threat to the public health sector globally, the 

resistance rate of E. coli to carbapenem (antibiotics of last resort) in 36-37 local clinical 

settings across Malaysia were still low [year 2011-2012-2013-2014: imipenem (0.2%- 0.2%- 

0.3%- 0.3%); meropenem (0.3%- 0.3%- 0.3%- 0.2%)] (MOH, 2011, 2012, 2013). Hence, 

increased resistance to third generation cephalosporins in E. coli isolates remained more of an 

issue rather than carbapenem resistance in the Malaysian health care sector.  

High resistance to third generation cephalosporins and fluoroquinolones was observed for 

E. coli from clinical samples and zoonotic samples, respectively. On the other hand, E. coli 

Univ
ers

ity
 of

 M
ala

ya



 

61 

strains from environmental and food sources have relatively low resistance rates to all the 

antibiotics tested. The results are not unexpected as antibiotics are often used in food animals 

for nontherapeutic purposes such as growth promotion (Marshall & Levy, 2011). In addition, 

many other factors may also contribute to the difference in ESBL resistance rates in E. coli 

strains isolated from different sources, such as the isolation time point, geographical regions 

and types of samples. A study from the neighbouring country Thailand by Booyasiri and 

coworkers (2014) revealed a high prevalence of ESBL-producing E. coli from healthy 

workers from both farms and food factories, i.e., 72% and 75.5%, respectively. As for food 

animals, ESBL-producing E. coli is most prevalent in pigs (i.e. 69.5%) while broiler chickens 

has relatively lower prevalence rate of 38.4%. On the other hand, environmental samples such 

as canal water also had different prevalence of ESBL-producing E. coli in different regions 

within the country, with 80% in Bangkok and 0% in central province. The findings by 

Booyasiri et al. (2014) also concurred with our findings that E. coli strains from different 

isolation sources have different prevalence of ESBL-producing E. coli.  

In this study, 91% of E. coli isolated from zoonotic samples and 100% from food samples 

that were non-susceptible to third generation cephalosporins and fluoroquinolones belonged to 

phylogroup A. It has been reported that E. coli strains of phylogroup A consisted mainly of 

commensals (Carlos et al., 2010), indicating that the E. coli strains from zoonotic and food 

origins in this study were possibly of commensal origin. On the other hand, phylogroups B2 

and D, which consisted mainly of extraintestinal pathogenic E. coli strains (Carlos et al., 

2010), were found mainly in clinical samples (Table 4.2). Phylogroups were differentiallly 

distributed among the E. coli obtained from different sources, a finding which concurred with 

that of Carlos et al., (2010). Nevertheless, it should be noted that E. coli strains from clinical 

and zoonotic samples were obtained from different sites of the hosts.  
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This is also the first study reporting on the emergence of the E. coli O25:H4-ST131 clone 

in Malaysia, indicating that O25:H4-ST131 has disseminated to this part of the world. By 

screening E. coli strains that were resistant to third generation cephalosporins and/or 

fluoroquinolones, six O25:H4-ST131 strains harbouring CTX-M genes were found, with one 

being detected as early as in the year 2004. O25-ST131 is an E. coli clone notorious for its 

role in the worldwide expansion and dissemination of CTX-M-type ESBL genes (particularly 

subtype CTX-M-15). In addition, the O25-ST131 clone is also often resistant to 

fluoroquinolones (Leflon-Guibout et al., 2008), a trait that was observed in all the 6 O25-

ST131 strains in this study. E. coli O25-ST131 strains are thus resistant to the two most 

commonly used therapeutic antibiotics (i.e., the extended-spectrum cephalosporins and 

fluoroquinolones) (WHO, 2014), thereby limiting their therapeutic options. On the other hand, 

although some studies have reported that the O25-ST131 clones can be fluoroquinolone 

resistant but susceptible to extended-spectrum cephalosporins (Johnson et al., 2009; Platell et 

al., 2011), none of the fluoroquinolone resistant and extended-spectrum cephalosporins 

susceptible strains in this study were found to be O25-ST131. Besides, all six O25-ST131 

clones in this study belonged to phylogroup B2, a phylogroup which commonly consists of 

extraintestinal pathogenic strains (Clermont et al., 2000). In fact, all six were isolated from 

clinical specimens, with five out of the six O25-ST131 clones obtained from extraintestinal 

sites (blood, n=2; urine, n=2; tracheal secretion=1) while the remaining isolate was obtained 

from a stool sample.  

CTX-M is the most common ESBL type found in E. coli with CTX-M-15 being the most 

prevalent subtype found in major parts of the world but were reportedly scarce in Asia except 

for India and Pakistan (Hawkey, 2008). However, our studies (Chapter 3 and this chapter) 

showed otherwise. Reviewing the current status of ESBLs in neighbouring countries with 

shared borders with Malaysia (including land and maritime borders), CTX-M-15 is indeed the 

predominant CTX-M subtype, which concurred with the findings in this study. Severin et al. 
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(2010, 2012) revealed that CTX-M-15 is the most prevalent ESBL subtype in both E. coli and 

K. pneumoniae strains in Indonesia. In Thailand, a study that included two major university 

hospitals revealed that CTX-M-14 is the most prevalent CTX-M subtype (43.6%) followed by 

CTX-M-15 (37.2%) (Kiratisin et al., 2008). On the other hand, another study from Thailand 

reported CTX-M-15 as the predominant CTX-M subtype (Chanawong et al., 2007). Relatively 

scarce published data are available from Singapore where Tan et al., (2010) reported that 

CTX-M was the most prevalent ESBL-subtype in one of the hospitals. However, the CTX-M 

subtypes were not determined (Tan et al., 2010). CTX-M-15 has also been reported to be the 

most prevalent CTX-M subtype in both Vietnam and the Philippines (Kanamori et al., 2011; 

Trang et al., 2013) while there is a total lack of any such published data from Brunei. In line 

with these reports, the Study for Monitoring Antimicrobial Resistance Trends (SMART) 

group also recently showed that CTX-M-15 is indeed the most prevalent CTX-M-subtype in 

Malaysia, Philippines, Singapore, Thailand, and Vietnam (Sheng et al., 2013). 

Besides the emergence of the O25-ST131 clone, non-ST131 CTX-M positive E. coli 

strains also played an important role in the wide dissemination of CTX-M genes. We 

encountered several other clones in this study such as ST349 (n=2), ST69 (n=2), ST354 (n=3) 

and ST1171 (n=4). Surprisingly, two CTX-M-15-positive strains were found to belong to 

ST349, a rare genotype that has been previously reported to be associated with non-ESBL 

producers (Ho et al., 2012). ST354, another E. coli clonal complex notorious for the 

dissemination of CTX-M genes in many countries especially in Korea (Kim et al., 2011) was 

also found in Malaysia, where all three ST354 clones harboured blaCTX-M-15. Unexpectedly, 

another prevalent sequence type that harboured blaCTX-M-15 in this study, is the ST1171, which 

has not been reported previously. Three out of 4 of these strains were closely related (with 1 

band difference observed among their respective pulsotypes) (Figure 4.3). Only one each of 

ST10, ST117 and ST405 were identified among the 35 CTX-M-positive strains, although they 

have been reported to be the dominant clonal groups in other countries (Coque et al., 2008; 
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Nicolas-Chanoine et al., 2013). The difference in prevalence and distribution of CTX-M 

genes that are associated with clones of different sequence types indicates that particular 

clones harbouring blaCTX-M are possibly associated with different geographical regions, which 

had also been suggested by Peirano & Pitout (2010).  

Interestingly, 5 types of different genetic environments were found for the 6 E. coli ST131 

clones that harboured the CTX-M genes (Figure 4.3). Two types of genetic environments 

were observed for the CTX-M-14 genes in the ST131 clone, namely the ISEcp1-CTX-M-14-

unknown and ISEcp1-CTX-M-14-IS903. Although ISEcp1 and IS903 are often located 

upstream and downstream of CTX-M-14 genes, respectively, CTX-M-14 had been shown to 

be mobilized by ISEcp1 via one-ended tranposition process while IS903 did not play a role in 

the mobilization process (Poirel et al., 2005). As for the CTX-M-15 genes, three types of 

genetic environments were identified (i.e., IS26-ΔTn3-ISEcp1-CTX-M-15-orf477, IS26-

∆ISEcp1-CTX-M-15-orf477, unknown-CTX-M-15-orf477). The Tn3 transposon, which is 

disrupted by the ISEcp1-CTX-M-15 element, is one of the most common genetic 

environments for CTX-M-15 genes and has been observed in previous studies (Price et al., 

2013; Smet et al., 2010).  The ISEcp1 of the ISEcp1-CTX-M-15 element that is truncated by 

IS26 and which has been previously described (Dhanji et al., 2011; Eckert et al., 2006), was 

also found in the ST131 clone of this study. Despite having the same sequence type (i.e., 

ST131), all 6 strains displayed distinct pulsed-field-profiles. Notably, strain EC/1004-5 which 

belonged to ST2279 shared a similar pulsed-field profile with the ST131 strain EC/1004-9, 

with only a three band differences being observed between the two profiles. In fact, ST2279 is 

a single locus variant of ST131, with both sequence types belonging to the ST131 complex. 

Interestingly, although all 7 strains of the ST131 complex were clustered together in the 

dendrogram, 6 out of 7 had very different PFPs (with similarities of > 65%), indicating that 

PFGE has a higher discriminatory power in distinguishing E. coli strains, in comparison with 

MLST. This is not surprising as MLST includes a limited number of housekeeping genes (7 
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loci) while pulsed-field profiles is the gross macrorestriction profiles of the whole bacterial 

genome, hence its higher discriminatory power.  

 

4.5 CONCLUSION 

This study served as the first study reporting on the presence of E. coli O25-ST131 clone in 

Malaysia. CTX-M-15 is found to be the most prevalent CTX-M subtype in the Malaysian E. 

coli strains, as well as in the Southeast Asian region. Besides the clonal dissemination of 

CTX-M genes, mobile genetic elements also played an essential role in the mobilization of 

CTX-M genes. Analysis of the genetic environment of CTX-M genes revealed a variety of 

mobile elements, with insertion sequences ISEcp1, IS26 and IS903 as the main genetic 

elements associated with CTX-M genes. The different genetic environments for strains 

belonging to the same sequence types also indicates the substantial diversity of the genetic 

environment surrounding blaCTX-M, reflecting the plasticity of the region which harbors the 

CTX-M-encoding genes. The CTX-M-producing strains that were found to be clonal using 

MLST had diverse pulsed-field profiles, indicating the higher discriminatory power of PFGE. 

A high resolution method, such as the whole genome sequencing approach which may be 

used to investigate the genetic environment of CTX-M genes and phylogenetic relationship of 

E. coli strains simultaneously, is definitely an attractive approach for future epidemiological 

studies. In fact, whole genome sequencing of bacterial strains served as the ultimate approach 

for microbial diagnosis, phylogenetic analysis and genetic diversity of various bacterial strains 

due to its falling cost and turnaround time (Köser et al., 2012). In the next two chapters of this 

thesis, whole genome sequence analysis was used to study the genetic diversity of various E. 

coli strains, be it specific features of interest of the E. coli genomes or high resolution 

phylogenomic analysis. 
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CHAPTER 5: DNA DEGRADATION PHENOTYPE AND THE DIVERSITY OF THE 

DND OPERON OF ESCHERICHIA COLI STRAINS 

 

5.1 INTRODUCTION 

PFGE, the method of choice for epidemiological studies for E. coli, yielded incomplete 

molecular epidemiological data in Chapter 3 as several E. coli strains displayed DNA 

degradation phenotype (Dnd
+
), resulting in untypeable strains. The dnd cluster, dndABCDE 

was then found to be responsible for the degradation phenotype of a S. lividans by mediating 

the incorporation of sulphur into the DNA backbone via a process called phosphorothioation 

(Zhou et al., 2005, 1988) (reviewed in section 2.3.3). Nonetheless, instead of a 5 genes 

dndABCDE cluster, E. coli harboured a 4 gene dnd operon (dndBCDE).  

The dnd operons are often located in chromosomal islands, where highly diverse genetic 

contexts were observed across different bacterial species (Ou et al., 2009). However, there is a 

dearth of research on the diversity of the dnd-encoding genomic islands from the same 

bacterial species. To date, only one dnd-encoding genomic island has been described for the 

enteric pathogen Salmonella enterica (Ou et al., 2009). A more distantly related bacterium, 

Mycobacterium abscessus, was reported to have conserved regions flanking their dnd- 

encoding GIs but the description of the dnd-encoding GIs itself was not available (Howard et 

al., 2013). The lack of data regarding the genetic environment of the dnd operons makes 

comprehensive comparative analysis between the same and different bacterial species difficult. 

Although there are ample bacterial genome sequences in the public domain, comparative 

studies on the dnd clusters of E. coli and other bacteria are still lacking. Hence, this chapter 

described the effort to overcome DNA degradation and development of a PCR assay to detect 

the dnd operon in 12 Dnd
+ 

E. coli strains. The association between the presence of the dnd 

operon and the Dnd phenotype was also determined. This study further determines the genetic 

environment of the dnd operons in E. coli. The outcome of the study may provide further 
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insights into the DNA degradation phenotype and the diversification of the dnd operons in E. 

coli. 

 

5.2 METHODOLOGY 

5.2.1 Pulsed-field gel electrophoresis 

A total of 12 E. coli strains that were reported to be untypeable from previous studies (Ho 

et al., 2013; Chapter 3) were further analyzed in this study. Seven of the dnd+ strains were 

verotoxigenic-E. coli (VTEC) isolated from different piglets in the same swine farm. The 

other five were clinical samples obtained from two medical centers (A and B) and from 

different sources (stool, blood, urine, and swab). The DNA degradation observed in these 

strains was confirmed by repeating the PFGE three times. PFGE was carried out on XbaI-

digested genomic DNA of both dnd
+
 and dnd

−
 strains with and without the addition of 50 μM 

thiourea (Sigma Aldrich, USA) into the 0.5 × TBE buffer and agarose gels (Römling & 

Tümmler, 2000) (Appendix IV; d; i-v, vii). XbaI-digested Salmonella enterica serovar 

Braenderup H9812 was used as the DNA size marker. 

 

5.2.2 PCR assay detecting dndB, dndC, dndD and dndE genes 

A PCR assay targeting the internal sequences of the dndB, dndC, dndD and dndE genes 

were developed based on the dnd operons of 3 dnd
+
 E. coli genome sequences (B7A, 55989 

and SE11 with accession numbers of CP005998.1, NC_011748 and NC_011415, respectively) 

using Primer3 (http://www.ncbi.nlm.nih.gov/tools/ primer-blast/) (Ye et al., 2012). PCR 

detection of the iscS gene was also carried out using primers described previously (An et al., 

2012). PCR detection of dndB, dndC, dndD, dndE and iscS genes was carried out for 12 dnd
+
 

(which displayed the degradation phenotype) and 48 dnd
−
 (without degradation phenotype) 

strains (Appendix III; h). Five each of Shigella sonnei, Salmonella serovar Typhimurium and 
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Salmonella serovar Enteriditis strains that do not display the DNA degradation phenotype 

were also included as negative controls. The presence of all 4 dnd genes was indicative of the 

presence of the dnd operon. Strain that did not yield any of the expected amplicons was 

considered as negative for the dnd genotype. PCR amplified dndB, dndC, dndD, and dndE 

genes were sequenced for validation at a commercial facility (First BASE Laboratories). 

 

5.2.3 Association of the DNA degradation phenotypes and genotypes 

Fisher’s exact test was used to determine the association of the DNA degradation 

phenotype and genotype using R (version 2.12.2, Vienna, Austria, [www.R-project.org]) (R 

Development Core Team, 2013). A significance level of p < 0.05 was considered as 

statistically significant. 

 

5.2.4 Comparative analysis of the dnd operon with 1 kb of their respective immediate 

vicinity 

The three complete dnd operons of dnd
+
 E. coli strains (B7A, 55989 and SE11) available 

from dndDB (dnd database, http://db-mml.sjtu.edu.cn/dndDB) were used as query sequences 

because the dnd operons as well as their association with genomic islands (GI) have been 

reported (Ou et al., 2009). BLASTN against GenBank databases of nr/ nt and WGS was 

carried out with Enterobacteriaceae set as ‘organism of selection’ (Altschul et al., 1990). The 

sequences of the dnd operons of all positive hits were then extracted. The immediate vicinity 

of each of the dnd operon was also included by extracting sequences 1000 bp upstream and 

downstream from the dnd operon. A distance of 1000 bp was selected because PCR can then 

be employed to examine the immediate upstream and downstream regions of the dnd operons 

of the strains in this study. Furthermore, the 1000 bp flanking regions should be sufficient to 

determine the neighboring gene(s) of the dnd operon since an ORF of E. coli generally has an 

average length of approximately 1000 bp (Brown, 2002). All positive hits were considered as 
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dnd operon positive although the dnd phenotypes for most hits have not been reported before. 

Genetic relationships of the dnd operons together with their immediate genetic environment 

were determined by constructing phylogenetic trees using the maximum-likelihood (ML) 

method with MEGA 5. The dnd operons of E. coli genomes were further subgrouped based on 

their respective immediate upstream and downstream regions as different genetic 

environments may indicate different evolutionary origins. 

 

5.2.5 Identification, designation and analysis of dnd-encoding genomic islands in E. coli 

One E. coli genome was selected from each of the sub-groups (based on their respective 

immediate genetic environment) for genomic island identification. In cases where only draft 

genomes were available for that particular subgroup(s), the genome was selected based on the 

longest assembled contig where the dnd operon is located. Genomic islands harbouring the 

dnd operon were determined using the VRprofile server (http://bioinfo-

mml.sjtu.edu.cn/VRprofile/) and mGenomeSubtractor tool (Shao et al., 2010). The common 

features of a genomic island such as organism-atypical G + C contents, integration into the 3′-

end of tRNA genes, and integrase-encoding sequences were also analyzed for the putative 

laterally acquired dnd-encoding GIs. A standardized naming system for dnd-encoding GIs was 

also proposed in this study to avoid confusion. Using “dndI_IEC 55989” as an example, “dndI” 

means “dnd-encoding genomic island”; “_I” means “first dnd-encoding GI identified in the 

respective strain” while “EC 55989” depicts the “strain code”. The genetic maps, GC contents 

of representative genomic regions and dnd-encoding GIs were illustrated using Easyfig 

(Sullivan et al., 2011). BLASTN comparison between the dnd-encoding GIs were performed 

with default settings using Easyfig (Sullivan et al., 2011). Search for homologues against the 

GenBank databases of nr/nt and WGS using BLASTN (http://blast.ncbi.nlm.nih.gov/blast) 

were carried out for ORFs of representative dnd-encoding genomic islands, to determine their 

match to dnd-negative or dnd-positive bacterial genomes. 
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5.2.6 PCR determination of immediate genetic environment of dnd operons for 12 dnd
+
 

E. coli strains 

Primers targeting the immediate upstream and downstream regions of the dnd operon were 

also designed based on the 52 sequences extracted from the various E. coli genomes. A total 

of 13 primer pairs were designed based on the 7 types of genetic environments found for E. 

coli (Appendix III; j). The primers were then used for PCR amplification to determine the 

immediate genetic environment for the 12 dnd
+
 E. coli strains isolated in this study. 

 

5.3 RESULTS 

5.3.1 Addition of thiourea improved the typeability of dnd
+
 strains by 100% 

Without the addition of thiourea to the PFGE run, all 12 dnd
+
 E. coli strains yielded 

degraded DNA despite repeated attempts (3 times) (Figure 5.1 (a)). However, when thiourea 

was added to the running buffer, there was a 100% improvement in typeability for all the E. 

coli strains (Figure 5.1(b)). Seven zoonotic VTEC strains (lanes S1-S7) and two clinical 

strains (lanes A1-A2) shared two indistinguishable pulsotypes (i.e., clonal) (Figure 5.1(b)) 

while another 3 (lanes A3, B1, B2) were genetically different. 
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                           a)  M S1 S2 S3 S4 S5 S6 S7 A1 A2 A3 B1 B2 C M                           b)  M S1 S2 S3 S4 S5 S6 S7 A1 A2 A3 B1 B2 C M                                                                                                             

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Effects of thiourea improved the typeability of dnd
+
 strains by PFGE. Gels obtained following a PFGE run: (a) without the addition of 

thiourea; (b) with the addition of 50 μM thiourea to the agarose gel and running buffer. Lane M: XbaI digested H9812 as DNA marker; lanes S1-S7, 

VTEC isolates from pigs; lanes A1-A3, clinical isolates obtained from medical center A; lanes B1-B2, clinical isolates obtained from medical center B; 

C, control E. coli isolate which is typeable with and without the addition of thiourea (a and b). Gel images were captured using GelDoc (BioRad, 

Hercules, CA) digital gel documentation system. 
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5.3.2 Sequence analysis of dndB-E genes and association of the DNA degradation 

phenotypes and genotypes 

     PCR detection of the dndC gene using primers described previously (Wang et al., 

2011) revealed that out of 12 dnd
+
 E. coli strains, only 7 zoonotic VTEC (Figure 5.1, 

lanes S1-S7) and 2 clinical (Figure 5.1, lanes B1-B2) dnd
+
 strains were positive for the 

dndC gene. Another 3 dnd
+
 strains (A1-A3) were negative for the dndC gene and these 

strains were obtained from the same medical center and source. The failure to amplify 

the dndC gene from 3 out 12 dnd
+
 strains using previously described primers (Wang et 

al., 2011) prompted us to develop a PCR assay targeting the internal regions of dndB, 

dndC, dndD, and dndE based on the dndBCDE DNA sequences of E. coli available in 

dndDB (Ou et al., 2009). All 12 dnd
+
 strains yielded the expected PCR amplicons for all 

4 genes (dndB, dndC, dndD, and dndE) using the designed primers listed in Appendix 

III; h (Figure 5.2). All dnd
−
 strains (including E. coli, Shigella sonnei, Salmonella 

Typhimurium and Salmonella Enteriditis) that did not display the degradation 

phenotype were negative for the dnd genes. Significant correlation was thus found 

between the presence of the dnd gene cluster and the dnd phenotype (p < 0.05). 

 

                       

Figure 5.2: Representative pictures of agarose gel of PCR amplified products of dndB, 

dndC, dndD and dndE. Lane M: 100 bp DNA ladder (Promega). Lanes 1, 6: A1; Lanes 

2, 7: A2; Lanes 3, 8: A3; Lanes 4, 9: B1; Lane 5, 10: B2. 
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     At least two sets of the amplified dndB-dndE genes from different strains with a 

similar pulsotype were sequenced. It was found that the dndB-dndE genes from 

different strains with the same pulsotype shared identical (100%) nucleotide sequences. 

Multiple sequence alignment (MSA) of the nucleotide sequences of the dndB-dndE 

genes with E. coli SE11, 55989 and B7A were also carried out. Using E. coli 55989 as 

reference, the pairwise alignments showed that E. coli S1-S7, B1 and B2 shared dndB-E 

sequences that are highly similar to E. coli 55989 (BLASTN identities of dndB-C = 

100%; dndD = 99.8% and dndE = 98.5%). Strains A1 and A2 harboured identical dnd 

genes but were different from E. coli 55989 (dndB = 89.9%; dndC = 85.2%; dndD = 

98.2; dndE = 95.9%). The dndB-E sequences of strain A3 were the most distantly 

related to those of E. coli 55989 (dndB = 87.9%; dndC = 89.6%; dndD = 80.6%; dndE = 

84%) but were highly similar to E. coli B7A (identical dndB-D sequences with 2 SNPs 

with respect to dndE) (Appendix V; b). Hence, the inability to amplify the dndC genes 

using primers described previously (Wang et al., 2011) for strains A1-A3 was likely due 

to the diversity in the sequences of the dnd operons in various E. coli strains. Further in 

silico analysis also revealed that mismatches at the primer priming sites (n = 2 – 10) 

were found for E. coli 55989, SE11 and B7A. Nonetheless, the primers described by 

Wang et al., (2011) were for the expression studies of the dnd operon from Salmonella 

enterica (although closely related but not identical to E. coli). Furthermore, to the best 

of our knowledge, there are no other appropriate primers available for the detection of 

the dndBCDE gene cluster in E. coli. It should also be noted that the DNA sequences of 

the dndB-E genes included in the MSA are partial CDS. The DNA sequences of dndB-

dndE genes from each pulsotype have been deposited in GenBank under accession nos. 

KJ702391-KJ702410. PCR detection of iscS revealed that all E. coli (both dnd
+
 and 

dnd
−
 strains), Salmonella spp. and Shigella strains were positive for the iscS gene 

(Figure 5.3). In fact, iscS is also found in Citrobacter spp., Klesiella spp., and 
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Morganella spp. using BLASTN indicating that this cysteine desulfurase gene may be 

ubiquitous in different enterobacterial strains, thus supporting its suggested importance 

in sustaining fundamental life processes (Fontecave & Ollagnier-de-Choudens, 2008). 

However, this also indicates that the presence of the iscS gene is not a good genotypic 

marker for the dnd
+
 phenotype. Representative iscS sequence obtained from this study 

have been deposited in GenBank under accession no KC839813. 

 

               

 

5.3.3 dnd operons from different bacterial genera were grouped into distinct 

clusters 

Using the three dnd operons (E. coli SE11, 55989 and B7A) as queries, a total of 106 

positive hits (with BLASTN e-value = 0, identity ≥ 85% and coverage ≥98%) were 

obtained from both databases of non-redundant nucleotide collection (nr/nt) and whole 

genome shotgun contigs (WGS). All three queries also yielded the same number of 

positive hits including genomes from other species from Enterobacteriaceae besides E. 

coli, including Serratia spp., Erwinia spp. and Citrobacter spp. Only 101 out of 106 dnd 

operons were included in the comparative sequence analysis because the remaining dnd 

operons were located in the gaps of their respective draft genomes and were thus, 

incomplete. The accession numbers of all 106 genomes with positive hits were 

summarized in Appendix V; c, which also included the E. coli strain background 

information. 

800bp 
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M       1        2        3         4        5        6 Figure 5.3: Representative picture of 

agarose gel of PCR amplified iscS 

gene. Lane M: 100 bp DNA ladder 

(Promega). Lanes 1-6: A1, EC001/09, 

Shigella sonnei TC8/00, Salmonella 

serovar Typhimurium STM 032, 

Salmonella serovar Enteriditis 

SE400/05, negative control. 

Univ
ers

ity
 of

 M
ala

ya



      

75 

A phylogenetic tree was constructed using the multiple sequence alignment of the 

nucleotide sequences of the 101 dnd operons (Figure 5.4). All dnd sequences from 

Salmonella spp. (blue) and Erwinia amylovora (green) were grouped into two distinct 

separate clusters. On the other hand, the dnd sequences from the genomes of other 

Enterobacteriaceae such as Citrobacter spp., Cronobacter spp., Enterobacter spp. and 

Serratia spp. were generally not clustered into any groups (Figure 5.4). As for E. coli 

(red), 45 out of 53 of them were grouped together into one main cluster. The remaining 

8 were placed at different nodes. Another phylogenetic tree was constructed using the 

nucleotide sequences of 100 dnd operons (E. coli MS45-1 was excluded because the 

immediate vicinity of its dnd operon was located in the gaps, hence the total number of 

E. coli genomes in the analysis was reduced to 52) together with their respective 

immediate vicinity (1 kb) (Figure 5.5) to determine whether the immediate genetic 

environment will cause any changes to the phylogenetic tree. Surprisingly, both trees 

(Figures 5.4 and 5.5) yielded highly similar results with only slight differences. For 

example, Cronobacter turicensis z3032 is more closely related to Enterobacter mori 

LMG 25706 (both forms a sister group) than to Dickeya dadantii 3937 by comparing 

their dnd operons only (Figure 5.4). On the other hand, Cronobacter turicensis z3032 is 

more closely related to Salmonella enterica strains when the dnd operons and their 

respective immediate vicinity were included in the analysis (Figure 5.5). Overall, both 

trees yielded similar results. 

     Based on the sequence similarities of the immediate upstream and downstream 

regions (1 kb) of the 52 dnd operons of E. coli, a total of 7 subgroups were further 

identified. The 7 subgroups were designated a, b, cI, cII, d, e and f and were included in 

Figure 5.4. It was observed that genomes harbouring highly conserved dnd operons also 

shared similar immediate genetic environments and vice versa. Of the 7 subgroups, 
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groups cI and cII shared similar immediate downstream but different upstream regions 

while all other groups were very different with respect to their immediate genetic 

environment. Interestingly, 4 of the 52 dnd operons from E. coli genomes belonged to 

two E. coli draft genomes (KOEGE 118 and KTE 9). MSA analysis revealed that the 

two copies of the dnd operon and their associated genetic environment in the same E. 

coli genome are different and are distantly located from each other in the phylogenetic 

tree generated (groups cI and e) (Figures 5.4 and 5.5). 
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Escherichia coli P0304816.11     (a) 
Escherichia coli P0304816.14     (a) 
Escherichia coli P0304816.5       (a) 
Escherichia coli P0304816.9       (a) 
Escherichia coli P0304816.7       (a) 
Escherichia coli P0304816.12     (a) 
Escherichia coli P0304816.10     (a) 
Escherichia coli P0304816.4       (a) 
Escherichia coli P0304816.8       (a) 
Escherichia coli MP020940.1      (a) 
Escherichia coli MS 117-3           (a) 
Escherichia coli P0304816.15     (a) 
Escherichia coli P0304816.2       (a) 
Escherichia coli 55989                (a) 
Escherichia coli P0304816.13     (a) 
Escherichia coli P0304816.3       (a) 
Escherichia coli P0304816.1       (a) 
Escherichia coli P0304816.6       (a) 
Escherichia coli O08                   (a)                                 
Escherichia coli MS 45-1            (a)  
Escherichia coli 38.34                 (a) 
Escherichia coli 85B                    (a) 
Escherichia coli DEC9A               (a) 
Escherichia coli 10.0821              (a) 
Escherichia coli 8624                   (a) 
Escherichia coli UMEA 3053-1     (a) 
Escherichia coli H299                             (b)                                           
Escherichia coli E482                              (b) 
Escherichia coli HVH 108 (4-6924867)   (b) 
Escherichia coli KOEGE 7 (16a)             (b) 
Escherichia coli 1365                       (b) 
Escherichia coli 113290                        (b) 
Escherichia coli 53C                                             (cI) 
Escherichia coli KTE144                                                            (cI) 
Escherichia coli KOEGE 118 (317a) acYxt-supercont1.1.C29* (cI) 
Escherichia coli KTE9 acASr-supercont1.1.C13*                      (cI)                                                    
Escherichia coli UMEA 3200-1              (cII) 
Escherichia coli HVH 43 (4-2173468)   (cII) 
Escherichia coli KTE202                       (cII) 
Escherichia coli HVH 136 (4-5970458) (cII) 
Escherichia coli HVH 44 (4-2298570)   (cII) 
Escherichia coli KTE50                         (cII)                                           
Escherichia coli UMEA 3144-1              (cII) 
Escherichia coli KTE125 ##                  (cII) 
Escherichia coli HVH 182 (4-0985554) (cII) 
Escherichia coli AI27        (d) 
Escherichia coli SE11       (d) 
Escherichia coli KTE19     (d) 
Cronobacter turicensis z3032 
Enterobacter mori LMG 25706 
Dickeya dadantii 3937 
Salmonella enterica serovar Panama str. ATCC 7378 
Salmonella enterica serovar Mbandaka str. 2012K-0273 
Salmonella enterica serovar Bareilly str. CFSAN000183 
Salmonella enterica serovar Saintpaul str. SARA23 
Salmonella enterica serovar Saintpaul str. 9712 
Salmonella enterica serovar Saintpaul str. SARA23 
Salmonella enterica serovar Cerro str. CFSAN001697 
Salmonella enterica serovar Cerro str. CFSAN001589 
Salmonella enterica serovar Cerro str. 818 
Salmonella enterica serovar Cerro str. CFSAN001681 
Salmonella enterica serovar Cerro str. CFSAN0016 
Salmonella enterica serovar Cerro str. CFSAN001674 
Salmonella enterica serovar Cerro str. CFSAN001690 
Salmonella enterica serovar Cerro str. CFSAN001671 
Salmonella enterica serovar Cerro str. CFSAN001590 
Salmonella enterica serovar Cerro str. CFSAN001673 
Salmonella enterica serovar Cerro str. CFSAN001691 
Salmonella enterica serovar Cerro str. CFSAN001680 
Salmonella enterica serovar Cerro str. CFSAN001692 
Salmonella enterica serovar Cerro str. CFSAN001588 
Salmonella enterica serovar Cerro str. CFSAN001587 
Salmonella enterica serovar Cerro str. CFSAN001670 
Salmonella enterica serovar Cerro str. CFSAN001679 
Cronobacter sakazakii ES35 
Escherichia coli KTE9 acASr-supercont1.1.C7*                        (e) 
Escherichia coli KOEGE 118 (317a) acYxt-supercont1.2.C34* (e) 
Enterobacter sp. 638 
Erwinia amylovora LA635 
Erwinia amylovora CFBP1430 
Erwinia amylovora ATCC BAA-2158 
Erwinia amylovora ATCC 49946 
Erwinia amylovora Ea266 
Erwinia amylovora UPN527 
Erwinia amylovora LA637 
Erwinia amylovora 01SFR-BO 
Erwinia amylovora Ea356 WS 
Erwinia amylovora CFBP 1232 
Erwinia amylovora ACW56400 
Erwinia anylovora CFBP 2585 
Erwinia amylovora LA636 
Serratia marcescens FGI94 
Enterobacteriaceae bacterium LSJC7 
Cronobacter pulveris LMG 24059 
Escherichia fergusonii ECD227 
Escherichia coli 1.2264            (f) 
Escherichia coli UMEA 3176-1 (f) 
Escherichia coli B7A                 (f) 
Photorhabdus temperate subsp. Khanii NC19 PTE_gnl_UNH 
Serratia phymuthica 4Rx13 

Citrobacter sp. KTE30 
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Figure 5.4: Phylogenetic tree of dnd operons from Enterobacteriaceae. Asterisk (*) 

indicates that the genome contains two copies of dnd operons. Different alphabets (a, b, 

cI, cII, d, e, f) depict the subgroups based on the immediate genetic environment. 

Colored genome strain codes facilitate visualization. Maximum likelihood (ML) method 

was used to construct the phylogenetic tree using MEGA5. Bootstrap confidence values 

greater than 50% are shown at branches. Nodes with less than 50% bootstrap value were 

collapsed. 
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Figure 5.5:  Phylogenetic tree of dnd operons together with their respective immediate 

genetic environment (1kb) from Enterobacteriaceae. Asterisks (*) indicate that the 

genome contains two copies of dnd operons. Different alphabets (a, b, cI, cII, d, e, f) 

depict the subgroups based on the immediate genetic environment. Maximum likelihood 

(ML) method was used to construct the phylogenetic tree using MEGA5. Bootstrap 

values have been calculated using 1000 replicates. Bootstrap confidence values greater 

than 50% are shown at branches. Nodes with less than 50% bootstrap value are 

collapsed. 
 

 

5.3.4 Flanking regions of 12 dnd
+
 E. coli strains resemble three different types of 

genetic environments 

     PCR detection of the immediate flanking regions of the dnd operon for the 12 dnd
+
 E. 

coli strains obtained in this study revealed three types of immediate genetic environment. 

Strains S1-S7, B1 and B2 harboured dnd operons with associated genetic environment 

similar to group a; strains A1 and A2 to group cII; and strain A3 to group f. All three 

types of immediate genetic environments identified in the dnd
+
 E. coli strains using 

PCR matched to those determined by in silico analysis, indicating that there were likely 

only 7 types of different immediate genetic environment identified to date for the E. coli 

dnd operon. 

 

5.3.5 Diverse dnd-encoding genomic islands were observed for various 

representative E. coli genomes 

     A genome from each of the seven subgroups determined by the sequence similarity 

of their respective immediate genetic environment was selected for further genomic 

analysis. Only 1 genome was selected from each subgroup because it was impossible to 

determine all complete GIs carrying the dnd operon as most of the genomes in the 

public database were partially sequenced. All 7 dnd operons from the selected E. coli 

genomes were found to be associated with GIs. The 7 dnd-encoding GIs were then 

designated based on the naming system described in the Methodology section. Thus, the 

dnd-encoding GI located in E. coli 55989 (accession no. CU928145.2) was designated 
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“dndI_IEC 55989”; KOEGE 7 (16a) acYxM- supercont1.4.C20 (accession no. 

AWAA010 00020.1) as “dndI_IEC KOEGE 7”; KOEGE 118 (317a) acYxt- 

supercont1.1.C29 (accession no. AWAR01000029.1) as “dndI_IEC KOEGE 118”; 

UMEA 3200-1 acYwY- supercont1.1.C4 (accession no. AWCH0100 0004.1) as 

“dndI_IEC UMEA 3200-1”; SE11 (accession no. AP009240.1) as “dndI_IEC SE11”, 

KTE9 acASr-supercont1.1.C7 (accession no. ANVJ010 00007.1) as “dndI_IIEC KTE 9” 

and UMEA 3176-1 acYyH- supercont1.8.C36 (accession no. AWCA01000036.1) as 

“dndI_IEC UMEA 3176-1”. The genetic maps of the 7 types of dnd-encoding GIs are 

illustrated in Figure 5.6 Based on the genetic maps of the 7 dnd-encoding GIs, it was 

found that the genetic contents of the GIs harbouring the dnd operons were variable 

(Figure 5.6) although all the GIs described were obtained from E. coli. This indicates 

the potential contribution of GIs to the evolution and diversification of closely related 

bacteria. All 7 dnd-encoding GIs were also associated with tRNA and integrase genes 

(Figure 5.6). Further exploration of the genetic environment revealed the presence of 

three conserved genes (dptF, dptG, dptH), found upstream of the dnd operons, where 

both gene clusters were often separated by 1 to 3 hypothetical proteins (Figures 5.6, 5.7, 

5.8 and 5.9). The three conserved genes were found in the vicinity of the dnd operon of 

all E. coli genomes included in the MSA analysis using BLASTN with the exception of 

E. coli strains C496_10 and O08 where only draft genomes were available. Thus, we 

could not be certain if these genes were absent or they were lost in the gaps of the 

incomplete genome sequences. 
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dndI_I_EC 55989 

(CU928145.2) 

dndI_I EC KOEGE 7 

(AWAA01000020.1) 

 

dndI_I EC KOEGE 118 

(AWAR01000029.1) 

 

dndI_I EC UMEA 3200-1 

(AWCH01000004.1) 

 

dndI_I EC SE11 

(AP009240.1) 

dndI_II EC KTE 9 

(ANVJ01000007.1) 

dndI_I EC UMEA 3176-1 

(AWCA01000036.1) 

 dndB 
dndC 
dndD 
dndE 
 

tRNA 
conserved genes (dptF, dptG, dptH) 
others 
integrase 
 

Figure 5.6: Genetic map of 7 different dnd-encoding genomic islands of E. coli. Same-strand DNA similarity is shaded blue (dark blue-sky 

blue) while reverse similarity is shaded red (red-light pink). Coding sequences are displayed as arrows. Major features are displayed and are 

colored to facilitate visualization. Order of genomic islands in the map was arranged according to the phylogenetic tree constructed using 

the dnd operons. Red alphabet in brackets indicates the subgroup determined based on the immediate genetic environment of the respective 

dnd operons. Integrase gene is the first element of the dnd-encoding genomic island (GI). 
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     E. coli KOEGE 118 and KTE 9 harboured 2 copies of the dnd operons each, and all were 

associated with GIs as well. The dnd-encoding GIs in KOEGE 118 were designated dndI_IEC 

KOEGE 118 (acYxt-supercont1.1.C29; accession no, AWAR01000029.1) and dndI_IIEC KOEGE 

118 (acYxt-supercont1.2.C34; AWAR01000034.1) whereas in KTE9, they were designated 

dndI_IEC KTE 9 (acASr- supercont1.1.C13; ANVJ01000013.1) and dndI_IIEC KTE 9 (acASr-

supercont1.1.C7; ANVJ01000007.1) with their genetic maps depicted in Figure 5.7. Interestingly, 

both dndI_IEC KOEGE 118 and dndI_IEC KTE9 are identical whereas dndI-IIEC KTE9 is 

identical to dndI-IIEC KOEGE 118 (covering the dnd operon and its immediate vicinity) but dndI-

IIEC KOEGE 118 had an additional 74 kb segment containing a type VI secretion system (T6SS) 

that was absent from dndI-IIEC KTE9 (Figure 5.7). Thus, in terms of the dnd operon and its 

immediate genetic vicinity, both dndI_IIEC KOEGE 118 and dndI_IIEC KTE 9 were grouped 

within the same group e (Figures 5.4 and 5.5). It should be noted that not all genomes from the 

same subgroup shared identical GIs as they are often very large in size, and variation may have 

occurred within the GIs caused by other mobile genetic elements (Bellanger et al., 2014).
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dndI_I EC KOEGE 118 

(AWAR01000029.1) 

 

dndI_I EC KTE 9 

(ANVJ01000013.1) 

 

dndI_II EC KTE 9 

(ANVJ01000007.1) 

 

dndI_II EC 

KOEGE 118 

(AWAR0100003

4.1) 

 

Figure 5.7: Genetic map of the dnd-encoding genomic islands of E. coli KTE9 and KOEGE118, which harboured 2 copies of dnd operons. The 

integrase gene is the first element of the dnd-encoding genomic island (GI) although the genetic map is illustrated according to the orientation of 

the dnd operons to facilitate visualization. Same-strand DNA similarity is shaded blue (dark blue-sky blue) while reverse similarity is shaded red 

(red-light pink). Coding sequences are displayed as arrows. Major features are displayed and are colored to facilitate visualization. Red alphabet in 

brackets indicates the subgroup determined based on the immediate genetic environment of the respective dnd operons. An additional DNA 

segment of 74 kb was observed for dndI_IIEC KOEGE 118 compared to dndI_IIEC KTE 9. dndI_IEC KOEGE 118 is identical to dndI_IEC KTE 

9. 
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5.3.6 dnd-encoding genomic islands displayed mosaic structures 

     Due to the great diversity of the islands harbouring dnd operons, three representative 

islands from E. coli strains B7A, 55989 and KOEGE 118 belonging to different groups 

(Figure 5.4) were selected for further investigation to determine the possible 

evolutionary forces driving the great variation between the dnd-encoding GIs. Based on 

the GC content (Figure 5.8), the dnd-encoding GIs displayed mosaic structures and can 

be separated into several modules. Further examination of the presence of ORFs from 

the dnd-encoding GIs in other E. coli genomes further supported their mosaic 

characteristics. The dnd modification systems, dpt restriction systems, together with the 

hypothetical proteins in between the two systems were collectively found associated 

with dnd-positive genomes only (ORFs underlined by green-coloured bars, Figure 5.8). 

On the other hand, majority of the ORFs outside the dpt- and dnd-clusters are present in 

both dnd-positive and dnd-negative E. coli genomes (brown-coloured underlined bars, 

Figure 5.8), with the exception of an integrase gene (E. coli B7A) and 6 ORFs located 

immediately upstream of the dnd operon in KOEGE118, which are found associated 

with dnd-positive genomes only. Intriguingly, some hypothetical proteins are strain-

specific, which can be observed in E. coli strain 55989 (yellow-coloured bar) (Figure 

5.8). 
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Figure 5.8: GC content of three representative dnd-encoding genomic islands. GC 

content of dnd-encoding GIs are shown above their respective genetic maps, with blue 

and red region showing GC content above and below 50%, respectively. The dnd-

encoding GIs consist of several modules, depicted by the coloured bars below their 

respective genetic maps. ORFs above the brown coloured bars were found in both dnd-

positive and dnd-negative E. coli genomes. ORFs that are underlined by green bars are 

strictly associated with dnd-positive genomes only while ORFs underlined by the 

yellow bar are strain-specific. 

 

 

5.3.7 Different genetic contents were identified at the leu tRNA insertion sites of 

dnd-negative and dnd-positive E. coli genomes 

     All dnd-encoding GIs determined in our study were associated with a tRNA-

encoding gene, an integration hotspot in bacterial genomes (Ou et al., 2006). This 

prompted us to investigate the genetic contents at the same tRNA gene site (leu tRNA) 

in dnd-negative E. coli genomes. The tRNA insertion sites of four genomic regions (1 

dnd-negative and 3 dnd-positive) from E. coli strains CFT073, UMEA 3176-1, B7A and 

55989 were compared (Figure 5.9). Upstream regions of the GIs that were inserted into 

the leu tRNA gene sites for all 4 E. coli genomes were highly conserved, indicating 

similar upstream backbone (Figure 5.9). While a 15.6 kb non-dnd-encoding GI 

(consisting mainly of hypothetical proteins) was found inserted at the leu tRNA gene 

site of E. coli CFT073, similar insertion sites in E. coli strains B7A, UMEA 3176-1 and 

55989 were occupied with dnd-encoding islands of variable sizes (53.3 kb – 59.5 kb). 

The downstream regions of the genomic islands for dnd-negative (E. coli CFT073) and 

dnd-positive (E. coli UMEA 3176-1 and B7A) genomes were also conserved (Figure 

5.9), indicating that the leu tRNA gene site in E. coli is likely a variable region with 

other types of GIs found in dnd-negative strains. Despite the highly conserved upstream 

and downstream flanking regions for dnd-encoding GIs for E. coli strain UMEA 3176-1 

and B7A, slight variations within the highly similar GIs were still observed with 

transposases found in the variable regions (Figure 5.9).
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Figure 5.9: Example of different genetic contents at the leu tRNA 

insertion sites of dnd-negative and dnd-positive E. coli genomes. Same-

strand DNA similarity is shaded blue (dark blue-sky blue) while reverse 

similarity is shaded red (red-light pink). Coding sequences are 

displayed as arrows. Major features are displayed and are coloured to 

facilitate visualization. 
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5.4 DISCUSSION 

Although PFGE is the method of choice for subtyping E. coli, certain Dnd
+
 E. coli 

strains are untypeable and this yield incomplete molecular epidemiological data. The 

addition of thiourea to the PFGE running buffer has resolved the untypeable problem 

for all the 12 Dnd
+
 E. coli strains. In this study, 9 out of the 12 Dnd

+
 strains were 

represented by two distinctly different pulsotypes [S1-S7 (n = 7); A1-A2 (n = 2)] 

(Figure 5.1), suggesting that the Dnd
+
 phenotype might be an inherent clonal trait for 

strains with the two respective pulsotypes. No Dnd
−
 strains were found to share similar 

pulsotypes with the Dnd
+
 strains when we compared the pulsotypes with those of 

previous chapters (Chapters 3 and 4). The 9 Dnd
+
 strains were multidrug resistant with 2 

extended-spectrum beta-lactamase (ESBL) producers whereas 7 of the 9 strains were 

pathogenic VTEC and were clonal (Chapter 3; Ho et al., 2013). The resistance and 

pathogenic states of these Dnd
+
 strains may therefore pose possible threats to public 

health, hence improvement in their typeability is important to generate valuable 

epidemiological data. The pathogenic state of the Dnd
+
 strains also prompted us to 

further explore the strain background of all 52 E. coli genomes that carried the dnd 

operons. Surprisingly, majority of them (n = 44 of 52; 85%) were pathogenic in nature 

with 26 being diarrheagenic E. coli and 18 extra-intestinal pathogenic E. coli. To the 

best of our knowledge, no study has reported this finding before and the link between 

virulence and dnd operons has yet to be explored. Undoubtedly, bias might be present as 

pathogenic E. coli strains have higher level of public interest, and hence the availability 

of their genome data may be plenty when compared to non-pathogenic E. coli. 

Nevertheless, this finding may provide a caveat for future studies on the possible 

interesting relationship between pathogenicity and the presence of the dnd operon in E. 

coli. 
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The dnd clusters of different bacterial species have reportedly a diverse nature (Ou et 

al., 2009), not only with regard to their respective sequence similarities, but also the 

genetic context of the dnd clusters. Some bacterial species harboured a 4-gene 

dndBCDE operon whereas others carried a five-gene dnd cluster (dndA and dndBCDE 

operon). In fact, dndA is not found in the dnd clusters of all Enterobacteriaceae reported 

in dndDB (including E. coli), indicating that the gene contents in the dnd clusters for 

closely related bacteria are similar. This is also the reason why dndA gene was not 

included as a target gene for prediction of degradation phenotype of E. coli in our study. 

Although DndA might be absent in some dnd clusters, studies have revealed that IscA 

can serve as a functional homologue of DndA and may be found in more than one copy 

in the genome (He et al., 2007; Wang et al., 2011). As previously reported (Ou et al., 

2009), the dnd cluster of E. coli belonged to the 4-gene dndBCDE operon. All 12 Dnd+ 

E. coli strains in this study were positive for the dndB-dndE genes and the presence of 

dndB- dndE genes was significantly associated with the DNA degradation phenotypes 

(p < 0.5). This indicates that the presence of these genes can be a potential genetic 

marker to predict the phenotype of DNA degradation. Howard et al. (2013) developed 

an assay to predict the DNA degradation phenotype of Mycobacterium abscessus based 

on the fact that the dnd gene cluster was associated with a genomic island of the M. 

abscessus complex and the genetic environment of the dnd-encoding GI was highly 

conserved. One pair of primers targeted the dndC gene while another pair confirmed the 

presence or absence of the dnd operon. If the dnd operon is present, the amplicon will 

be too large to be amplified. On the other hand, if the dnd-encoding GI is absent, a short 

bridge amplicon spanning the GI insertion site will be generated for Dnd
−
 M. abscessus 

strains (Howard et al., 2013). However, this approach was not applicable in this study 

due to the variable genetic environment of the E. coli dnd operons based on MSA 

analysis. Hence for E. coli, the detection of all 4 dndB-dndE genes would be a better 
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alternative to confirm the presence of the dnd operon. 

The dissemination of dnd operons was reportedly facilitated by mobile genetic 

elements especially GIs (He et al., 2007; Ou et al., 2009). Hence, representative E. coli 

genomes harbouring dnd operons were subjected to genomic island determination. Our 

data showed that all the dnd operons in the selected genomes were in fact located in GIs. 

Out of 31 dnd operons described in dndDB, 29 were also reported to be located in 

chromosomal islands, one was plasmid-encoded while another one is located in a 

plasmid-derived chromosomal segment. These results showed the potential role of 

genomic islands in facilitating the horizontal gene transfer of dnd operons. Genomic 

islands have also been known to be the mechanism of diversification contributing to 

bacterial evolution (Juhas et al., 2009). However, it should be noted that majority of the 

genomes of E. coli in this study were draft genomes. Thus, we were unable to ascertain 

if the dnd- encoding GIs identified were chromosomally located or plasmid-encoded. 

Further analysis would be necessary to verify their location. 

The genetic environment of the dnd operon in E. coli is very diverse (Figures 5.5 – 

5.9). On the other hand, the dnd operon together along with its immediate vicinity in 

Erwinia amylovora and Salmonella enterica appeared to be conserved within the same 

bacterial species (Figures 5.4 and 5.5), indicating that their genetic environment could 

be similar. Analysis of representative E. coli genomes has shown that their respective 

dnd operons were associated with genomic islands that possess diverse genetic context. 

Different genetic fragments of the island that corresponded to regions of different types 

of E. coli genomes (dnd-positive or dnd-negative) indicate that the genetic elements 

were likely acquired from different origins. Genetic variation can also be observed 

among highly conserved dnd-encoding GIs due to insertion or deletion of transposases 

along with other hypothetical proteins (Figure 5.9). A large T6SS cluster was also found 
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inserted into the upstream of another dnd-encoding island (Figure 5.7). Furthermore, 

marked difference in GC content was also observed across the dnd-encoding GIs, 

supporting the mosaic composition of these dnd-containing GIs. The mosaic structure of 

the dnd-encoding GIs (Figure 5.8), presence of phage-like integrases and transposable 

elements flanking the GIs as well as across the dnd-encoding GIs (Figure 5.9), suggest 

multiple integration or recombination events, which has also been reported by He et al. 

(2007) for the dnd-encoding GI of Streptomyces lividans 66. Insertion and deletion of 

genetic elements as well as recombination appeared to play an essential role in the 

constant evolution of these GIs. 

Besides the diverse genetic context of the dnd-encoding GIs of E. coli, the tRNA 

genes associated with these islands can also be variable. The 3′-end of tRNA genes 

frequently served as the insertion sites for foreign DNA fragments (Ou et al., 2006). All 

9 dnd-encoding GIs described in this study were associated with tRNA genes, but only 

limited to three types (leu, thr and phe tRNA genes) (Figures 5.6 and 5.7), which have 

also been reported to be among the most frequently targeted tRNA genes for insertion in 

E. coli (Germon et al., 2007; Ou et al., 2006). One of the possible reasons that particular 

tRNA genes often served as an integration hotspot is that the integrases of GIs may have 

specificity for certain tRNA genes (Boyd et al., 2009). For E. coli KOEGE 118 and KTE 

9 which harboured two dnd-encoding GIs within the same genome, their respective dnd-

encoding GIs were also associated with different tRNA genes (leu and thr tRNA genes) 

(Figure 5.7). However, it should be noted that not all GIs are associated with tRNA 

genes (Langille et al., 2012). 

This is the first report describing two dnd operons found in the same bacterial 

genome. However, the benefits to its host, if any, are unknown. Several advantages to 

bacteria with DNA phosphorothioation modification have been proposed. One of them 
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is that the modified host DNA is able to act as an antioxidant as phosphorothioation 

gave the modified DNA chemical reduction property. Thus, the modified DNA is 

resistant to growth inhibition and oxidative double-stranded DNA breakage caused by 

H2O2 (Xie et al., 2012). H2O2 is generated during aerobic metabolism and studies have 

revealed that aerobic E. coli can generate high levels of H2O2 that are toxic enough to 

cause damage to their own DNA. On the other hand, exogenous H2O2 can also be found 

in the environment as competing organisms can release H2O2 as toxin to suppress the 

growth of competitors (Park et al., 2005). Bacteria can be killed by high levels of H2O2 

generated endogenously and exogenously. Hence it is essential to protect the host 

bacteria against damage caused by peroxide and DNA that has been modified by 

phosphorothioation was hypothesized as one of the mechanisms that can offer 

protection to the host (Park et al., 2005). Nevertheless, the biological implication of 

having two copies of the dnd operons within a genome is currently unknown. 

All the dnd-encoding GIs identified in this study also harboured dptFGH, a set of 

three conserved dnd-linked orthologues which are often found near the dnd operon. E. 

coli KTE9 and KOEGE118 which harboured 2 dnd-encoding GIs in the same genome 

also carried the three conserved genes within the islands. The conserved dnd-linked 

orthologues have been shown to function as restriction systems in Salmonella enterica 

serovar Cerro87 (Xu et al., 2010) and recently, in E. coli B7A (Cao et al., 2014). The 

restriction system is able to restrict foreign DNA (such as phages and plasmids) that 

lacked the specific phosphorothioation modification when the host DNA is protected by 

the modification, and hence prevents the invasion of heterologous DNA (Xu et al., 

2010). Phosphorothioate DNA modifications incorporated by Dnd proteins 

(DndABCDE) that work together with the DptFGH-restriction system function as a 

restriction-modification (R-M) system, which is evident in E. coli B7A (Cao et al., 

2014). However, the same study also ruled out other known R-M mechanisms, namely 
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the types I, II, III and IV R-M systems (Cao et al., 2014), implying that the Dpt-Dnd 

system is likely a new R-M-type mechanism. These two systems which are located in 

the same genomic island provide selective advantages to the bacterial host and hence 

may be stably maintained (Howard et al., 2013; Wang et al., 2011). Nevertheless, the 

three conserved dnd-linked orthologues were not identified in all dnd-encoding GIs 

described in previous studies (He et al., 2007; Ou et al., 2009) but only in several 

diverse bacterial strains such as E. coli, Hahelia chejuensis, Oceanobacter sp., and 

Bacillus cereus. This serves to underline not only the diversity of the genetic 

environment surrounding the various dnd operons but also their possible roles in their 

respective hosts. Perhaps they are like toxin-antitoxin systems which have multiple 

biological functions depending on their location in the genome and their respective 

hosts (Chan et al., 2012) which have adopted and adapted these genetic modules for 

cellular function. Intriguingly, previously described dnd-encoding GI of Geobacter 

uraniireducens Rf4 was also found to carry putative toxin-antitoxin loci (Shao et al., 

2011). The presence of the dnd operons in such varied genomic islands in E. coli and 

their biological implication will hopefully be revealed in the near future. 
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5.5 CONCLUSION 

Oftentimes, PFGE has to be rerun in cases where DNA degradation is observed for 

untypeable strains, to confirm the non-typeability of Dnd
+ 

strains, which is time 

consuming. The designed PCR assay coupled with the use of thiourea in PFGE may 

improve the detection and typeability of Dnd
+
 E. coli strains simultaneously. Our study 

also showed that genomic islands not only play a potential pivotal role in facilitating the 

horizontal gene transfer of dnd operons, but also essential in generating diversity within 

the genomics of closely related bacteria exhibiting degradation phenotypes. Since the 

dnd operon is often associated with mobile genetic elements, the operon may be 

integrated into genetically diverse strains followed by dissemination. DNA that has been 

modified by phosphorothioation was also hypothesized as one of the mechanisms that 

can offer protection to the host against damage caused by peroxide. Therefore the Dnd
+
 

phenotype can be observed in both genetically closely related and diverse strains, and 

may be stably maintained in the Dnd
+ 

strains due to its possibility in giving a selective 

advantage to the host. The finding that dnd operons were more often found in 

pathogenic E. coli should also be further investigated for their possible linkage.  

 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

96 

CHAPTER 6: WHOLE GENOME SEQUENCE ANALYSIS OF TWO 

CLONALLY-RELATED ESCHERCHIA COLI STRAINS EC096/10 AND 

EC302/04 ISOLATED FROM INTESTINAL AND EXTRAINTESTINAL SITES 

 

6.1 INTRODUCTION 

     Two clinical E. coli isolates (EC096/10 and EC302/04) that were characterized in 

Chapter 3 were found to be closely related using PFGE as typing tool, where only 1 

band difference was observed for their respective pulsotypes. EC096/10 was isolated 

from a stool specimen (intestinal site) whereas EC302/04 was isolated from a tracheal 

aspirate (extraintestinal site) over a gap of 5 years from the same tertiary hospital in 

Malaysia. The encounter of two clonal E. coli strains obtained from different sites in the 

human host(s) is indeed interesting as the intestinal and extraintestinal environment in 

human hosts were known to be different especially with regards to the iron and nitrogen 

concentration (Hagan et al., 2010). To better understand the biology of these two closely 

related E. coli strains EC096/10 and EC302/04, whole genome sequencing was applied. 

Comparative genomic analyses, in silico phylogenetic grouping, MLST and virulence 

profiling of additional 38 E. coli genomes of different pathotypes that were extracted 

from the public database were also determined. Besides highlighting the genetic 

complexity of ExPEC strains, our study also uncovered a potential sporadic E. coli 

clone that was often associated with extraintestinal infections, where their serotypes, 

resistotypes and plasmid replicon types were further investigated and compared.  
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6.2 METHODOLOGY 

6.2.1 Bacterial strains 

     Two E. coli strains EC302/04 and EC096/10 were obtained from the same tertiary 

hospital in the state of Johor, Malaysia, over a gap of 5 years. E. coli EC302/04 is a 

multidrug-resistant strain that was isolated from the tracheal aspirate of an ICU patient 

in year 2004 (Lim et al., 2009) while EC096/10 was isolated from the stool sample of a 

pediatric patient in year 2010 (Ho et al., 2012). Both patients were admitted to the same 

hospital with an unknown epidemiological link. Using PFGE, These two strains were 

found to be highly related with only a single band difference (Chapter 3). 

 

6.2.2 Whole genome sequence analysis 

6.2.2.1 Genome sequencing, assembly, annotation and analysis of EC302/04 and 

EC096/10 

     Whole genome sequencing of EC302/04 and EC096/10 was performed using the 

Illumina HiSeq 2000 (100-bp read length) with an insert size of 300 bp. The reads were 

trimmed and assembled de novo using CLC Genomics workbench 5.0 (CLC Bio, 

Denmark). The genome annotation of EC302/04 and EC096/10 was performed by the 

RAST annotation server (Aziz et al., 2008). Number of tRNAs and rRNAs were 

identified using tRNAscan-SE and RNAmmer, respectively (Lagesen et al., 2007; Lowe 

& Eddy, 1997). Virulence genes were identified by mapping the annotated sequences 

against the Virulence Factor Database (VFDB) (Chen et al., 2012) using BLASTn. 

Pathogenecity islands (PAI) were determined by local BLAST (Altschul et al., 1990) 

against the PAI database retrieved from PAIDB (Yoon et al., 2015). BLAST hits with e-

value ≤1e–10, query coverage ≥80% and nucleotide identity ≥80% were considered as 

positive hits. All results generated using webservers were further verified using 

BLASTn. The prediction of a type III secretion effector was carried out at the SIEVE 
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server (Samudrala et al., 2009). The single nucleotide polymorphisms (SNPs) from core 

regions (synonymous and non-synonymous mutations) of EC302/04 and EC096/10 

were also determined using PGAP (Zhao et al., 2012). 

 

6.2.3 Comparative genomic analysis of EC96/10 and EC302/04 with 38 E. coli 

genomes obtained from NCBI database 

 

6.2.3.1 Phylogenomic analysis of E. coli strains from various sources 

     Whole genome sequences of 24 pathogenic E. coli (including IPEC and ExPEC) and 

three intestinal E. coli strains sharing the highest whole genome nucleotide sequence 

homology (E-value =0; Query coverage= 52 – 98%; nucleotide identity: 98%) with 

EC096/10 and EC302/04 determined using BLASTn (Altschul et al., 1997) were 

extracted from the NCBI database. An 'intestinal strain' is defined as a strain isolated 

from the intestinal tract of a patient but does not belong to any IPEC pathotype. Another 

11 commensals that were commonly used for E. coli comparative genomics analysis 

were also included to represent the sequence diversity of E. coli (Bertels et al., 2014; 

Lukjancenko et al., 2010; Touchon et al., 2009). In total, an additional 38 whole genome 

sequences of different E. coli pathotypes were included in the phylogenomic analysis. 

The phylogenomic tree of 40 E. coli genomes (including EC302/04 and EC096/10) was 

constructed by mapping against six reference genomes with REALPHY (Reference 

sequence Alignment-based Phylogeny builder) (Bertels et al., 2014) (Table 6.1); an 

approach which is able to construct an accurate tree including genomes from 

substantially divergent bacterial strains. The six reference genomes are genomes that 

were evenly distributed across the tree. The merged alignments were then used to 

generate a phylogenetic tree with 100 bootstrap replicates using PHYML (Guindon et 

al., 2010). 
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Table 6.1: Genomes of 40 E. coli used for comparative genomic analysis 

 

 

 

 

 

 

 

 

 

 

 

 

Accession number Accession number

536 CP000247 HS CP000802

12009 AP010958 IAI 1 CU928160

55989* CU928145 IAI 39* CU928164

042 FN554766 IHE3034 CP001969

2009EL-2050 CP003297 KTE147 ANWN00000000.1

2009EL-2071 CP003301 MC6003 ATNV00000000.1

5-366-08_S1_C3 JONE00000000.1 MG1655* U00096

AB42410445-isolate1 ATOD00000000.1 NA114* CP002797

AB42602061-isolate1 ATOB00000000.1 PMV_1 HG428755

APEC O78 CP004009 REL606 CP000819

ATCC8739 CP000946 RM12579 CP003109

BL21(DE3) CP001509 S88 CU928161

CB9615 CP001846 SE11 AP009240

CE10 CP003034 SE15 AP009378

CFT073 AE014075 SMS-3-5 CP000970

clone D i2 CP002211 TW14359 CP001368

EC096/10 AONF00000000 UMN026* CU928163

EC302/04* AMFM00000000 UTI89 CP000243

ED1a CU928162 W (ATCC9637) CP002185

HM46 APNY00000000.1 W3110 AP009048

* reference genomes used in constructing phylogenetic tree

E. coli genome E. coli genome
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6.2.3.2 In-silico identification of multi-locus sequence type, phylogenetic group, 

virulence gene profile, resistotype, serotype and CRISPR region 

     Seven housekeeping gene sequences [adk (adenylate kinase), fumC (fumerase 

isozyme C), gyrB (DNA gyrase subunit B), icd (isocitrate hydrogenase), mdh (malate 

dehydrogenase), purA (adenylosuccinate synthetase), and recA (recombinase A)] of the 

40 E. coli genomes listed in Table 6.1 (including EC302/04 and EC096/10) were 

extracted and then assigned to a specific allelic type and sequence type (ST) 

(http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/) (Wirth et al., 2006). All E. coli genomes in 

the GenBank databases (nr/nt and WGS) were further screened for the presence of 

ST349, ST2914 and ST70 using BLASTn (accessed date: November, 2014). In-silico 

phylo-grouping for all studied genomes was performed based on quadruplex phylo-

group assignment method (Clermont et al., 2013). The virulence profiles of 40 E. coli 

genomes were determined with BLASTn using 142 nucleotide sequences of 

extraintestinal-associated virulence factors obtained from a previous study (Salipante et 

al., 2015) as query sequences (detailed in Appendix V; d). These virulence factors 

include adhesins, invasins, iron acquisition systems, toxins, protectins and others. 

Genomes with matching BLAST hits with e-value ≤1e–10, query coverage ≥80% and 

nucleotide identity ≥80% were considered as positive hits. 

     In silico serotyping was also carried out for both EC302/04 and EC096/10 and 

closely related strains (ie. KTE146, HM46, 5-366-08_S1_C3, AB42410445-isolate1, 

AB42602061-isolate1 and MC6003) using SeroTypeFinder 

(https://cge.cbs.dtu.dk/services/SerotypeFinder/) (Joensen et al., 2015). The resistance 

genes, CRISPR clusters and plasmid replicon(s) for strains EC302/04, EC096/10, 

KTE146, HM46, 5-366-08_S1_C3 were then determined using ARDB and ResFinder 

webservers (Liu & Pop, 2009; Zankari et al., 2012), CRISPRFinder (Grissa et al., 2007) 
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and PlasmidFinder (Carattoli et al., 2014) with default parameters, respectively.  

 

6.2.4  Nucleotide sequence accession number 

     Whole genome sequence data of E. coli EC302/04 and EC096/10 were deposited in 

GenBank with the accession numbers AMFM00000000 and AONF00000000, 

respectively. The GenBank accession numbers for the remaining 38 E. coli genomes 

included in this study are listed in Table 6.1. 

 

6.2.5 Sequence analysis of plasmid pEC302/04 gap closing, annotation and 

analysis 

     Putative plasmid pEC302/04 contigs were determined by subjecting the assembled 

contigs of EC302/04 to BLASTN (http://blast.ncbi.nlm.nih.gov/) against the GenBank 

non-redundant nucleotide collection (nr/nt). Two plasmids sequences of E. coli 

(pEC_L46 and pEC_L8) and a genome sequence of Salmonella enterica serovar 

Typhimurium (T000240) showing the highest coverage and identities with the 

pEC302/04 contig sequences were used as the reference sequences for plasmid gap 

closing. Bacterial genomes finishing tool (Galardini et al., 2011) was used for mapping 

the contigs over the reference genomes and primers for PCR were generated for gap 

closing (Appendix III; k). PCR-amplified products were purified and submitted to a 

commercial facility (First BASE Laboratories) for conventional Sanger dideoxy 

sequencing. Toxin-antitoxin systems were identified using TAfinder using default 

parameters (http://202.120.12.133/ TAfinder/index.php) and the identified toxins and 

antitoxins were further validated using BLASTp. 
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     Virulence genes and resistance genes and in plasmid pEC302/04 were identified as 

described in section 6.2.3.2. Insertion-sequence (IS) elements were identified by 

tBLASTx searches against IS-finder (https://www-is.biotoul.fr/). All annotations were 

then manually curated. The multilocus sequence type of plasmid pEC302/04 was 

determined in silico using the PubMLST server 

(http://pubmlst.org/perl/bigsdb/bigsdb.pl?db=pubmlst_plasmid_ 

seqdef&page=sequenceQuery). Due to the multi-replicon nature of IncF plasmids, the 

FAB formula (Villa et al., 2010) was applied to assign allelic profiles for three types of 

IncF replicons, where “F” represents IncFII replicon, “A” represents FIA and “B” 

represents FIB. For instance, if a plasmid X has an FAB formula of F1:A2:B-, it 

indicates that plasmid X carries an FII replicon with assigned allelic profile of “1,” a 

FIA replicon with allelic profile “2”; while the FIB replicon is absent. 

 

6.2.6 Phenotypic characterization of E. coli strains 

6.2.6.1 Biolog phenotype microarray assay and analysis 

     Phenotype microarray (PM) assay was carried out for both EC302/04 and EC096/10 

using the OmniLog® automated incubator/ reader (Biolog Inc., Hayward, USA) as 

described previously (Shea et al., 2012). A total of 8 PM plates containing different 

carbon sources (PM1-2A), nitrogen sources (PM3B), phosphorous and sulphur sources 

(PM4A), nutrient supplements (PM5), and peptide nitrogen sources (PM6, PM7, PM8) 

were used to determine the phenotypes of EC302/04 and EC096/10. All PM assays were 

carried out in duplicates. 

     In brief, E. coli strains were streaked on LBA and incubated for 18 hours at 37°C. 

Cell suspension of each strain was then prepared by picking multiple single colonies 

with a cotton swab and then resuspended in 15 ml of Biolog inoculating fluid (IF-O). 
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The cell density was adjusted to 85% transmittence and 1% of Biolog dye A (vol/vol) 

was then added subsequently. Each well of the 96-well PM microplates was then filled 

with 100 µl of the freshly prepared cell suspension. All PM microplates were incubated 

at 37°C in an OmniLog reader for 48 hours. The colour changes in the wells (formation 

of purple colour indicates positive results) were recorded using the automated Omnilog 

system. PM analysis was performed using OmniLog® phenotype microarray software 

v1.2 with selected option of A1 zero to substract background signals with reference to 

the A1 negative control that was present in each and every PM microplate. The 

phenotypic differences between the two strains (EC302/04 and EC096/10) were 

determined using the OmniLog® phenotype microarray software v1.2. ORFs with non-

synonymous SNPs (nsSNPs) which may be involved in the metabolic pathway of 

substrates where the substrate utilization can be determined using PM assay were 

further investigated. 

 

6.2.6.2 Conjugation assay and confirmation of transconjugants 

     The transmissibility of plasmid pEC302/04 was determined using liquid conjugation 

experiment at 37ºC as described previously (Johnson et al., 2010). EC302/04 and a 

nalidixic acid-resistant strain of E. coli DH5α were used as donor cell and recipient cell, 

respectively. In brief, 1.8 ml of an overnight culture of the recipient E. coli strain (i.e., 

DH5α) was mixed with 0.2 ml of donor cells (i.e., EC302/04) in exponential growth 

phase in LBB. Mixtures were then incubated overnight without shaking at 37°C. 

Transconjugants were confirmed by: a) selective plating on LB agar plates containing a 

donor-inhibiting concentration of ampicillin (100 μg/ml; Sigma-Aldritch) and a 

recipient-inhibiting concentration of nalidixic acid (30μg/ml; Sigma-Aldritch); b) PCR 

detection of the blaTEM gene which was only present in plasmid pEC302/04 and; c) 

PFGE profiling of the donor, recipient cells and transconjugants. The conjugation 
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frequency was calculated using the averages of two biological and three technical 

replicates. 

Conjugation frequency = 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑛𝑡𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑜𝑛𝑜𝑟 𝑐𝑒𝑙𝑙𝑠
 

 

6.2.6.3 Bacterial growth assays in iron-limited media and analysis 

     E. coli EC096/10, EC302/04, the transconjugant of EC302/04 (DH5α (pEC302/04)) 

and DH5α were grown in LB broth overnight (16-18 hours) at 37ºC. Cultures were 

diluted to OD600 of 0.05-0.1 into LB broth and LB broth supplemented with different 

concentrations of the iron chelator 2′2-dipyridyl (DIP) (Sigma-Aldrich) (100 μM, 200 

μM, and 300 μM). The growth assay was performed in 96-well plates at 37ºC with 

sample reading taken every 15 min for 24 h using a Spectramax spectrophotometer 

(Molecular Devices, USA). The results are presented as the averages of three 

independent biological replicates with two technical replicates each. The growth rates 

for E. coli strains across all tested media were determined using GrowthRates (Hall et 

al., 2014). The output from the Spectramax spectrophotometer (readings of cell density 

at an interval of 15 min for 24 h) in the format of tab-delimited text was used directly as 

the input files for GrowthRates. The growth rates during the exponential phase and 

maximum OD were then determined using GrowthRates. 

 

6.2.6.4 Statistical analysis 

     The differences in growth rates between strains harbouring the plasmid and without 

plasmid [(EC302/04 versus EC096/10) and (DH5α (pEC302/04) versus DH5α)] in 

different media were determined using unpaired t-test 

(http://www.physics.csbsju.edu/stats/t-test_bulk_form.html). A p-value < 0.05 is 

considered as statistically significant. 
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6.3 RESULTS 

6.3.1 General features of EC302/04, EC096/10 and plasmid pEC302/04 

     The general genomic features and background data of EC302/04 and EC096/10 are 

detailed in Table 6.2. 

 

Table 6.2: Genomic features of EC096/10, EC302/04 and pEC302/04 

 

     EC302/04 and EC096/10 which were initially found to be closely related based on 

their respective PFPs were indeed clonal as they shared the same serotype (O166:H15), 

sequence type (ST349) and phylogenetic group (D). E. coli EC302/04 harboured a large 

plasmid of 140,232 bp that was absent from EC096/10. The genome sequences of all 

three replicons (EC302/04, EC096/10 and pEC302/04) have also been deposited into 

EC096/10 EC302/04

WGS WGS

AONF00000000 AMFM00000000

Country Malaysia Malaysia

Year 2010 2004

Source stool tracheal aspirate

Accumulated length (bp) 4745284 4846195

Contigs 63 82

N50 (bp) 247444 201460

Longest assembled 

contig
676,708 bp 350,759 bp

Fold-coverage 204 312

G+C content (%) 51 51

CDS 4563 4687

Plasmid pEC302/04

Size (bp) 140232

G+C content (%) 52

CDS 185

Accession number CP011493

tRNA n=71 n=70

rRNA n=4 n=4

Serotype O166:H15. O166:H15

MLST ST 349 ST 349

Phylogenetic group D D

Isolate 

origin

General 

genomic 

features

Plasmid absent

RNA

Molecular 

type

Feature
E. coli strain

Sequence

Accession number
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GenBank and the accession numbers are listed in Table 6.2. 

 

6.3.2 Similar virulence determinants and pathogenicity islands in EC096/10 and 

EC302/04 

     Iron uptake from the host can be carried out directly or indirectly. A system 

responsible for the direct uptake of iron encoded by the chuAS-chuTWXYUV genes 

(Panina et al., 2001) was found in both strains. Several indirect iron acquisition systems 

via high-affinity ferric iron chelators, the siderophores (Miethke & Marahiel, 2007) 

were also identified. A large locus consisting of genes for siderophore enterobactin 

biosynthesis (entABCDEF) and uptake (fepABCDEG) was identified in both EC302/04 

and EC096/10. Another siderophore aerobactin (iut/iucABCD) was found encoded next 

to the sitABCD operon (manganese and iron transporter), and were collectively found in 

the plasmid pEC302/04 in strain EC302/04 while such plasmid is absent EC096/10 

(detailed in section 6.3.3). 

     Pili and fimbriae can act as adherence factors for both biotic and abiotic surfaces 

(Schembri & Klemm, 2001). The E. coli common pilus (ecp) that is encoded by 

ecpRABCDE, and the fim operon (fimA, fimB, fimC, fimD, fimE, fimF, fimG, fimH and 

fimI), which is responsible for expression and assembly of the type I fimbriae, were 

identified in both strains. Genes encoding for outer membrane protein A (OmpA) which 

has been reported to be involved in invasion and serum resistance (Prasadarao et al., 

2002), and AslA, an arylsulfatase which plays a role in invasion (Hoffman et al., 2000), 

were also found in both EC302/04 and EC096/10. 

     Type III secretion system (T3SS) serves as a virulence mechanism enabling cells to 

secrete bacterial proteins called effectors into the host, which is important for the 

virulence and survival of bacteria (Coburn et al., 2007). T3SS proteins are generally 
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grouped into four classes, namely the structural operon that is responsible for expression 

proteins, and genes that encode translocon proteins, effector proteins and the chaperones 

(Niu et al., 2013). However, an E. coli type III secretion system 2 (ETT2) that is not 

involved in the classic secretion of effectors (Ideses et al., 2005) (as confirmed using the 

SIEVE server) (Samudrala et al., 2009), was found in both EC302/04 and EC096/10. 

Complete ETT2 loci have been reported to be widely distributed in E. coli especially in 

IPEC (especially EHEC O157:H7) and to a lesser extent, in ExPEC and non-pathogenic 

E. coli (Zhou et al., 2014). The ETT2 locus best resembles the pathogenicity island (PAI) 

designated ETT2sepsis, previously identified from a septicemic E. coli (Ideses et al., 

2005). Furthermore, ETT2 has also been reported to be involved in bacterial virulence 

such as biofilm formation, bacterial adhesion and invasion (Zhou et al., 2014). The 

presence of a complete ETT2 locus in both EC302/04 and EC096/10 strains indicate the 

potential virulence of both strains despite their difference in isolation source (intestinal 

and extraintestinal sites). Both EC302/04 and EC096/10 shared similar fitness traits 

except for those that are located in plasmid pEC302/04. 

 

6.3.3 Characterization of plasmid pEC302/04 

     E. coli EC302/04 harboured a 140,232 bp plasmid designated pEC302/04 that was 

absent in E. coli EC096/10. pEC302/04 is a circular multi-replicon IncFIIA plasmid 

with an average GC content of 52% (Figure 6.2). A total of 184 ORFs were predicted 

and annotated using RAST (Aziz et al., 2008) which were then manually curated to 

improve the annotations (Appendix V; e). 
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Figure 6.1: Representative agarose gel pictures of PCR- based plasmid gap closing.  a) 

PCR determination of the linkage between two putative plasmid contigs of 

EC302/04, i.e contigs number 63 and 67 (accession number: AMFM00000000). 

Lane M: 1 kb DNA ladder (Promega); lanes 1, 3, 5, 7, 9, 11: EC302/04; lanes 2, 4, 6, 8, 

10: EC096/10. b) Purified PCR amplified regions between two putative plasmid 

contigs with EC302/04 used as the DNA template. Lane M: 1 kb DNA ladder 

(Promega); lanes 1, 2, 3: linkage between contigs 17 and 63; lane 4, 5: linkage between 

contigs 68 and 30; lane 6:  linkage between contigs 22 and 42. 

 

     A total of three replicons were found for pEC302/04, namely RepFIA, RepFIIA and RepFIB 

with the multireplicon F plasmid FAB formula of F2:A1:B1. A complete tra region that codes 

for the conjugative transfer components of plasmid were identified in pEC302/04 and it spans 

approximately a quarter (36 kb) of the plasmid. This tra region comprised of 24 tra genes 

(traM, traJ, traY, traA, traL, traE, traK, traB, traP, traV, traR, traC, traW, traU, traN, traF, 

traQ, traH, traG, traS, traT,  traD, traI and traX), 9 trb genes (trbD, trbG, trbI, trbC, trbE, 

trbA, trbB, trbJ and trbF) and the regulatory fertility inhibition gene (finO) which act as a 

conjugal transfer repressor (Yoshioka et al., 1987). 

10000bp 

1000bp 

1500bp 

3000bp 

M         1         2          3         4          5         6       M M     1    2     3      4      5      6     7     8     9    10    11   M a) b) 
M         1         2          3         4          5         6       M M         1         2          3         4          5         6       M 
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     To investigate if pEC302/04 is self-transmissible, conjugation experiments were 

carried out for EC302/04 as the donor with a spontaneous nalidixic acid-resistant E. coli 

DH5α as the recipient. Transconjugants were detected at a frequency of 5 × 10
-4

. 

Subsequent PCR detection of the blaTEM gene carried on pEC302/04 in the 

transconjugants and PFGE of the donor, recipient and transconjugant cells (Figures 6.3 

& 6.4) conclusively showed that pEC302/04 is indeed self-transmissible. 

     Comparison of the resistance phenotypes of EC302/04, DH5α and the DH5α 

Figure 6.2: Circular map of plasmid pEC302/04. The 1st (innermost ring) and the 

6th rings show the plasmid size in kbp. The 2nd and 3rd rings (from inner to outer) 

show the GC skew (purple) and GC content (black), respectively. The 4th and 5th 

rings show the ORFs in forward (blue) and reverse orientation (red). The outermost 

ring shows the important genes encoding regions highlighted with different colours 

according to its function: orange, replication; pink, transfer region; yellow, addictive 

systems; red, iron acquisition systems; blue, antimicrobial resistance; green, other 

virulence factors; grey, IS elements. 
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(pEC302/04) transconjugant revealed that genes conferring resistance to ampicillin, 

kanamycin, streptomycin, spectinomycin, compound sulfonamides, gentamicin, 

tobramycin and chloramphenicol have been transferred to the transconjugant (Tables 6.3 

& 6.4). 

     In silico analysis of resistance genes carried on pEC302/04 also showed concordant 

results with that of the phenotypic antimicrobial susceptibility testing. A class I integron 

harbouring the aadA1 gene (conferring resistance to streptomycin and spectinomycin), 

aadB gene (conferring resistance to gentamicin, kanamycin and tobramycin) and cmlA 

(non-enzymatic chloramphenicol resistance gene that encodes for an efflux pump) were 

identified in pEC302/04. Besides the resistance determinants, sulI (conferring resistance 

to sulphonamide) and qacEΔ (quatenary compound resistance gene) which are genes 

found in the 3'-conserved segment of class I integrons (Mazel, 2006) were also found in 

the pEC302/04-encoded integron. Notably, pEC302/04 also carried a blaTEM-1 gene 

(conferring ampicillin resistance) within a Tn3 transposon which, in turn, is interrupted 

with a copy of the IS26 element (Figure 6.2, Appendix V; d). Collectively, the findings 

revealed that the non-susceptibility to amoxicillin/clavulanic acid and cefoperazone, 

which are associated with blaAmpC (Jacoby, 2009) is not plasmid pEC302/04-mediated in 

EC302/04. 
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Table 6.3 : Resistance phenotypes of DH5α (pEC302/04) transconjugants, DH5α and 

EC302/04. 

 

1
strain harboring plasmid pEC302/04; 

2 
strain without plasmid pEC302/04; R= non-

susceptible (including resistant and intermediate resistant); S= susceptible. 
 

 

 

 

 

 

 

 

 

 

M     1       2        3        4        5        6        7       8       M 

 

 

Figure 6.3: PFGE gel of the DH5α 

(pEC302/04) transconjugants, DH5α and 

EC302/04. Lane M: XbaI digested H9812 

DNA marker; lanes 1-4: DH5α (pEC302/04) 

transconjugants; lane 5: DH5α; lane 6: 

EC302/04. 

 

 

 

 

Figure 6.4: blaTEM detection in DH5α 

(pEC302/04) transconjugants, DH5α and 

EC302/04. Lane M: 100 bp DNA ladder 

(Promega); Lane l: positive control, lanes 2-5: 

DH5α (pEC302/04); lane 6: EC302/04; Lane 

7: DH5α; Lane 8: negative control. 

M        1        2         3       4        M       5         6       M 

blaTEM (867 bp) 

800bp 

1500bp 

500bp 

1135 kb 
668.9 kb 
 

 

 

 

452.7 kb 
398.4 kb 
336.5 kb 
310.1 kb 
244.4 kb 
216.9 kb 
  

 

138.9 kb 
104.5 kb 
78.2 kb 
54.7 kb 
33.33 kb 
28.8 kb 
20.5kb 
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Table 6.4: In silico analysis of pEC302/04-encoded resistance genes. 

 
 

 

 

 

 

 

 

 

 1
refer to Appendix V; d.

 2
In silico results obtained from ResFinder. 

3
Resistance phenotypes reported by other studies. 

4
Resistance phenotypes 

determined using antimicrobial susceptibility testing according to CLSI (CLSI, 2015) 
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The parABS segregation system, which is responsible for an active plasmid partition 

system, was found upstream of the tra region of pEC302/04. The partition system is 

also important in ensuring each daughter cell receives a plasmid following cell division 

(Kroll et al., 2010). Besides, several toxin/antitoxin (TA)-based addiction systems were 

also found on pEC302/04: (i) PemI-PemK (Pem for plasmid emergency maintenance) 

TA system is found associated with a transfer inhibition protein (Tir); (ii) CcdA-CcdB 

(Ccd for coupled cell division) TA system is found near to the FIA replicon; (iii) two 

copies of VagC-VagD (Vag for virulence-associated gene) TA systems are separated by 

2 ORFs encoding hypothetical proteins and are found near to another addiction system, 

CcdA-CcdB and (iv) Hok-Sok (Hok for host killing and Sok for suppression of killing) 

TA system is found next to the gene that codes for PsiA-PsiB (plasmid SOS inhibition 

protein) (Figure 6.2). All these segregation and addiction systems are important to 

ensure stable plasmid inheritance (Kroll et al., 2010). 

Ten ORFs were identified as belonging to insertion sequences (ISs) and transposons 

with five main IS families (IS1, IS3, IS6, IS66 and Tn3) being found in pEC302/04. 

Interestingly, among the five IS families, pEC302/04 contained relatively higher 

abundance of IS6 (4 copies) and IS1 (3 copies). Genes encoding the two putative iron 

acquisition systems (iuc/iutABCD and sitABCD) were collectively flanked by two 

copies of IS1 in an inverted orientation, a genetic organization which resembled a 

composite transposon (Figure 6.2). Although the IS1-flanked aerobactin siderophore 

encoding DNA fragment has been demonstrated experimentally to be transposable in E. 

coli (Perez-casal & Crosa, 1984; Lorenzo et al., 1988), the target site duplication 

(evidence of a tranposition event) was not found in pEC302/04, indicating that this IS1-

flanked fragment may not have transposed recently. Besides virulence genes, 

transposable elements are also often associated with resistance genes (Kiiru et al., 

2013). The blaTEM-1 resistance gene was found within the Tn3 transposon, in which the 
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transposase was disrupted by a copy of IS26. The integrase gene of the class I integron 

was also interrupted by a copy of IS26. These findings suggest that the integrase and 

transposase are likely non-functional, rendering the class I integron and Tn3 transposon 

non-mobile. Interestingly, the complete transfer regions of pEC302/04 was also 

interrupted by an IS element, in this case IS66, which was inserted into the intergenic 

region between the traN and trbE genes, without affecting the self-transmissibility of 

pEC302/04. 

Twenty-four putative virulence factors (VFs) were identified in pEC302/04 with 

majority of the VFs being associated with iron acquisition systems. The region encoding 

two iron acquisition systems constitutes the putative virulence region which spans 

approximately 16 kb of pEC302/04. The aerobactin siderophore-encoding gene clusters 

(iutA-iucABCD) were found adjacent to sitABCD (encoding for iron and manganese 

transport system) and were separated by genes encoding ShiF (putative membrane 

transport protein) and Eno (phosphopyruvate hydratase). Both systems were reportedly 

required for growth under iron depleted condition (Boyer et al.,  2002) as well as 

increased virulence for the E. coli strain both in vivo and in vitro (Boyer et al., 2002; 

Sabri et al., 2006). 

Besides iron acquisition systems, virulence determinants with other functions were 

also identified on pEC302/04. The traJ gene, which codes for a plasmid conjugation 

transfer protein, may play an important role in invasion (Hill et al., 2004).  A complete 

transfer region which encodes for proteins corresponding to type IV pilus (Lawley et al., 

2003; Zahrl et al., 2006), that has been described to be urovirulence determinants for 

ExPEC (UPEC in particular) (Kulkarni et al., 2009) was also identified. 
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6.3.4 Limited core SNPs and little to no variation for phenomic characteristics 

were observed for both EC302/04 and EC096/10   

     Besides the plasmid pEC302/04, which was only found in EC302/04, the two 

genomes were highly similar in terms of genetic contents (Figure 6.5). Both genomes 

differed by a very limited number of core SNPs, with 61 non-synonymous SNPs 

(nsSNPs) and 33 synonymous SNPs (sSNPs) identified in 34 shared ORFs. Despite the 

variations being found for both strains, EC096/10 and EC302/04 can be considered as 

clonally related since in general, a “clone threshold” value of 200 SNPs was proposed to 

define clones for E. coli although different outbreak clones may have different SNP 

cutoff values, subjected to factors such as outbreak duration (Kaas, 2014). 

     A total of 34 ORFs with non-synonymous mutations which may be involved in the 

metabolic pathway of substrates were further investigated by phenotype microarray 

assay. Fructose-1,6-bisphosphatase II, arginine decarboxylase, and glutamate racemase 

were proteins with nsSNPs identified in their respective genes. No significant 

differences were observed for the growth kinetics of EC302/04 and EC096/10 

supplemented with fructose-1,6-bisphosphate [substrate of fructose-1,6-bisphosphatase 

II; PM1 (well 52)], arginine [substrate of arginine decarboxylase; PM2 (well 76), PM3 

(well 8), PM5 (well 4)], agmatine [product of arginine decarboxylase; PM3 (well 48)] 

and glutamate [substrate of glutamate racemase; PM1 (well 24), PM3 (well 12, 30) PM5 

(well 8, 44)] in the PM assay (Figure 6.5). Despite the genetic variation found in both 

strains, no observable phenotypic differences (substrate utilization of carbon, nitrogen, 

phosphorus and sulfur, nutrient supplements, and peptide nitrogen) were found between 

the two strains using PM assay that was carried out at 37ºC, the habitat temperature for 

both EC302/04 and EC096/10 (detailed in Figure 6.6). 
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Figure 6.5: Circular map of EC302/04 and EC096/10. High similarity between 

genomes of EC096/10 (in red) and EC302/04 (in blue). 
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Figure 6.6: PM analysis of EC302/04 and EC096/10. Growth curves are red for EC302/04, green for EC302/04, and yellow for the 

overlapping region. Black boxes indicate the growth curves for substrates that may be involved in the metabolic pathways and which 

may be affected by ORFs with non-synonymous mutations. 
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6.3.5   Growth of EC302/04 and EC096/10 in iron-limited medium 

     Clonally related E. coli EC302/04 and EC096/10 were isolated from extraintestinal 

and intestinal sites, respectively, and it is known that extraintestinal sites contain very 

low concentrations of iron that is essential for bacterial growth (Hagan et al., 2010). 

Plasmid pEC302/04, as the major genetic difference found between the clonally related 

EC302/04 and EC096/10 strains, encode additional iron acquisition systems. This led to 

the further comparison on the bacterial growth of E. coli EC302/04, EC096/10, DH5α 

and DH5α transconjugant harbouring pEC302/04 in rich media and iron-limited media 

to investigate if pEC302/04 could confer growth advantage in an environment with low 

iron concentrations. 

     When all 4 strains were grown in LB broth supplemented with iron chelator (DIP) at 

different concentrations, their respective growth were attenuated and the maximum 

levels of OD600nm of all strains were reduced as the concentration of DIP increased 

(Figure 6.6). Nevertheless, there was no difference in growth rates between DH5α 

(pEC302/04) versus DH5α in all rich and iron-limited media tested (Figure 6.6). On the 

other hand, EC302/04 has slightly better growth compared to EC096/10 in LB broth 

across all media tested. These results indicated that the carriage of pEC302/04 in the 

DH5α (pEC302/04) transconjugant did not have a significant impact on their growth in 

iron-limited media in vitro. 
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Figure 6.7: Growth curves of EC302/04, EC096/10, DH5α and the DH5α (pEC302/04) 

transconjugant in rich and iron-limited medium. (A) LB broth; (B) LB broth 

supplemented with 100 μM of DIP; (C) LB broth supplemented with 200 μM of DIP; 

(D) LB broth supplemented with 300 μM of DIP. 
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6.3.6 Phylogenomic analysis of 40 E. coli strains from various sources 

     Phylogenomic analysis of 40 E. coli strains from various sources was performed 

using the accumulated alignment length of 3,227,599 bp, which covers 70.8% and 59% 

of the smallest and largest E. coli genome sizes that were included in this comparative 

genomic analysis. Phylogenomic analysis revealed that E. coli of different pathotypes 

that are closely grouped together were found to have similar serotypes, STs as well as 

virulence profiles, hence sharing similar phylogenetic signals. In fact, some of these 

strains may be clonally related (Cluster B2, Figure 6.7). Both E. coli EC302/04 

(extraintestinal strain) and EC096/10 (intestinal strain) were found to be closely related 

to strains KTE147, HM46, 5-366-08_S1_C3, AB42410445-isolate1, AB42602061-

isolate 1 and MC6003, which belonged to ExPEC or intestinal strains from patients with 

extraintestinal infections (Figure 6.7, Cluster B2). E. coli strains EC096/10, EC302/04, 

KTE147, HM46, and 5-366-08_S1_C3 also belonged to the same sequence type (ST349) 

and serotype (O166:H15), with the exception of strain 5-366-08_S1_C3 which belonged 

to ST2914, a single locus variant of ST349 (Figure 6.7). The remaining three strains in 

Cluster B2 (AB42410445-isolate1, AB42602061-isolate 1 and MC6003) were obtained 

from bacteremic patients, and all three are triple locus variant of ST349 and belonged to 

serotype O7:H15. Further screening for STs 349, 2914 and 70 in the NCBI database led 

to the discovery of more E. coli strains belonging to these rare STs with the majority of 

these strains categorized as ExPECs or intestinal strains obtained from patients with 

extraintestinal infections (Table 6.5). In fact, more than half of the E. coli strains in 

Cluster B2 share highly similar virulence profiles, regardless of intestinal or ExPEC 

strains, indicating the genetic propensity of intestinal strains to cause extraintestinal 

infections. 
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Figure 6.8: Phylogenomic tree inferred by maximum likelihood method using 

REALPHY. Dotted lines and coloured boxes were used to facilitate visualization 

according to clusters. Asterisk (*) indicates in-silico results. Red, blue, green and purple 

fonts represent IPEC, commensal, ExPEC and intestinal strains, respectively. Bootstrap 

values below 100 are shown at their respective branch points. Coloured boxes to 

facilitate visualization of the phylogenomic clustering. 
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Table 6.5: Details of E. coli genomes with sequence types 349, 2914 and 70

adk fumC gyrB icd mdh purA recA

EC096/10 AONF00000000 intestinal strain Malaysia 34 36 39 87 67 16 4 349

EC302/04 AMFM00000000 ExPEC/ tracheal aspirate Malaysia 34 36 39 87 67 16 4 349

KTE147
ANWN00000000.

1
ExPEC/ UPEC Denmark 34 36 39 87 67 16 4 349

HM46 APNY00000000.1 ExPEC/ UPEC
Michigan, 

USA
34 36 39 87 67 16 4 349

TOP2396-2 AOQR00000000.1

stool sample from individual 

with recurrent urinary tract 

Infection

Seattle, 

USA
34 36 39 87 67 16 4 349

TOP2396-3 AOQS00000000.1

stool sample from individual 

with recurrent urinary tract 

Infection

Seattle, 

USA
34 36 39 87 67 16 4 349

5-366-08_S1_C3 JONE00000000.1 intestinal strain Tanzania 34 36 207 87 67 16 4 2914

5-366-08_S1_C1 JOQU00000000.1 intestinal strain Tanzania 34 36 207 87 67 16 4 2914

AB42410445-

isolate1
ATOD00000000.1

stool sample of individual 

with bacteremia
USA 34 36 28 25 28 16 4 70

AB42602061-

isolate1
ATOB00000000.1

stool sample of individual 

with bacteremia
USA 34 36 28 25 28 16 4 70

AB42554418-

isolate1
ATOC00000000.1

stool sample of individual 

with bacteremia
USA 34 36 28 25 28 16 4 70

MC6003 ATNV00000000.1
blood sample of individual 

with bacteremia
USA 34 36 28 25 28 16 4 70

Upec-105 JSOV00000000.1 ExPEC/ UPEC USA 34 36 28 25 28 16 4 70

Upec-154 JSMW00000000.1 ExPEC/ UPEC USA 34 36 28 25 28 16 4 70

Upec-126 JSNZ01000001.1 ExPEC/ UPEC USA 34 36 28 25 28 16 4 70

Strain Accession number E. coli  group Country

Allelic profile
Sequence 

type
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6.3.7 Genetic variations in E. coli belonging to the same clonal complex 

     The identification of several E. coli strains, namely the EC096/10, EC302/04, 

KTE147, HM46, and 5-366-08_S1_C3 that belong to the same and yet uncommon 

clonal complex (ST349) which possess intrinsic extraintestinal virulence potential led to 

further investigation and comparison with respect to their resistotypes, virulence 

profiles, plasmid replicon types and CRISPR clusters. 

     CRISPR-cas system is reportedly to act as a defense system to recognize and destroy 

specific foreign DNA such as the phage genomes and is comprised of clustered 

regularly interspaced short palindromic repeats (CRISPRs) and CRISPR associated (cas) 

genes (Bondy-Denomy & Davidson, 2014). A CRISPR locus is identified in all 5 strains, 

namely the EC096/10, EC302/04, KTE147, HM46, and 5-366-08_S1_C3. A total of 5 

repeats (32 bp; 4 identical repeats and 1 repeat with a 4 bp difference), interspaced by 4 

different spacers were detected (29 bp) (Table 6.6). The direct repeats and spacers for 

EC096/10, EC302/04, KTE147, and HM46 are identical with 2 SNPs found in the 

CRISPR locus of strain 5-366-08_S1_C3, indicating high similarity in the CRISPR 

regions of these E. coli strains belonging to the same clonal complex ST349. Although 

CRISPR is deemed useful for genotyping and population structure analysis for different 

bacterial species including Mycobacterium tuberculosis, Mycobacterium canettii, 

Yersinia pestis and Pseudomonas aeruginosa, CRISPR typing is not used as a general E. 

coli typing tool as there is no exact correlation between the CRISPR with other 

genotyping method such as the MLST (Pourcel & Drevet, 2013). 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



 

125 

Table 6.6: Sequences of direct repeats and spacers of the CRISPR locus for EC096/10, 

EC302/04, KTE147, HM46, and 5-366-08_S1_C3. 

 

 

 

 

 

 

 

 

All the direct repeats and spacers identified were identical for EC096/10, EC302/04, 

KTE147 and HM46. *The underlined and bolded nucleotide is SNP observed in strain 

5-366-08_S1_C3. 

 

Genome analyses of EC096/10, EC302/04, HM46, KTE147 and 5-366-08_S1_C3 

revealed genes that confer resistance to various antimicrobials (Table 6.7). All five 

genomes harboured the similar chromosomal mediated resistance determinants and also 

multidrug efflux pumps. Class C beta-lactamase (AmpC) gene can be chromosomal- or 

plasmid-encoded (Jacoby, 2009). An AmpC gene that belongs to periplasmic AmpC 

beta-lactamase is identified in all five genomes (Table 6.7). The five E. coli strains also 

harboured several multidrug efflux pumps encoding genes that are associated with 

decreased susceptibility to a range of antimicrobials including macrolide, puromycin, 

fosfomycin, enoxacin and norfloxacin, as predicted by ARDB (Liu & Pop, 2009). 

Several acquired antimicrobial resistance genes that are associated with aminoglycoside, 

phenicol, sulphonamide, trimethoprim and ampicillin resistance were also identified in 

EC302/04 and/or 5-366-08_S1_C3 but not EC096/10, KTE147 and HM46 (Table 6.7), 

where the acquired resistance genes of EC302/04 are plasmid pEC302/04 mediated 

Direct repeat sequence* Size (bp)

ATGGTTATCCCCGCTGACGCGGGGAACTC 29

CGGTTTATCCCCGCTCGCGCGGGGAACTC 29

CGGTTTATCCCCGCTCGCGCGGGGAACTC 29

CGGTTTATCCCCGCTCGCGCGGGG(A/G)ACTC 29

CGGTTTATCCCCGCTCGCGCGGGGAACTC 29

Spacer DNA sequence* Size (bp)

GCCAGTGCCTGGTCATATGTGTAACACCTATC 32

TTGCTGTATAGAGATTATCGGCGTGGGATTGT 32

GTTTGCGGCTT(G/T)CAAACATTTTAATGCGTATT 32

CCAGCCCGACACAAATAATGCAGCATTGCGCG 32
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(detailed in section 6.3.3). Overall, the phenotypic and genotypic resistance profiles of 

EC302/04 and EC096/10 are in agreement with each other, with the exception of 

antimicrobials that are not commonly used for treatment of E. coli infections (MOH, 

2014, 2013) as their susceptibility were not determined. On the other hand, the 

phenotypic resistance profiles of HM46, KTE147 and 5-366-08_S1_C3 have not been 

reported before.  

Based on Figure 6.8, it is observable that EC096/10, EC302/04, HM46, KTE147 and 

5-366-08_S1_C3 had distinct virulence profiles compared to ExPEC of other sequence 

types (Cluster B2). Only minor differences were seen among the virulence profiles of 

the 5 strains, with the most notable dissimilarity found for EC302/04, where the plasmid 

mediated iron acquisition system encoding genes were only found in EC302/04 

(detailed in 6.3.3) but not other 4 E. coli strains of the same clonal complex ST349. 

Several other genes encoding plasmid transfer region (Tra), enteroaggregative heat-

stable enterotoxin (AstA) and Increased serum survival (Iss) were the dispensable 

virulence factors identified among EC096/10, EC302/04, HM46, KTE147 and 5-366-

08_S1_C3. Nonetheless, the location of these dispensable genes is unknown as only 

draft genome sequences were available for all 5 strains, except for EC302/04, where the 

genome sequence of plasmid pEC302/04 is completed.  

Although EC302/04 and EC096/10 are assumed to be clonally related, EC302/04 

harboured an additional IncFII plasmid pEC302/04 which carries extra virulence and 

resistance determinants compared to EC096/10. Hence, it is interesting to determine the 

plasmid replicon(s) that may be present in strains HM46, KTE147 and 5-366-08_S1_C3. 

Further interrogation revealed no plasmid replicon in HM46. On the other hand, strains 

KTE147 harboured IncFIA and IncI1 while 5-366-08_S1_C3 also carried two plasmid 

replicons, namely the IncB/O/K/Z and IncFII. Nevertheless, as mentioned previously, 
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only draft genome sequences were available for these strains. Hence, the presence of 

plasmids in these E. coli strains could not be ascertained as certain plasmid segment 

may be integrated into the bacterial chromosome yielding plasmid-derived 

chromosomal segment, an event which has been reported for dnd clusters (Ou et al., 

2009). 
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Table 6.7: Resistance genes in E. coli strains belonging to the clonal complex ST349 

Resistance 

genes* 

Definition* Predicted resistance phenotype* EC096

/10 

EC302

/04 

HM

46 

KTE

147 

5-366-

08_S1_C3 

acrA Macrolide-specific efflux system aminoglycoside; glycylcycline; 

macrolide; beta_lactam; acriflavin 

 

√ 

 

√ 

 

√ 

 

√ 

 

√ 
acrB Macrolide-specific efflux system 

arnA Nucleoside-diphosphate-sugar epimerases polymyxin √ √ √ √ √ 

bacA Undecaprenyl pyrophosphate phosphatase bacitracin √ √ √ √ √ 

bl1_EC Class C beta-lactamase cephalosporin √ √ √ √ √ 

emrE Multidrug resistance efflux pump aminoglycoside   √ √  

ksgA Dimethyladenosine transferase kasugamycin √ √ √ √ √ 

macA Macrolide-specific efflux system  

macrolide 

 

√ 

 

√ 

 

√ 

 

√ 

 

√ 
macB Macrolide-specific efflux system 

mdtF Multidrug resistance efflux pump doxorubicin; erythromycin √ √ √ √ √ 

mdtG Multidrug resistance efflux pump  

deoxycholate; fosfomycin 

 

√ 

 

√ 

 

√ 

 

√ 

 

√ 
mdtH Multidrug resistance efflux pump 

mdtK Multidrug resistance efflux pump enoxacin; norfloxacin √ √ √ √ √ 

mdtI Multidrug resistance efflux pump chloramphenicol √ √ √ √ √ 

mdtM Multidrug resistance efflux pump chloramphenicol; acriflavine; 

norfloxacin 

   

√ 
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mdtN Multidrug resistance efflux pump  

t_chloride; acriflavine; puromycin 

 

√ 

 

√ 

 

√ 

 

√ 

 

√ 

 
mdtO Multidrug resistance efflux pump 

mdpP Multidrug resistance efflux pump 

tolC Multidrug resistance efflux pump aminoglycoside; glycylcycline; 

macrolide; beta_lactam; acriflavin 

√ √ √ √ √ 

aadB aminoglycoside O-nucleotidylyltransferase tobramycin; kanamycin; sisomicin;  

dibekacin; gentamicin 

 √    

aadA1 aminoglycoside O-nucleotidylyltransferase spectinomycin; streptomycin  √    

blaTEM-1B beta-lactamase beta-lactam  √   √ 

cml_e1 chloramphenicol efflux pump chloramphenicol  √    

dfrA7 dihydrofolate reductase trimethoprim     √ 

sul1 sulfonamide-resistant dihydropteroate 

synthase 

sulfonamide  √   √ 

sul2 sulfonamide-resistant dihydropteroate 

synthase 

sulfonamide     √ 

 

*indicates results obtained from ARDB and ResFinder. √ indicates presence of resistance gene in particular E. coli genome. Resistance genes in grey 

boxes are acquired antimicrobial resistance genes 
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6.4 DISCUSSION 

The encounter of two clonal strains obtained from different sites in human host(s) is 

indeed interesting as the environment of intestinal and extraintestinal sites were known 

to be different especially with regards to the availability of iron and nitrogen sources 

(Hagan et al., 2010; Sandy & Butler, 2010). Multireplicon plasmid pEC302/04, which 

was only found in EC302/04, carried additional iron acquisition system and was thought 

to be important for the extraintestinal strain EC302/04 to survive better in iron-limited 

environment. In fact, ExPEC carrying IncFIIA plasmids is known to be the leading 

cause of several extraintestinal infections in humans and has been deemed to be a major 

global health threat (Fricke et al., 2008; Johnson et al., 2010; Lemaître et al., 2013; 

Mellata et al., 2009; Peigne et al., 2009; Pitout, 2012; Skyberg et al., 2006; Smet et al., 

2010; Villa et al., 2010; Woodford et al., 2009). However, our study revealed that 

growth rates in iron-limited medium under in vitro conditions were similar for the 

strains with plasmid pEC302/04 (EC302/04 and the DH5α (pEC302/04) transconjugant) 

and strains without pEC302/04 (EC096/10 and E. coli DH5α). Nonetheless, the 

contribution of the iron acquisition systems encoded in pEC302/04 towards growth 

adaptation in iron-limited environments could not be ruled out until a derivative of 

EC302/04 cured of pEC302/04 could be obtained and the growth rates in iron-limited 

medium determined and compared. The EC302/04 and EC096/10 also harbored two 

iron acquisition systems, namely the enterobactin and Chu-type iron uptake systems. On 

the other hand, E. coli DH5α only contained genes for the enterobactin iron acquisition 

system. The redundancy of iron acquisition systems in the EC302/04 and EC096/10 

suggests that these strains may have better adaptability in iron- limited media when 

compared to E. coli DH5α, hence their better growth rate in media supplemented with 

DIP. 
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There was also no observable difference in nitrogen utilization for both E. coli 

EC302/04 and EC096/10. Both strains displayed 61 non-synonymous SNPs (nsSNPs) 

and 33 synonymous SNPs (sSNPs) identified in 34 shared ORFs, thereby indicating the 

clonal relatedness of EC302/04 and EC096/10, taking a suggested “clone threshold” 

value of 200 SNPs to define clones for E. coli (Kaas, 2014). At this juncture, it is 

tempting to speculate that EC302/04 and EC096/10 were derived from the same E. coli 

clone that has somehow persisted in that particular hospital environment over the 5-year 

period in between their respective isolations. Nonetheless, much more clinical and 

epidemiological links and investigations are required to support such hypothesis. On the 

other hand, both strains may have a common source in the community and may not 

necessarily be hospital related. Disregarding their unkown epidemiological link, it is 

still interesting to note that despite their clonality, both strains were isolated from 

different isolation sites indicating the likelihood of an intestinal strain (EC096/10) 

causing extraintestinal infections (EC302/04). 

Not surprisingly, our phylogenomic analysis which included other E. coli genomes 

from the public database also revealed that intestinal and ExPEC strains can be clonally 

related (Cluster B2, Figure 6.8), concurring with previous studies where intestinal tracts 

were shown to often serve as the reservoir for E. coli strains that cause extraintestinal 

infections (UTI in particular) (Chen et al., 2013; Foxman, 2010; Jakobsen et al., 2011; 

Moreno et al., 2006). Chen et al., (2013) also reported that the same ExPEC strain 

(determined using WGS and PM assay) was capable of colonizing and persisting in both 

the intestinal and urinary tracts while maintaining similar fitness characteristics and 

phenomic profiles at both sites. Remarkably, all 8 strains in Cluster B2 (Figure 6.8) 

(regardless of whether they were ExPEC or intestinal strains) belonged to uncommon 

STs, namely ST349, ST2914 and ST70 with only 1 to 3 loci differences being identified 
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among the three STs. To the best of our knowledge, studies reporting on E. coli 

belonging to these three sequence types were scarce, with only two each for ST349 and 

ST70 (from avian, clinical and rat samples) while no published report is available for 

ST2914 (Chattaway et al., 2014; Guenther et al., 2012; Haque et al., 2014; Hernandez et 

al., 2013; Kim et al., 2011). Five out of eight strains in Cluster B2 also belonged to an 

uncommon serotype O166:H15, an E. coli serotype that is often associated with EAEC 

incidence (Chattaway et al., 2014; Zhou et al., 2002). The identification of the same E. 

coli serotype or ST associated with different pathotypes (i.e., EAEC, ExPEC, and 

intestinal strains) highlighted the complexity of E. coli strains since certain STs and 

serotypes were often found to be associated with specific pathotypes (Köhler & 

Dobrindt, 2011; Russo & Johnson, 2000). Further screening for STs 349, 2914 and 70 in 

the public database led to the discovery of more ExPEC or intestinal strains belonging 

to these STs (Table 6.5), providing evidence that further support the intrinsic 

extraintestinal virulence potential of intestinal E. coli strains belonging to these rare 

genotypes. 

The genetic similarities and dissimilarities among the pathogenic E. coli strains of 

the same sequence types, such as the ST131, are also often of global interest due to its 

frequent association with public health issues (Mcnally et al., 2013; Price et al., 2013). 

The discovery of E. coli strains of rare genotypes (clonal complex ST349 and serotypes 

O166:H15) with intrinsic extraintestinal virulence potential in this study prompted 

further investigations in regards to their fitness traits such as the virulence and 

resistance determinants. Overall, all 5 strains of the clonal complex ST349 (i.e. 

EC096/10, EC302/04, HM46, KTE147 and 5-366-08_S1_C3) have genome sizes and 

GC content ranging from 4.75 to 5.44 Mb and 50.6 – 50.8%, respectively. Besides 

EC302/04 and EC096/10 that were obtained from Malaysia, the remaining 3 strains 
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were isolated from geographically distinct regions including United States of America 

(USA), Tanzania and Denmark (Subashchandrabose et al., 2013), indicating the 

sporadic nature of these strains. These 5 strains are also predicted to have different 

antimicrobial susceptibility profiles based on the resistance genotypes, and may be 

multidrug- or non-multidrug-resistant; indicating that E. coli strains of the same clonal 

complex ST349 may not associate with specific resistance phenotypes, a phenomenon 

which contradicts with the cephalosporin and fluoroquinolone resistant ST131 clones 

(Lee et al., 2010; Platell et al., 2011). In addition, the five strains also differed in their 

respective plasmid replicon profiles. Despite belonging to the same serotypes and clonal 

complex, marked genetic variation such as the resistance and plasmid replicon profiles 

were observed among the 5 E. coli strains of the same rare genotypes. Nonetheless, the 

intrinsic virulence potential in these strains could not be disregarded. 

 

6.5 CONCLUSION 

     In this study, the first E. coli genome, EC302/04 that was obtained from tracheal 

aspirate, an extraintestinal site from human host was presented. Mobile genetic elements, 

such as the plasmid pEC302/04 which harboured resistance and virulence determinants 

appeared to be the main genetic material contributing to the diversity of two clonally 

related E. coli strains, i.e. the EC302/04 and EC096/10. Nonetheless, the phenotypic 

characteristics of both strains were highly similar. Our study showed an overall 

agreement between the phylogenies inferred using the phylogenomic tree with E. coli 

serotypes, STs and virulence profiles, with the exception of E. coli pathotypes as E. coli 

of different pathotypes are found to cluster together in the phylogenomic tree. Using the 

same approach, two distinct ExPEC clades which encompass classical ExPEC and 

intestinal strains that shared similar phylogenetic signals were unveiled. Nonetheless, it 
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is necessary to take note that since infection is a host-pathogen interaction, it very much 

dependent on the predisposition of an individual to infection.  

Fortuitously, this study also unveiled ExPECs with rare genotypes, indicating the 

importance of a genomic approach in risk assessment and detection of possible 

emergence of bacterial pathogens. Nonetheless, the E. coli strains of the same rare 

genotypes (clonal complex ST349 and serotype O166:H15) with intrinsic extraintestinal 

virulence potential seems to be sporadic in nature due to the identified genetic variations 

and the epidemiological data of the five strains. Overall, the high-resolution genomic 

approach is deemed useful for investigating ExPECs and may be an essential 

microbiological diagnostic tool in the near future. 
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CHAPTER 7: CONCLUSION 

Antimicrobial resistance poses serious public health threat as it causes therapeutic 

failure and hence reduces the efficiency in combating infectious diseases. Increasing 

cases of antimicrobial resistance have been reported worldwide and Malaysia is no 

exception (MOH, 2014), with E. coli resistant to extended-spectrum cephalosporins 

(ESC) being recognized as one of the drug-resistant threats (CDC, 2013; MOH, 2014). 

One of the steps needed for effective infection control is to monitor the resistance trends 

of the infectious agents of interest in the respective region (CDC, 2013). 

Epidemiological investigation is also a must in tracking the source of resistant E. coli as 

well as determining the genetic diversity of various clinical E. coli strains (Chapters 3 

and 4).  

In Chapter 3, the detailed characterization of 110 E. coli strains isolated from 

pediatric wards of a tertiary hospital in the state of Johor, Malaysia revealed that CTX-

M is indeed the most prevalent ESBL genes that confer resistance to extended-

cephalosporins in the local E. coli strains, with CTX-M-15 identified as the predominant 

subtype. Our findings concurred with  that of other studies done in Malaysia (Lim et al., 

2009; Sekawi et al., 2008) as well as globally (Al-Agamy et al., 2014; Sheng et al., 

2013; Trang et al., 2013), where CTX-M-15 gene is indeed the predominant ESBL 

subtype. Although class 1 integron remained the major class of integron in the 

Malaysian E. coli clinical strains, no gene cassette encoding ESBL genes was found. 

Nonetheless, only certain CTX-M subtypes, such as the CTX-M-2 and CTX-M-9 are 

associated with integrons, in particular the complex integrons (Eckert et al., 2006). 

Using PFGE as a molecular typing tool, few clonal CTX-M-15-positive strains with 

indistinguishable pulsotypes were identified. Nonetheless, the CTX-M-15-producing 

pandemic O25-ST131 clone was not detected among the CTX-M-15-producing clinical 
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strains of E. coli. This is not surprising as E. coli of other ST clones may also play a role 

in the clonal dissemination of CTX-M-15-producing E. coli, although this may take 

place to a lesser extent compared to ST131 (Pitout, 2012; Riley, 2014). This is also the 

first report of a CTX-M-27-producing E. coli strain from Malaysia, a CTX-M subtype 

that is rarely found and has been reported in certain countries including Saudi Arabia, 

Canada and Korea (Al-Agamy et al., 2014; Pitout et al., 2007; Song et al., 2009). 

To have a better understanding on the mechanisms of dissemination of CTX-M 

genes, the study was further expanded to characterize and determine the prevalence of 

CTX-M-encoding genes in E. coli strains isolated from different sources (clinical, 

zoonotic and environment samples) between 2002 to 2011 from Malaysia (Chapter 4). It 

was found that all CTX-M-producing E. coli strains were isolated from clinical samples, 

indicating the importance of clinical specimens as the reservoir of CTX-M genes. By 

expanding the pool of E. coli strains and CTX-M subtypes to be examined, we have 

detected the presence of the pandemic E. coli O25-ST131 clone, which is the first report 

of this clone in Malaysia. Besides the ST131, E. coli of other sequence types, such as 

the ST349, ST69, ST354, ST1171, ST10, ST117 and ST405 were also found to harbour 

CTX-M genes, with some of these STs recognized as the dominant clonal groups in 

other countries responsible for the dissemination of CTX-M genes (Kim et al., 2011; 

Coque et al., 2008; Nicolas-Chanoine et al., 2013). Besides being disseminated via 

clonal expansion, CTX-M genes were also found associated with various mobile genetic 

elements. Further analysis of the genetic environment of CTX-M genes revealed a 

variety of mobile elements, with insertion sequences ISEcp1, IS26 and IS903 as the 

main genetic elements associated with CTX-M genes, concurring with reports from 

previous studies (Dhanji et al., 2011; Eckert et al., 2006; Poirel et al., 2012). 

Nonetheless, the genetic environment of some CTX-M genes were non-determinable as 
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PCR detection of specific neighbouring regions yielded no amplicon, indicating the 

likelihood of these CTX-M genes associated with rare or unreported genetic 

environments. 

Whole genome sequencing enabled high resolution genomic analyses to be carried 

out, whether it is for a specific genomic feature of interest (Chapter 5) or as part of a 

phylogenomic analysis of E. coli populations (Chapter 6). In Chapter 5, whole genome 

sequence analysis was used to investigate the genetic environment of dnd operons 

(dndBCDE), a cluster of genes which is responsible for the phosphorothioation 

modification of DNA (Xu et al., 2010). Such DNA modification yielded a DNA 

degradation (Dnd) phenotype in several E. coli strains, rendering these strains 

nontypeable by PFGE and thus this could result in incomplete molecular 

epidemiological data (Chapter 3). A PCR assay targeting the dndBCDE genes was then 

developed to specifically detect the presence of these genes in E. coli. The PCR assay 

coupled with the use of thiourea in PFGE was shown to improve the detection and 

typeability of Dnd
+
 E. coli strains. Large amounts of whole genome sequence data that 

are available for E. coli enabled us to perform a comprehensive comparative genomic 

analysis of the E. coli-encoded dnd operon leading to the discovery of their location 

within genomic islands (GIs). Unlike Mycobacterium abscessus which was reported to 

have conserved regions flanking their dnd-encoding GIs (Howard et al., 2013), the 

immediate genetic environment and dnd-encoding GIs in the Dnd
+
 E. coli strains were 

highly diverse, with a total of 7 types of genetic organizations identified so far. 

Fortuitously, dnd operons were more often found in pathogenic E. coli, providing a 

possible linkage of the presence of the dnd operons with pathogenicity in E. coli strains.  

In chapter 6, whole genome sequencing was carried out on two E. coli strains, 

EC302/04 and EC096/10, which displayed nearly identical pulsed-field profiles (with 
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only a single band difference) and were isolated from the same hospital over a gap of 5 

years. To the best of our knowledge, EC302/04 genome is also the first whole genome 

sequence of an E. coli obtained from tracheal aspirate, an extraintestinal site from the 

human host. Detailed genome sequence analysis revealed that a large conjugative 

plasmid, designated pEC302/04, appeared to be the main genetic material contributing 

to the diversity of two clonally related E. coli strains. Besides carrying antibiotic 

resistance genes which conferred multidrug resistance phenotype to its host, pEC302/04 

also harboured two iron acquisition systems (SitABCD and IutA-IucABCD) which may 

be important for the adaptation of the EC302/04 host in the iron-limited extraintestinal 

sites. Nonetheless, our study revealed no significant differences in the growth rates in 

iron-limited medium under in vitro conditions for both EC096/10 and EC302/04. High 

resolution phylogenomic analysis was then used to investigate the genetic relationship 

of EC302/04 and EC096/10 with 38 genomes of different E. coli pathotypes that were 

extracted from the public database. Two distinct ExPEC clades, which encompassed 

classical ExPEC as well as intestinal strains that shared similar phylogenetic signals 

with existing ExPECs were identified. Although the opportunistic nature of ExPEC had 

been reported (Guenther et al., 2012; Russo & Johnson, 2000), the identification of 

intestinal strains with phylogenetic signals similar to existing ExPEC enabled us to 

identify possible commensal-like strains with extraintestinal virulence potential. Using 

the same approach, some virulence factors were more commonly found in the ExPEC 

lineages but not in the commensal and IPEC, which may be useful in identifying 

potential vaccine candidates which are effective against ExPEC and intestinal strains 

with extraintestinal virulence potential for future studies. The analyses also unveiled E. 

coli strains of rare genotypes (specifically, clonal complex ST349 and serotype 

O166:H15) that possessed intrinsic extraintestinal virulence potential. Despite the tight 

phylogenetic relationship of these E. coli strains sharing the same rare genotypes (as 
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observed in the phylogenomic tree), they are sporadic in nature as they were isolated in 

different countries and periods and had substantial variations in the resistotypes. This 

finding is in contrast with E. coli ST131 clones which are often associated with 

fluoroquinolone and extended-cephalosporin resistance (Lee et al., 2010; Platell et al., 

2011). Overall, the high-resolution genomic approach is useful for investigating 

ExPECs and also serves as a proof of concept in detecting possible emergence of 

ExPEC clones. However, this method may not be able to identify the `true’ E. coli 

pathotypes in causing extraintestinal infections as different pathotypes may share 

similar phylogenetic signals and are clustered in the same clade. 

Overall, this study has provided further insights into the resistance mechanisms and 

genetic diversity of E. coli strains using both phenotypic and genotypic approaches. 

Nonetheless, there are several limitations in the study. The resistance rates in this study 

should be interpreted with caution as the E. coli samples may not represent the general 

resistance situation at the national level due to limited and possible skewed samples 

(isolates obtained from a single hospital, for instance), which may lead to 

underestimation or overestimation of resistance rates. Due to computational limitations, 

a limited number of global E. coli genomes have also been included into the 

phylogenomic analysis. Although this study revealed limitations with regards on the 

samples and representativeness of data, it has nevertheless provided useful insights into 

the resistance mechanisms and genetic diversity of E. coli, creating a basis for further 

development in the field. 

For future resistance and epidemiological investigations, a large number of Malaysia 

E. coli strains with proper sampling approach from various sources and regions is 

necessary to provide data that can represent the situation in Malaysia. The biological 

function(s) of phosphorothioated DNA are also worthy of further exploration in 
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particular the possible linkage between the carriage of the dnd operons and E. coli 

pathogenesis. In addition, large scale WGS studies of the highly versatile E. coli can 

also be carried out, to expand our current knowledge on various E. coli pathotypes, for 

the interest of both fundamental research and public health concerns. 
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