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Abstract 

Shiga toxin-producing Escherichia coli (STEC) are a global public health concern, and 

can cause severe human disease. Ruminants are asymptomatic reservoirs of STEC, 

shedding this pathogen via their faeces. There is ‘zero tolerance’ for the Top 7 STEC 

serogroups (O26, O45, O103, O111, O121, O145 and O157) in ground beef products 

exported to the USA. STEC may contaminate carcasses during processing and therefore 

are a major regulatory concern for New Zealand’s meat industry. A previous study 

investigating the prevalence of STEC in young calves (n=1508) throughout New Zealand 

identified STEC O145 as the most prevalent serogroup (43%) at the dairy farm level 

compared to the other Top 7 serogroups. This high prevalence underlines STEC O145 

as a public health concern and an issue for the meat industry.  

Current culture-based methods for STEC detection are not fully discriminatory due to the 

lack of consistent differential characteristics between STEC and non-pathogenic E. coli. 

This study aims to (i) investigate metabolic characteristics of E. coli O145 to facilitate the 

differential culture of this serogroup and (ii) understand the genomic epidemiology of E. 

coli O145 using whole genome sequencing (WGS).  

E. coli O145 strains examined in this study were genetically and metabolically diverse, 

according to carbon utilisation. The metabolic and genomic analyses were unable to 

differentiate between stx-positive and stx-negative O145 strains and there was no 

association with isolation source. However, clustering of O145 strains was observed 

according to multi-locus sequence type and at the level of eae subtype, a gene encoding 

the protein intimin which is involved in bacterial attachment to intestinal epithelial cells. 

Carbon substrates such as D-serine and D-malic acid were identified as candidate 

metabolites to differentiate defined O145 sequence types and may assist with 

identification in conjunction with currently available molecular methods. 

This research has demonstrated the genetic heterogeneity of serogroup O145 and has 

made significant progress in the identification of metabolites that may prove beneficial in 

the development of a differential media for certain subsets of serogroup O145. Such a 

medium would prove a valuable tool for maintaining and monitoring public health and 

providing food quality and safety assurances that New Zealand meat for export is free of 

this pathogen. 
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1. Introduction   

Shiga toxin-producing Escherichia coli (STEC) are a global public health concern 

and can cause human disease with a broad range of symptoms from abdominal 

cramps and diarrhoea to life threatening haemolytic uraemic syndrome and in 

severe cases, death [2,3]. The infectious dose of some STEC serotypes is 

reported to be very low [4], therefore infection can be caused by minimal 

exposure to STEC. The number of STEC notifications has been steadily 

increasing in New Zealand since the late 1990’s, and in 2016, the number of 

STEC notifications was 8.9 cases per 100,000 population (Figure 1.1) [5]. More 

intensive laboratory screening methods for STEC were introduced in Auckland in 

2015, which may partially contribute to this increase [5]. In 2016, 491 STEC 

isolates were identified from clinical cases, of which 41.8% were E. coli O157:H7, 

21.4% were identified as non-O157 serogroups and for 21.4% of cases an isolate 

was not obtained [5]. Due to the lack of standardised culture-based detection 

methods for non-O157 serogroups, it has been suggested they are likely to be 

under-reported [6]. 

Ruminants, particularly calves, are asymptomatic reservoirs of STEC shedding 

this pathogen in their faeces [7], providing an important source of both food and 

environmentally acquired STEC infections. In New Zealand, risk factors for 

sporadic STEC infections include contact with cattle, animal manure, or 

recreational waters [8]. No food related risk factors were identified [8], unlike 

overseas where STEC has been identified as the causative pathogen in disease 

outbreaks associated with contaminated food products such as romaine lettuce 

[9], ice-cream [10], and hamburger patties [11].  

Due to a large outbreak of human disease associated with undercooked beef in 

North America, E. coli O157:H7 was declared an adulterant of ground beef in 

1994 by the United States Department of Agriculture Food Safety Inspection 

Services (USDA-FSIS) [12]. This ‘zero tolerance’ led to the development of 

standardised detection methods for this pathogen [13]. The association of the 

“super six” serogroups (O26, O45, O103, O111, O121 and O145) with human 

disease has resulted in these serogroups also being declared adulterants of 
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ground beef in the USA in 2012 [14]. Even with good hygienic practices during 

meat processing, STEC can contaminate carcasses, therefore STEC are a major 

regulatory concern for New Zealand’s meat industry. Recent research has shifted 

to the development of detection methods for the non-O157 serogroups due to 

their ‘zero tolerance’ in ground beef, high prevalence in cattle [15], and their 

association with human disease [5]. However, development of a standardised 

detection method for non-O157 serogroups has been hindered by the lack of 

differential characteristics between STEC and non-pathogenic E. coli, and also 

the phenotypic variation observed within these serogroups [16,17].  

A cross-sectional study investigating the prevalence of STEC in young calves 

throughout New Zealand identified STEC O145 as the most prevalent serogroup 

(43%) at the dairy farm level compared to the other Top 7 (O157 and the “super 

six”) serogroups [18]. This high prevalence suggests E. coli serogroup O145 is 

both a public health concern and a regulatory issue for New Zealand’s meat 

export industry. Therefore, a standardised detection method for serogroup O145 

would provide a valuable tool for maintaining and monitoring public health and 

providing food quality and safety assurances that the New Zealand meat for 

export is free of this pathogen.  
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Figure 1.1: The number of notified STEC cases per year in New Zealand 

from 1993-2016.  

The number of STEC notifications per year was obtained from New Zealand public health 

surveillance reports from 1993-2016 provided by The Institute of Environmental Science 

and Research Ltd [19]. 

 

1.1 Classification and pathotypes of E. coli  

E. coli are a diverse species which are naturally found as commensals in the 

intestinal tract of healthy humans and animals, however a range of E. coli 

pathotypes can also cause severe human disease [20]. E. coli are classified 

serologically according to O (O-specific polysaccharide component of 

lipopolysaccharide), H (flagellar) and K (capsular) antigens [21,22]. O and H 

serotyping is often considered the ‘gold standard’ of E. coli characterisation [23]. 

Currently, 188 O-serogroups and 53 H antigens are included in the E. coli 

serotyping scheme [23]. Specific combinations of certain O and H antigens are 

defined as a serotype [22]. Culture-based serotyping of E. coli is time-consuming 

and laborious, however is essential for outbreak detection and identifying 

clinically significant serogroups such as the Top 7 [23]. 

Many bacterial species, including E. coli, can also be classified using multi-locus 

sequence typing (MLST). MLST takes advantage of nucleotide variation in 
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regions from multiple house-keeping genes (usually seven for E. coli). Sequence 

variation from within each of these regions is assigned a number and each unique 

combination of these regions is specified as the sequence type (ST) [24]. MLST 

is traditionally determined using polymerase chain reaction (PCR) amplification 

and Sanger sequencing, however, databases are currently available for the in 

silico analysis of MLST from whole genome sequencing (WGS) data [24]. MLST 

is a valuable bacterial typing scheme allowing the classification of outbreak 

isolates and also provides a standardised classification scheme for a global 

comparison of strains [24]. 

Pathogenic E. coli can cause a broad spectrum of disease including meningitis 

and sepsis, urinary tract infections and diarrhoea [22], due to the acquisition of a 

number of virulence factors. Diarrheagenic E. coli (DEC) have been classified 

into six main pathotypes according to the symptoms they cause and pathotype-

specific virulence factors [22,25]. These pathotypes include: (i) enteropathogenic 

E. coli (EPEC), (ii) enterotoxigenic E. coli (ETEC), (iii) enteroinvasive E. coli 

(EIEC), (iv) enteroaggregative E. coli (EAEC), (v) diffuse-adherent E. coli (DAEC) 

and (vi) STEC [25]. Enterohaemorrhagic E. coli (EHEC) are a subgroup of STEC 

[25].  

Although there are defined pathotypes, they can be difficult to distinguish as many 

of these groups cannot be differentiated by metabolic properties, including from 

other non-pathogenic strains, and individual serogroups are often associated with 

multiple DEC pathotypes [22]. Currently there is no standardised definition to 

characterise the DEC pathotypes, and proposed definitions often rely on the 

presence or absence of specific virulence factors [25]. The proposed defining 

markers for these pathotypes include the locus of enterocyte effacement (LEE) 

pathogenicity island for EPEC [25], and this pathotype is further divided into 

typical EPEC and atypical EPEC, according to the presence and absence of 

bundle-forming pili (bfp), respectively [26]. The defining markers for ETEC are the 

presence of heat-labile and heat-stabile enterotoxins; EIEC the plasmid pINV; 

EAEC the presence of aggregative adhesion factors such as aggR; and for DAEC 

the proposed marker is AIDA-1, an adhesin involved in diffuse adherence [25]. 

The defining characteristics of STEC is the production of Shiga toxins [22,25]. 

However, these defining features have been widely debated as DEC pathotypes 
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can acquire additional virulence factors by horizontal gene transfer (HGT), which 

would traditionally belong to another DEC pathotype. For example, many STEC 

also carry the LEE pathogenicity island. 

The lack of definitive markers for each specific DEC pathotype highlights the 

genetic heterogeneity of E. coli and their ability to readily acquire new genetic 

material via HGT which may result in strains being described as the incorrect 

pathotype, or distantly related strains being grouped together [25]. Additionally, 

hybrid strains may emerge which contain pathogenic determinants of multiple 

DEC pathotypes [25], such as the O104:H4 EAEC/ STEC hybrid strain which 

caused a large outbreak of human disease in Germany in 2011 [27]. To overcome 

the current limitations of defining DEC pathotypes, the use of a typing scheme 

based on whole genome sequence data has been suggested, which would 

incorporate genes in both the core and accessory genomes [25]. Due to the 

advances in WGS and the increase in publicly available E. coli whole genome 

sequences, this represents an area warranting subsequent research. 

 

1.2 Pathogenicity of STEC  

1.2.1 Shiga toxins 

The defining characteristic of STEC is the production of Shiga toxins [22]. STEC 

may express two types of Shiga toxins, Stx1 and Stx2 which are immunologically 

distinct [28]. STEC pathogenesis in humans involves adhesion and intestinal 

colonisation followed by Stx production, resulting in impaired intestinal epithelial 

cell barrier function and diarrhoea [29]. Stx can also cause haemolytic uraemic 

syndrome and other sequelae, when the toxin enters the bloodstream and 

disseminates to other tissues, including the brain [29,30]. The Shiga toxin genes, 

stx1 and stx2, are encoded by bacteriophage [31], which infect E. coli and can 

result in the insertion of bacteriophage genes into the host chromosome that can 

be maintained in a lysogenic state, leading to the expression of the subsequent 

Shiga toxins [32]. There are a number of stx-encoding bacteriophage insertion 

sites in the bacterial genome, for example stx insertion has been commonly 

identified in the wrbA, yehV, yecE and argW genes [33]. Shiga toxins have two 

main subunits A and B; a subunit B complex binds to the host cell receptor 
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globotriaosylceramide (Gb3) and the subunit A protein enters the cell, blocking 

protein synthesis via the cleavage of an adenine residue from the 28S rRNA of 

the 60S ribosome [28]. Allelic variants have been described for both Stx1 (Stx1, 

Stx1c, Stx1d) and at least 11 variants for Stx2 (such as Stx2a, Stx2c, Stx2d and 

Stx2f) [28,34]. In comparison to Stx1, Stx2 has been associated with more severe 

disease in humans [35]. However, the full mechanisms by which the Shiga toxins 

cause disease in humans is not yet fully understood. 

1.2.2 Intimin 

Other virulence factors, such as intimin, are involved in the pathogenicity of 

STEC. Intimin is an outer membrane adhesin, encoded by the eae gene on the 

LEE pathogenicity island [36]. The LEE pathogenicity island is at least 35 kb in 

length and also encodes a type three secretion system (T3SS), the translocated 

intimin receptor (tir), a variety of other effector proteins and regulatory elements 

[37]. The genes encoding the T3SS are relatively conserved, whereas genes 

encoding intimin and other effector proteins are less conserved, according to 

DNA sequence similarity [36]. Intimin and other proteins encoded by the LEE are 

involved in the formation of attaching and effacing (A/E) lesions [36]. A/E lesions 

are formed by microvilli effacement and attachment of bacteria to the intestinal 

epithelial cells, resulting in the formation of actin pedestals [36]. The eae gene is 

~2.8 kb and consists of a conserved 5’ end and a variable 3’ end [38]. According 

to the variable C-terminal, the eae gene can be categorised into different 

subtypes [38,39], and at least 28 different eae subtypes denoted by Greek letters 

(such as α, , ) have been identified [38]. Some STEC serotypes such as 

O157:H7 (), O26:H11 (), O103:H2 (), O111:H8 () and O145:H28 () are 

characterised by a single eae subtype [40], however the association of multiple 

eae subtypes with specific serogroups has been observed [36,41]. 

It has been hypothesised that the LEE was acquired by STEC (and EPEC) 

through HGT as it has a lower GC content (38.3%) compared to the remaining E. 

coli genome (~50.5%) [42]. The LEE has also been identified in other bacteria 

such as Citrobacter rodentium and Escherichia albertii, which can also cause A/E 

lesions [43].  
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The LEE consists of five polycistronic operons (LEE 1-5) and 41 open reading 

frames [44]. Regulation of the expression of genes encoded by the LEE is 

complex involving physical, environmental, host and microbiota associated cues 

[37]. However, the transcriptional regulator Ler, also encoded on the LEE, is one 

of the main regulators involved in the expression of these operons [37]. 

LEE pathogenicity islands are inserted in the E. coli genome near the tRNA genes 

selC, pheV and pheU [36] and the genetic similarity of different LEE regions has 

been proposed to be classified according to these different insertion sites [36]. 

According to sequence analysis of conserved genes within the LEE, it has been 

suggested that there are two types of LEE core clusters; one which is found in 

strains with eae subtypes ε (pheV) and β (pheU), and the other in strains with eae 

subtypes  (selC) and α (selC) [36]. The LEE inserted at pheV and pheU are very 

similar and LEE inserted at pheV contain traces of pheU regions suggesting that 

once inserted in an E. coli genome, the LEE may have shifted from the pheU to 

pheV locus, potentially via site-specific recombination [36].  

Phylogenetically similar E. coli serotypes have been demonstrated to harbour the 

same LEE, according to the eae subtype and insertion site, and in addition, the 

same LEE has been detected in different phylogenetic lineages [36]. These 

findings suggest that the independent acquisition of the LEE pathogenicity island 

into distinct E. coli phylogenetic lineages has occurred multiple times and that 

intimin subtypes may be a good marker for E. coli phylogenetic lineages [36].  

The LEE is involved in adhesion of bacteria to intestinal epithelial cells and is 

required for STEC pathogenesis. However, LEE-negative STEC strains have 

been implicated in human disease [30]. Recently an 86 kb pathogenicity island, 

the locus of adhesion and autoaggregation (LAA), has been described which 

contains a number of virulence factors associated with adhesion [30]. Currently, 

the LAA has only been detected in LEE-negative strains and it has been 

suggested to be a recent acquisition with LAA-positive STEC representing an 

emerging STEC subgroup [30]. 

1.2.3 Enterohaemolysin 

Enterohaemolysin is a pore-forming virulence factor encoded by the ehxA gene 

[45]. Enterohaemolysin is plasmid-associated and such plasmids have been 
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identified in a number of STEC strains including O145:H28 [46], O157, O26, 

O103 and O111 [47]. Enterohaemolysin causes haemolysis of washed sheep 

erythrocytes, which can be easily identified in culture [48] and carriage of 

enterohaemolysin is associated with Shiga toxin-production for some E. coli 

serotypes [48]. Therefore, enterohaemolysin has been suggested as a marker for 

STEC [45]. The role of enterohaemolysin in STEC pathogenesis remains to be 

fully elucidated, however, enterohaemolysin derived from serotype O128:H28 

has been shown to increase cytokine interleukin-1β in vivo [49]. Interleukin-1β 

promotes inflammation and is involved in the regulation of expression of Gb3, the 

Stx host cell receptor [49]. At least six ehxA subtypes (A-F) have been identified 

in E. coli using PCR and restriction fragment length polymorphism (RFLP) based 

methods [50]. Phylogenetic analysis of these subtypes suggests that A and D are 

associated with eae-negative strains and the remaining subtypes are usually 

associated with eae-positive strains [45,50]. Genetic analysis of the ehxA subtype 

D encoding plasmid, phylogenetically the most distinct subtype compared to the 

others [45], has revealed additional virulence genes associated with other DEC 

pathotypes [51]; highlighting that further sequence analysis of the ehxA encoding 

plasmids may provide additional insight into the evolution of these plasmids and 

their role in STEC pathogenesis.  

 

1.3 Epidemiology 

1.3.1 Epidemiology and detection methods for serogroup O157 

In 1994 E. coli O157:H7 was declared an adulterant of ground beef by the USDA-

FSIS, following a large foodborne outbreak in North America associated with 

undercooked beef [12]. The first identified case of STEC associated with human 

illness in New Zealand was in 1993 and was caused by serotype O157:H7 [52]. 

In 2016, the majority of notified STEC cases in New Zealand were caused by E. 

coli O157:H7 (41.8% of 491 isolates) [5]. Due to the severity of human disease 

caused by O157:H7, and it being declared an adulterant of meat, many optimised 

detection methods for this serogroup have been developed [13,53]. Properties of 

serotype O157:H7 such as the inability to ferment sorbitol after 24 hours [54] and 

resistance to antimicrobials such as potassium tellurite [55], enable this serotype 
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to be selectively-cultured and distinguished from other STEC. Sorbitol 

MacConkey agar supplemented with cefixime and tellurite (CT-SMAC) was 

developed utilising these properties, allowing for improved isolation rates of O157 

colonies which appear grey compared to sorbitol fermenting colonies that are 

purple/pink. The inability to ferment sorbitol is also the basis for detection of 

O157:H7 colonies on media containing 4-methylumbelliferyl-β-D-glucuronide 

(MUG), in which this serotype does not fluoresce [56]. Recommended detection 

methods for O157:H7 include (i) the International Organisation for 

Standardisation method based on indole production, growth on selective media 

and serogroup-specific latex agglutination test [53]; and (ii) the USDA-FSIS 

recommended method for isolating this serotype from food products including 

immunomagnetic separation (IMS), acid treatment and plating onto modified 

Rainbow agar. Latex agglutination tests are performed on suspect colonies, and 

once isolated, the colonies are confirmed using either biochemical identification 

kits, agglutination kits targeting the O157 and H7 antigens or using PCR methods 

for identifying the O157 serogroup, stx and eae genes [13]. Due to the increased 

awareness of non-O157 serogroups implicated in human disease, much work 

has focused on standardising a detection method for these additional serogroups. 

1.3.2 Epidemiology of non-O157 serogroups 

The prevalence of non-O157 serogroups in cattle has been widely studied 

[57,58,59]. A cross-sectional study of 102 dairy farms in spring in New Zealand 

that used the NeoSeek (Section 1.4.2) detection method, found the prevalence 

of STEC serogroups O121, O111, O157, O45, O103, O26 and O145 in calves 

(n=1508) to  be 0%, 0.2%, 1.9%, 2.9%, 5%, 7.2% and 9.8%, respectively (Figure 

1.2) [1]. A separate study of New Zealand bobby calves that used real-time (RT) 

PCR as the detection method found the prevalence of E. coli serogroups O26, 

O103, O111 and O145 to be 44.8%, 22.7%, 0% and 15.7%, respectively [60].  

A study of feedlot cattle in the USA determined that the summer prevalence for 

STEC O157, O103, O26 and O145 from pen floor faecal samples (n=24)  was 

43.1% 1.7%, 1.2%, and 1.0% respectively, during which time STEC O45, O111 

and O121 were not isolated [59]. No Top 7 STEC serogroups were detected in 

winter [59]. Seasonal variation was also observed in feedlot cattle in Canada with 

serogroups O26, O45, O103, O121 and O157 less prevalent in winter, whereas 
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the prevalence of serogroups O111 and O145 increased during this time period 

[61]. The prevalence of the “super six” serogroups varied between geographic 

location, however little variation was observed for serogroup O157 [61]. In 

addition to seasonal and geographic variation, detection of the Top 7 serogroups 

was enhanced using pooled faecal samples; from feedlot cattle in Canada where 

serogroups O111 and O145 were detected in <10% samples, O121 in >50-<70%, 

O26 and O157 in >75-<85% and serogroups O45 and O103 detected in >90% of 

samples [61]. The difference in prevalence between studies could be due to a 

variety of factors such as study population and different detection methods [15].  

Also the most prevalent STEC serotypes causing human disease have been 

shown to vary between geographic regions [62].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Prevalence of the Top 7 STEC serogroups on dairy farms in 

New Zealand in spring 2014 

Shades of green indicate calf level prevalence and a farm was positive if at least one calf 

was positive on the farm, negative farms had no calves detected as positive. 

Approximately 15 calves were sampled per farm. Figure provided by Browne et al. [1]. 
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1.4 Current detection methods  

1.4.1 Culture-based detection methods 

An ideal selective culture medium should have two key features: (i) to enrich the 

growth of the target pathogen using differential characteristics and (ii) to inhibit 

the growth of non-target bacteria [63,64]. Current culture-based detection 

methods for non-O157 STEC are problematic due to the lack of consistent 

differential characteristics between STEC and non-pathogenic E. coli and the 

phenotypic variation between non-O157 serogroups [16,17]. A variety of selective 

media are available for the detection and isolation of STEC that utilise 

carbohydrate fermentation patterns to detect the serogroups based on colony 

colour [17,65]. Rainbow agar O157 contains potassium tellurite and novobiocin 

to reduce background flora and chromogenic substrates for E. coli associated 

enzymes causing colour changes allowing for serogroup-specific detection [66]. 

Recently carbon substrates have been proposed to differentiate serogroups O26, 

O103, O111, O145 and O157 [67], in conjunction with other previously developed 

methods [65]. However, the efficacy of a media utilising these substrates is yet to 

be evaluated [67].  

STEC recovery rates on agar media vary between studies [63,68]. 

CHROMagar STEC was able to support the growth of 86.5% of STEC strains 

tested [58], and of five agar media, CHROMagar™ STEC and modified Posse 

medium had the highest STEC detection rate of artificially inoculated cattle faecal 

samples, although these media did not detect all strains analysed [69]. 

The use of a single media is problematic due to inconsistent serogroup colony 

colour and some media being too selective [63,64]. The use of two media in 

parallel, a highly selective media paired with a media that supports the growth of 

a wide range of STEC, could be more beneficial for the detection of the non-O157 

serogroups [58,63,64,68]. Culture methods for non-O157 serogroups generally 

consist of enrichment of the target pathogen, IMS using serogroup-specific beads 

and plating onto selective media [17]. Recommended enrichment protocols often 

differ in the advised selection and enrichment broths, temperature and incubation 

times [70]. IMS involves immunomagnetic beads (IMBs) that consist of 

paramagnetic particles coated in antibodies against the target pathogen [71]. A 

complex forms when IMBs bind to the target and this is separated by a magnetic 
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field [71] which is then plated onto selective media for further identification. The 

IMS system relies on the quality of the antibodies and their binding to the target 

pathogen with monoclonal antibodies having greater stability and specificity 

compared to polyclonal antibody preparations [71].  

The specificity of IMS beads varies between serogroups; in one study at least 

88% of IMS complexes contained the target serogroups for O26, O103 and O45 

whereas there was low detection of serogroups O121 (50%) and O111 (20%) 

[16]. A recent study identified that the recovery rate for the “super six” serogroups 

from artificially inoculated matrices varied between serogroup, matrix and bead 

brands [72]. The most effective IMS bead preparation recovered serogroups O26, 

O45, O103, O111, O121 and O145 from cattle faeces at a rate of 67.7%, 100%, 

72.2%, 94.4%, 88.9% and 66.7%, respectively [72]. When the growth of the 

“super six” serogroups was examined with competing bacteria in EC broth, 

serogroups O26, O111 and O145 grew to a lesser extent, suggesting that these 

serogroups may be out-competed in enrichments, which may consequently 

decrease their isolation rate [72]. Sample to sample variation due to the presence 

of highly competitive naturally occurring bacteria had an impact on isolation 

efficiency which may account for some of the discordance in IMS between studies 

[65]. In addition, the efficacy of IMS has been suggested to vary according to the 

concentration of bacterial cells present, as high cell concentrations may reduce 

the specificity of IMS beads by favouring non-specific binding [73]. 

Acid treatment of samples has been reported to reduce non-target bacteria, 

increasing STEC recovery [74]. Many E. coli, including STEC, are intrinsically 

acid resistance or tolerant [75,76]. No difference in STEC recovery for the “super 

six” serogroups was identified with and without acid treatment on modified 

Rainbow agar. However, acid treatment reduced non-target bacteria thus 

decreasing the number of colonies for subsequent tests (e.g. latex agglutination) 

[77]. Varying effectiveness of acid treatment for different food test matrices have 

been observed [64].  

Although culture-based methods may be laborious and slower than molecular 

methods [78,79], the identification of an individual isolate for further analysis is a 

major advantage [17,68,79]. However, the lack of a refined culture method is 

associated with highly variable levels of isolates recovered between studies 

[16,63,68,77].  
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1.4.2 Molecular based detection methods 

The use of molecular methods for the detection of non-O157 serogroups is 

essential due to the limitations of culture-based methods [80]. Conventional, 

multiplex or RT-PCR methods have been developed targeting components of the 

lipopolysaccharide biosynthesis gene cluster including the wzx O-antigen 

flippase and wzy O-antigen polymerase genes for the Top 7 serogroups, as well 

as STEC-associated virulence factors including the stx and eae genes [79,81]. 

However the detection of a Top 7 O-antigen gene only confirms the presence of 

the serogroup and does not indicate the presence of an stx-positive target 

organism [80]. RT-PCR is a rapid method that provides an indication of whether 

a target organism is present, which is essential for prompt patient treatment and 

outbreak interventions [79].  

Studies evaluating serogroup specific PCRs have demonstrated varying levels of 

effectiveness, as a result of the methods used, study population and matrices 

tested. A 7-serogroup specific multiplex PCR (mPCR) was evaluated using 

spiked cattle faeces and the PCR detected 4.1 x 105 colony forming units (CFU)/g 

of pooled STEC culture, and two thirds of positive PCR samples were negative 

using culture methods [80]. Another 7-serogroup mPCR detected all serogroups 

at 10 CFU/g from spiked cattle faeces, and the primers used were 100% specific 

for the detection of the “super six” serogroups [16], in contrast other primers used 

for the identification of STEC were only 30-100% specific in spiked human stool 

samples [79]. 

Compared to culture-based methods, a new PCR/ mass spectrometry (NeoSeek) 

method detected a higher proportion of samples positive for one or more of the 

“super six” or O157 serogroups [57], although some NeoSeek negative samples 

were found to be culture positive [57]. Further analysis indicated a statistically 

significant difference in the performance of the two methods [57]. In comparison, 

the proportion of faecal samples identified as positive for one or more of the 

“super six” serogroups did not differ between culture and PCR methods [17]. This 

may be due to the culture-based methods used in this study which involved the 

testing of presumptive pooled colonies. However, both detection methods 

identified positive samples that were recognised as negative by the other method 

[17]. Using NeoSeek and a culture-based method involving multiple media and 



14 

 

  

IMS [82] the mean prevalence for the detection of the Top 7 serogroups was 

25.9% and 6.5%, respectively [82]. The majority of samples which were non-

O157 positive according to the NeoSeek method were negative by culture, 

highlighting the need for more sensitive and specific culture-based methods for 

these serogroups [82]. Enhanced detection of the Top 7 STEC serogroup genetic 

markers with the NeoSeek method may be associated with the concurrent 

assessment of a large number of bacterial cells from an enrichment. However for 

culture-based methods only a limited number of bacterial colonies are tested [82]. 

This discordance highlights the importance of using multiple detection methods 

in parallel [17,57].  

Although molecular based methods are often reliable, they do not provide a 

bacterial isolate for further analysis which is a major disadvantage. Furthermore, 

82 different STEC O-serogroups have been reported in association with human 

disease [63], but the currently described molecular methods only detect the Top 

7 serogroups. This may negatively impact how rapidly novel STEC pathogens 

may be detected [16,63,79].  

 

1.5 Genomic epidemiology of STEC 

1.5.1 Sequencing technologies 

A range of next generation sequencing (NGS) platforms are currently available 

and with the reduced cost and increased speed of such sequencing platforms, 

the use of WGS is likely to increase [83]. Each sequencing platform has 

advantages and limitations. Pacific Biosciences sequencing provides longer 

reads compared to other technologies which is beneficial for genome assembly, 

however this platform has a higher error rate (~13%) [83,84]. Ion Torrent has a 

relatively low raw error rate (1.78%) but is not ideal for detecting and interpreting 

homopolymers [83,84]. Illumina sequencing platforms are routinely used for NGS 

and have a low error rate (<0.4%) which is a major advantage of these platforms, 

however the use of short-read data and an increased number of contigs can be 

difficult for genome assembly [83]. It is estimated that the number of complete 

sequenced genomes is low, and due to the cost and technical skills required 

many genomes remain unfinished [85]. The use of a specific sequencing platform 
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should be evaluated individually for each sequencing project and the platform 

used depends on cost, biological factors of the organism such as GC (guanine-

cytosine) content, expertise of the laboratory and the application of the data, for 

example whether a low error rate is essential [83,85]. 

1.5.2 Previous comparative genomic studies 

Due to the decreased cost of NGS, increased availability of sequencing platforms 

and improved downstream analysis software, there has been a rapid increase in 

the number of bacterial WGS data. WGS data is now available for pathogenic E. 

coli and STEC strains [47,86,87] and these comparative genomic studies often 

investigate genome composition (including genome length, GC content, number 

of genes), virulence factors present, HGT events, MLST and a phylogenetic 

comparison with other public available genome sequences, usually comparing 

factors such as the core genome [47,87]. There is currently no standardised 

analysis pipeline for genomic studies, which is an issue when comparing studies 

as the different parameters used can influence downstream analyses, and in 

extreme cases the inferences drawn. For example, the use of different assembly 

and annotation software was shown to influence the number of genes identified 

for Vibrio vulnificus genomes [88]. Current STEC genomic studies have often 

analysed a small number of strains belonging to a specific serogroup [46,87,89] 

which may cause strain-specific diversity to be over-looked, although some 

studies have analysed a large number of STEC strains [90]. With WGS becoming 

cheaper and the number of publicly available genomes increasing, comparative 

genomic studies analysing a large and diverse number of bacterial genomes are 

likely to become more prevalent, providing further insight into the genomic 

epidemiology of STEC and potentially identifying strain-specific diversity or 

variation associated with rare STEC serotypes. 

 

1.6 Conclusion 

The number of STEC notifications has been steadily increasing in New Zealand, 

with non-O157 serogroups accounting for an increasing number of cases. A 

refined detection method for non-O157 serogroups is an essential requirement 

for both improved public health and maintenance and growth of the New Zealand 



16 

 

  

meat export industry due to the increase in STEC cases associated with the 

“super six” serogroups and their classification as adulterants of meat in 2012. 

There are well-noted benefits of both culture and molecular based detection 

methods, however their respective limitations routinely result in studies adopting 

multiple methods in parallel.  

From this literature review, future work could investigate differential 

characteristics of non-O157 serogroups, in particular serogroup O145 which was 

shown to be highly prevalent at the dairy farm level in New Zealand. For example 

carbohydrate fermentation or antimicrobial resistance determinants could be 

investigated. Lastly, a standardised and refined method, like the use of CT-SMAC 

for O157:H7, could be developed and evaluated for non-O157 serogroups. This 

would allow for better comparisons between epidemiological studies and for 

identification of potential STEC interventions along the food value chain. A 

comparative genomic analysis of a large and diverse panel of serogroup O145 

strains would also provide important information regarding the genomic 

epidemiology of this serogroup. 

 

1.7 Objectives of this study 

The purpose of this study was to identify metabolic characteristics which would 

enable the development of a differential media for serogroup O145, and to further 

understand the genomic epidemiology of this serogroup. This was achieved by 

examining carbon utilisation profiles of a diverse range of serogroup O145 strains 

and using WGS analysis. 

The specific objectives of this study were: 

(i) To investigate the metabolic characteristics of E. coli O145 to facilitate 

the differential culture of this serogroup. 

(ii) To understand the genomic epidemiology of serogroup O145 using 

WGS. 

(iii) Identify phenotype and genotype correlations between the carbon 

utilisation data and whole genome sequences. 
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2.  Materials and methods 

 

2.1 Subculture 

 2.1.1 Hopkirk Research Institute culture collection 

Bacterial strains used in this study are listed in Appendix A. Bacterial strains used 

in subsequent analyses were either isolated in this study (described in section 

2.2), or were obtained from the Hopkirk Institute culture collection (Appendix A) 

which contains a range of bacterial strains from many sources and countries, 

stored at -80°C in glycerol broth. 

 2.1.2 Subculture from glycerol broth 

Bacteria were resuscitated from frozen glycerol broths stored at -80°C and 

inoculated on either Columbia Sheep Blood agar (5% blood) or CHROMagar™ 

STEC agar (Fort Richard, Auckland, New Zealand) and streaked for isolated 

colonies. Agar plates were incubated at 37°C for 18 hours. 

 2.1.3 Subculture from agar 

An individual colony was sub-cultured from one agar plate to another, and 

incubated at 37°C for 18 hours.   

 2.1.4 Glycerol broth inoculation 

Pure isolates used in this study were resuspended in brain heart infusion (BHI) 

(Oxoid, Hampshire, United Kingdom) broth containing glycerol (33% [v/v]) and 

stored at -80°C.  

 

2.2 Culture-based methods 

 2.2.1 Calf faecal enrichments used in this study 

Calf recto-anal mucosal swabs (RAMS) used in this work originated from a New 

Zealand cross-sectional study across 102 dairy farms [91] that had been 

previously enriched in modified tryptone soya broth (mTSB) (Oxoid Limited, 

Hampshire, United Kingdom) for 18 hours at 42°C. Approximately 1 mL of the 

post-enrichment broth sample was stored at -80°C with glycerol (final 
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concentration 16.66% [v/v]). Samples were screened for the Top 7 STEC 

serogroups and associated STEC virulence genes using the NeoSeek 

confirmation assay (NeoSeek STEC Confirmation, NeoGen Corporation, 

Lansing, USA). This is a commercial molecular screening test that uses MALDI-

TOF mass spectrometry and PCR to identify the Top 7 STEC serogroups 

according to the presence or absence of a set of target genes [92].   

 2.2.2 E. coli serogroup O145 latex agglutination tests 

Serogroup-specific O145 latex agglutination tests were performed according to 

the manufacturer’s instructions (Oxoid, Hampshire, United Kingdom) on ten 

mauve colonies removed from each respective CHROMagar™ STEC plate. 

STEC colonies appear mauve, other Enterobacteriaceae are blue or colourless 

and gram positive bacteria are inhibited on CHROMagar™ STEC. Latex positive 

isolates were sub-cultured onto CHROMagar™ STEC agar and incubated at 

37°C for 18 hours. O145 latex positive isolates were stored as described in 

section 2.1.3. 

 2.2.3 Immunomagnetic separation (IMS) 

IMS was performed from semi-thawed frozen RAMS enrichments from the 

aforementioned national STEC study [91] which had been identified as serogroup 

O145-positive using the NeoSeek method. Concentration of E. coli serogroup 

O145 was performed using immunomagnetic beads coated with a polyclonal 

antibody preparation raised against the O-antigen from E. coli O145. IMS was 

adapted from the manufacturer’s instructions (Abraxis, Warminster, USA) with 

the following changes. To re-enrich the broth, 100 µL of semi-thawed frozen 

enrichment was inoculated in 10 mL mTSB broth and incubated for 2 hours at 

37°C followed by 15 hours at 42°C. Re-enriched culture (1 mL) was removed, 

added to 20 µL IMBs and processed according to the manufacturer’s instructions 

(Abraxis, Warminster, USA).  After the final wash step, the O145 beads were re-

suspended in 100 µL E buffer (100 mL buffered peptone water mixed with 0.5 g 

bovine serum albumin and 50 µL Tween-20; filter sterilised, pH of 7.2 +/- 0.2) and 

50 µL of this bead solution was inoculated onto CHROMagar™ STEC agar for 

individual colonies. The inoculated plates were incubated at 37°C for 18 hours, 



19 

 

  

and ten mauve colonies per plate were subjected to O145 latex agglutination 

tests, as described in section 2.2.2.  

2.3 DNA extraction 

 2.3.1 Crude DNA extraction 

DNA for subsequent PCR reactions was extracted from E. coli strains by adding 

3-4 well-spaced colonies to 400 µL sterile molecular biology-grade water. The 

bacteria were heated at 100°C for 10 min in a heating block and stored at -20°C.  

 2.3.2 QIAamp DNA mini kit extraction 

E. coli serogroup O145 isolates to be genome sequenced in this project were 

inoculated on Columbia Sheep Blood agar (Fort Richard, Auckland, New 

Zealand) and incubated at 37°C for 18 hours. A single colony from these plates 

was sub-cultured onto a fresh Columbia Sheep Blood agar plate and incubated 

at 37°C for 18 hours to ensure purity of a single clonal isolate. DNA was extracted 

from these cultures using the QIAamp DNA mini kit (QIAGEN, Hilden, Germany), 

according to the manufacturer’s instructions for “DNA purification from tissues” 

with several modifications to optimise the protocol for E. coli. Briefly, 

approximately one third of a 10 µL loop of bacteria were suspended in 180 µL 

ATL buffer, 20 µL proteinase K was added, mixed, and the sample incubated at 

56°C for 1.5 hours on a shaking heating block (Provocell™, ESCO, Singapore). 

Next, 10 µL RNase A was added and incubated for 1 hour at 37°C. Buffer AL 

(200 µL) was added, mixed and incubated for 10 min at 70°C. After incubation, 

200 µL ethanol (96-100%) was added and the sample (including the precipitate) 

was added to a QIAamp Mini spin column. The spin column was centrifuged for 

1 min at 6200 g, the filtrate discarded and the spin column placed in a new 

collection tube. Buffer AW1 (500 µL) was added, centrifuged for 1 min at 6200 g, 

the filtrate discarded and spin column placed in a new collection tube. This step 

was repeated once more using Buffer AW2. The spin column was centrifuged for 

2 min at 17,000 g, the filtrate discarded and the spin column placed in a new 

collection tube. Molecular biology-grade water (75 µL) was added to the spin 

column which was incubated at 37°C for 5 min. The spin column was centrifuged 

at 6200 g for 1 min to elute the DNA. The DNA sample (filtrate) was then stored 

at -20°C. 
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2.4 DNA quantification 

 2.4.1 Nanodrop 

The Nanodrop microvolume spectrophotometer (Nanodrop 3300, Thermo Fisher 

Scientific, New Zealand) was used to provide an approximate DNA concentration 

for purified PCR products prior to Sanger dideoxy sequencing. The Nanodrop 

was initialised with 2 µL molecular biology-grade water, and blanked using 2 µL 

molecular biology-grade water, as this was the elution buffer used. Each DNA 

sample was then quantified by adding 2 µL to the Nanodrop, and the approximate 

DNA concentration measured.  

 2.4.2 Qubit 

DNA extractions of isolates for WGS were quantified using the Qubit dsDNA HS 

Assay Kit (Thermo Fisher Scientific, New Zealand) on a Qubit 2.0 fluorometer 

(Thermo Fisher Scientific, New Zealand), according to the manufacturer’s 

instructions. Briefly, the Qubit working solution was prepared by diluting the 

dsDNA HS reagent 1:200 with dsDNA HS buffer. The Qubit 2.0 was calibrated 

using 190 µL Qubit working solution mixed with 10 µL standard, for both 

standards provided. To analyse the samples, 198 µL of Qubit working solution 

was mixed with 2 µL sample DNA, the samples were vortex mixed and incubated 

at room temperature for 2 min before reading the results. The DNA 

concentrations were reported in µg/mL.   

 

2.5 Polymerase chain reaction (PCR) 

 2.5.1 Multiplex virulence PCR and O145 serogroup-specific PCR 

PCR amplifications were performed in 20 µL reaction volumes which contained 

10 µL KAPA HiFi HotStart ReadyMix (KAPA BioSystems, Wilmington, USA), 0.6 

µL of each primer (10µM stocks) (Table 2.1), 1 µL crude DNA template and 4.2 

µL or 7.8 µL molecular biology-grade water for the STEC virulence mPCR and 

O145 serogroup-specific PCR, respectively. PCR was undertaken on a Bio-Rad 

T100 Thermal Cycler using the following conditions: initial denaturation at 95°C 

for 3 min, then 30 cycles of 98°C for 20 sec, 65°C for 15 sec, and 72°C for 30 
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sec, with a final extension step at 72°C for 1 min. PCR products underwent 

electrophoresis on a 2% agarose gel and stained as described in section 2.6.1. 

 2.5.2 PCR amplification of eae 

Amplification of a 1.85 kb region of the eae gene for subsequent sequence 

analysis was performed in 25 µL reaction volumes, with 12.5 µL KAPA HiFi 

HotStart ReadyMix, 0.75 µL of each primer (10µM stock), 10 µL molecular 

biology-grade water and 1 µL crude DNA template. PCR was undertaken on a 

Bio-Rad T100 Thermal Cycler using the following conditions: initial denaturation 

of 95°C for 3 min, then 30 cycles of 98°C for 20 sec, 56°C for 30 sec, and 72°C 

for 90 sec, with a final extension step of 72°C for 5 min. PCR products underwent 

electrophoresis on a 0.8% agarose gel and stained as described in section 2.6.2.
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Table 2.1: PCR primer sequences and resulting amplicon lengths 

 

Primer Primer Sequence (5’       3’) 
Amplicon 

bp 

PCR 

used in 
Reference 

stx1 F ATAAATCGCCATTCGTTGACTAC 
180 

2.5.1 

virulence 
[93] 

stx1 R AGAACGCCCACTGAGATCATC 

stx2 F GGCACTGTCTGAAACTGCTCC 
255 

2.5.1 

virulence 
[93] 

stx2 R TCGCCAGTTATCTGACATTCTG 

eae F GACCCGGCACAAGCATAAGC 
384 

2.5.1 

virulence 
[93] 

eae R CCACCTGCAGCAACAAGAGG 

ehxA F GCATCATCAAGCGTACGTTCC 
534 

2.5.1 

virulence 
[93] 

ehxA R AATGAGCCAAGCTGGTTAAGCT 

O145 F (wzy/ 

wzx gene) 
GCGGGTGTTGCCCGTTCTGT 

766 

2.5.1 

O145 

serogroup 

[16] 
O145 R (wzy/ 

wzx gene) 
ACGGCATTCCGCTGCGAGTT 

intRFLP F GATTCWAAACTRTTAACTCA 
1848 2.5.2 eae [39] 

intRFLP R AGCHTTAATCTCAGTAATRCT 
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2.6 Gel electrophoresis 

2.6.1 2% w/v agarose 

A 2% agarose gel was prepared by adding 1.5 g of agarose (Invitrogen, Auckland, 

New Zealand) to 75 mL of 0.5x Tris-borate-EDTA (TBE) buffer. The agarose was 

mixed and dissolved in a microwave upon heating. Once dissolved, 3.75 µL 

RedSafe (Invitrogen, Auckland, New Zealand) was added, and when cooled the 

agarose was poured into a gel electrophoresis tray. Once solidified, the 

electrophoresis tray was submerged in an electrophoresis gel tank tray 

containing 0.5x TBE buffer. PCR product (2 µL) was mixed with 1 µL gel loading 

buffer (BlueJuice™, ThermoFisher Scientific, New Zealand), and 1.5 µL of this 

solution was loaded into a well in the agarose. A 1kb+ ladder (Invitrogen, 

Auckland, New Zealand) (1.5 µL) was electrophoresed as a size standard. 

Electrophoresis was undertaken at 80 V for 40 min, and gel images captured and 

stored using a GelDoc XR+ (BioRad, New Zealand).  

2.6.2 0.8% w/v agarose 

A 0.8% agarose gel was prepared using a similar method as described in section 

2.6.1, except that 0.6 g agarose was added to 75 mL 0.5x TBE buffer.  

 

2.7 Intimin (eae) subtyping 

2.7.1 eae PCR and PCR product visualisation 

Approximately 1848 bp of the eae gene was amplified using the intRFLP F and 

intRFLP R primers as described in section 2.5.2, and the PCR products were 

visualised on a 0.8% agarose gel as described in section 2.6.2.  

2.7.2 PCR product purification and quantification  

The remaining PCR product was purified using the QIAquick PCR purification kit 

(QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. PCR 

products were quantified using spectrophotometry (Nanodrop 3300, Thermo 

Fisher Scientific) as described in section 2.4.1 and each PCR product was diluted 

using molecular biology-grade water to a concentration of 12.5 ng/µL. 
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2.7.3 Sanger dideoxy sequencing PCR 

Separate sequencing reactions were performed in 10 µL reaction volumes, using 

the same intRFLP F and intRFLP R PCR primers, with 1.75 µL buffer, 0.5 µL Big 

Dye™ Terminator v3.1 (Thermo Fisher, New Zealand), 1 µL primer (3.2 pm/µL), 

4.75 µL sterile molecular biology-grade water and 2 µL DNA template (12.5 

ng/µL). The sequencing PCR was undertaken on a Bio-Rad T100 Thermal Cycler 

using the following conditions: 95°C for 1 min, then 25 cycles of 95°C for 10 sec, 

50°C for 10 sec, and 60°C for 90 sec. 

2.7.4 Determining the eae subtype 

The purified eae PCR products were separately sequenced using the intRFLP F 

and intRFLP R primers according to the PCR described above. Sanger dideoxy 

sequencing of single strand amplicons was performed by the Massey Genome 

Service (Massey University, Palmerston North, New Zealand) using an ABI3730 

DNA analyser (Applied Biosystems). ABI traces were trimmed at the proximal 5’ 

and distal 3’ end to remove poor quality sequence using Geneious 8.1 [94], and 

any nucleotide matches identified using BLASTN [95].  

 

2.8 Biolog phenotypic microarray assays 

2.8.1 Inoculation of microarray assay plates 

E. coli serogroup O145 strains were inoculated on Columbia Sheep Blood agar 

(Fort Richard, Auckland, New Zealand) and incubated at 37°C for 18 hours. 

Omnilog inoculation fluid was prepared by combining 20.83 mL IF-0a solution 

(Biolog Inc, California, USA), 0.30 mL Redox Dye A (Biolog Inc, California, USA) 

and 3.87 mL molecular biology-grade water. Bacterial growth from well-separated 

colonies was added to 5 mL IF-0a solution and 1 mL sterile molecular biology-

grade water to reach 42% transmittance using a turbidimeter (Biolog Inc, 

California, USA). Bacterial suspension (5 mL) was added to the Omnilog 

inoculation fluid and 100 µL of this was inoculated into each PM MicroPlate™  

well (Biolog Inc, California, USA). PM1 and PM2A MicroPlates™ were used, each 

having 96 wells, with the A1 position on each plate not containing a carbon 

source, which was used as an internal negative control and the remaining 95 

wells containing a different carbon substrate [96]. The inoculated MicroPlates™ 
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were incubated in the Omnilog instrument at 37°C for 24 hours. The dye intensity, 

which is proportional to the level of cell respiration, was measured at 15 min 

intervals and recorded in Omnilog Units. A PM1 and PM2A MicroPlate™ 

inoculated with the bacterial diluent solution only was used as a negative control 

to ensure no false positive reactions between the dye and the diluent. Replicate 

and duplicate plates were also included to check reproducibility. Replicate plates 

were inoculated on different days from the same -80°C glycerol stocks, whereas 

duplicate plates were inoculated from separate cultures on the same day. 

2.8.2 Analysis of phenotypic microarray assays 

The raw Omnilog data was converted to OKA files, and imported into the 

proprietary Omnilog software (Biolog Inc, California, USA) where the level of 

utilisation of each carbon substrate during incubation could be analysed per 

strain. Using the Omnilog software, the files could be exported as comma 

separated value (csv) files which were analysed using R version 3.3.1 [97] and 

the packages ‘opm’ [98] and ‘gplots’ [99]. High resolution individual XY plots for 

each strain were produced indicating the level of utilisation of each carbon 

substrate during incubation. XY plots for comparing replicate strains were also 

produced. Cluster analysis was performed to produce a dendrogram, as were 

heat-maps with strains clustered according to the metabolic profile similarities, 

allowing comparison between the isolates. For the dendrogram the end-point dye 

intensity values for each carbon substrate were used. For the heat map, end-

point dye intensity values representing carbon substrate utilisation (ranging from 

0-300) were grouped into three ranges: 0-≤50 indicating a no substrate utilisation; 

51-≤150 indicating moderate utilisation; and 151-≥400 indicating extensive 

substrate utilisation. A heat map was generated with these three groupings rather 

than a traditional gradient range to provide a clearer indication of which 

substrates could or could not be utilised. Patterns were visualised by eye using 

the heat-map and dendrogram, according to the metabolic profiles that allowed 

clustering of a certain subset of serogroup O145 strains (for example, the same 

virulence profile or the same eae subtype). The R code used in this analysis is 

included in Appendix B. 
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2.9 Whole genome sequencing (WGS) 

2.9.1 DNA extraction, quantification and dilutions 

The QIAamp DNA mini kit (QIAGEN, Hilden, Germany) extraction method was 

used for isolates to be genome sequenced in this project, as described in section 

2.3.2. The DNA concentrations were determined using a Qubit 2.0 fluorometer 

(Thermo Fisher Scientific, New Zealand), as described in section 2.4.2 and the 

concentrations were reported in µg/mL. The DNA samples were sequentially 

diluted to the desired concentration for making library preparations of 0.16 µg/mL 

using molecular biology-grade water. Diluted DNA was stored at -20°C. 

2.9.2 Library preparations 

In-house library preparations were made using the Nextera XT DNA library 

preparation kit (Illumina, San Diego, USA), according to the manufacturer’s 

instructions with modifications to optimise the protocol for E. coli. The Nextera XT 

DNA library preparation kit uses an engineered transposome to tagment the 

genomic DNA and also tag the DNA with adapters [100]. For the tagmentation 

process, 10 µL of tagment DNA buffer was added to 5 µL amplicon tagment mix 

in a PCR tube. To this, 5 µL genomic DNA (normalised to 0.16 µg/mL) was added 

and the samples were run through a tagmentation step at 55°C for 12 min. 

Immediately after the tagmentation protocol was finished, 5 µL of neutralise 

tagment buffer was added to stop the process. To amplify the libraries, a limited-

cycle PCR protocol was used which utilised the adapters added during 

tagmentation to amplify the DNA and also added the unique index adapters to 

the libraries; which enabled sequencing of pooled libraries on Illumina 

sequencing platforms [100]. Two unique index adapter combinations, 5 µL of both 

index primer one and index primer two, were added to each reaction and 15 µL 

of Nextera PCR master mix was added. The PCR was run on a SensoQuest 

Lightcycler PCR (SensoQuest, Germany) machine using the following conditions: 

72°C for 3 min, 95°C 30 sec, then 12 cycles of 95°C for 10 sec, 55°C for 30 sec, 

72°C 30 sec, followed by 72°C for 5 min.  

To clean the library and remove excess adapters, 50 µL of PCR product was 

mixed with 50 µL AmPure XP beads (Beckman Coulter, USA). The tubes were 

incubated for 5 min at 25°C on a shaking heating block (Provocell™, ESCO, 
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Singapore) at 1500 rpm. The tubes were placed on a magnetic stand and the 

supernatant was removed once the suspension became clear. The pellet was 

washed twice with 80% molecular grade ethanol and the pellet air dried. The 

pellets were re-suspended in 55 µL resuspension buffer for 5 min on a shaking 

heating block (Provocell™, ESCO, Singapore) at 1800 rpm. The tubes were 

placed back on the magnetic stand and the supernatant was transferred to a new 

tube and stored at -20°C.  

2.9.3 Pooling individual library preparations 

Individual library preparations were combined (pooled) in equimolar ratios to 

ensure even sequencing coverage across all samples. Sample molarity and 

therefore pooling volumes were determined according to an average double-

strand DNA molecule size of 1000 bp within each library preparation, determined 

from the results of the Bioanalyzer 2100 quality control described in section 2.9.4. 

The minimum library concentration required for Illumina HiSeq sequencing is 4.24 

ng/µL, with the equivalent molar concentration of 6.24 nM. Samples were 

therefore combined and diluted (using molecular biology-grade water) into a total 

volume of 300 µL, and the required volumes were determined using the 

calculations shown below. The final concentration and average molecular size of 

the pooled library was verified using a Qubit 2.0 fluorometer (described in section 

2.4.2) and assessed using the high-sensitivity DNA kit (Agilent Technologies, 

Santa Clara, USA) on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 

USA) (described in section 2.9.4), respectively, to ensure that the correct molar 

concentration of DNA was used in the sequencing reaction. 

 

Sample calculations: 

Concentration of individual library required = a / (b x c) 

Volume of individual library required = d x e / f 

 

a = Individual library concentration (µg/mL) 

b = 4.24 µg 

c = 6.24 nM 

d = Desired concentration (nM) 

e = Desired library volume (µL) 

f = library concentration (nM) 
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2.9.4 Library preparation quality controls 

To ensure the library preparations produced fragments of the desired size (250-

1500 bp) and had low RNA and protein levels (RNA must be <10% of the total 

nucleic acid present in the sample and for the same for the level of protein per 

sample), aliquots of the first four library preparations and an aliquot of the pooled 

libraries, were sent to New Zealand Genomics Limited (NZGL, Massey Genome 

Service, Massey University, Palmerston North, New Zealand) and analysed as a 

quality control using the Bioanalyzer 2100 (Agilent Genomics, Santa Clara, USA).  

2.9.5 Whole genome sequencing (WGS) 

The WGS was performed by New Zealand Genomics Limited (University of 

Otago, Dunedin, New Zealand) using the Illumina HiSeq platform with v4 

chemistry (2 x 125 bp). Illumina HiSeq uses sequencing by synthesis technology 

which relies on reversible terminator fluorescently labelled deoxyribonucleotide 

triphosphates (dNTPs). In the first step of the sequencing pipeline, the pooled 

libraries are applied to a flow cell where the fragments attach to surface bound 

oligonucleotides, complementary to the adapters on the libraries [101]. Via bridge 

amplification, fragments are amplified into clonal clusters. Fluorescently labelled 

dNTPs are incorporated by DNA polymerase and fluorophore excitation can be 

used to determine which base is incorporated during multiple cycles of DNA 

synthesis [101]. Raw error rates and incorporation bias are reduced as all four 

dNTPs are present during the sequencing cycles. Using lllumina HiSeq 

technology, the libraries can be read in parallel, providing an efficient and cost-

effective sequencing method [101].  

 

2.10 Whole genome sequencing quality assessment and 

genome assembly 

2.10.1 Proprietary Illumina sequencing report 

The quality of the sequencing reads was first analysed using the proprietary 

Illumina sequencing report, MultiQC v.01, provided by NZGL. This report utilises 

FastQC v0.11.5  [102] and provided information on the sequence quality length 
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and per base content, GC content, adapter contamination, sequence length 

distribution, and any duplication issues or over-represented sequences. This 

report identifies any potential issues with individual libraries that would be 

investigated further using more thorough quality assessment tools.  

2.10.2 QCtool 

The raw sequencing reads were run through an in-house quality control software 

(QCtool) [103] which gives an indication of the quality of the sequencing reads. 

The QCtool utilises base quality scores to trim and filter reads, determine primer 

contamination and GC content and runs FastQC [102], SolexaQA++ v3.1.7.1 

[104], and FastQScreen v0.11.1 [105]. Fast QC [102] provides quality control 

checks and indicates any areas of the sequencing data which may have quality 

issues by providing summary graphs indicating the sequencing quality scores, 

GC content, per base N content, sequence lengths, sequence duplications and 

any over-represented sequences [102]. SolexaQA++ [104] is used to evaluate 

the output reads, assess sequence quality and provide sequence quality 

statistics. For example, SolexaQA++ provides information on base call errors, the 

mean quality of the sequences in the dataset, and identifies regions of the 

sequences with poor quality which can be further investigated using other 

analysis software [104]. SolexaQA++ also contains the program DynamicTrim, 

which enables the sequences to be trimmed to their longest continuous read 

segment at a given quality threshold [104]. FastQScreen [105] is a quality control 

tool which allows you to screen Fastq files against a set of known genomes to 

confirm the composition of the library matches to other genomes of the organism 

being sequenced. FastQScreen can also check for other contaminants such as 

vector sequences and Illumina adapters [105]. 

2.10.3 SPAdes 

The WGS were de novo assembled using SPAdes v3.9.1 [106]. SPAdes 

assembles the sequences in four stages: assembly graph construction, k-bimer 

adjustment, paired assembly graph and contig construction [106]. Stage one, 

assembly graph construction, involves implementing algorithms to produce multi-

sized de Bruijn graphs, allowing for different k-mer sizes. This produces distance 

histograms of aggregated bi-read information. Stage two, k-bimer adjustment, 
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utilises distance histograms to estimate the distance between k-mers in the 

genome. Stage three constructs the paired assembly graph and stage four is the 

construction of contigs [106].  

SPAdes uses a reference genome, which the assembled genome can be 

compared to, to identify significant assembly errors. When selecting a reference 

genome, two main factors should be considered: (i) quality of the genome and (ii) 

similarity of the reference genome compared the genomes of interest. Ideally, a 

reference genome would be a complete sequence, sequenced using technology 

with a low error rate. Secondly, it is important to have a reference that is 

genetically similar to the genomes of interest for certain post-assembly analyses, 

such as Snippy [107]. When selecting a reference genome, it is important to 

understand and acknowledge the limitations. In this analysis, RM12761 was used 

as the reference genome, which is a STEC O145:H28 strain isolated from ice-

cream in Belgium (accession no. NZ_CP007133) [46]. This isolate was selected 

as the reference as it only has three contigs (a chromosome and two large 

plasmids), has a virulence profile similar to the majority of the isolates in this study 

(stx-positive, eae subtype ) and is a published genome. A limitation of this 

reference genome is that it is not a New Zealand isolate, however, there are 

currently no publicly available genome sequences from STEC O145 isolated in 

New Zealand.  

2.10.4 QUAST 

The quality assessment tool QUAST v4.4 was used to assess and compare the 

quality of the genome assemblies and can be used with or without a reference 

genome [108]. QUAST identifies a range of assembly statistics that give an 

indication of the quality of the assemblies, and provides an indication of any errors 

in an assembly that may warrant further investigation. The assemblies are aligned 

to a reference genome using the Nucmer aligner from MUMmer (v3.0) [109], and 

then QUAST identifies assembly statistics in the four categories of (i) contig size, 

(ii) misassemblies and structural variations, (iii) genome representations and (iv) 

assembly statistics based on the contigs such as N50 (an assembly statistic that 

is the length of the smallest contig which represents at least 50% of the assembly) 

[108] that can be used to draw inferences on the quality of the assemblies. Contig 

sizes includes factors such as the total number of contigs, the largest contig and 
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the total number of bases. QUAST identifies structural errors in the assemblies 

by reporting either unaligned contigs or ‘misassembled’ contigs, which could be 

either due to misassemblies or structural variations such as rearrangements. The 

genome representations category includes information such as the GC content, 

the number of genes and number of operons.  

 

2.11 Single nucleotide polymorphism (SNP) analysis 

2.11.1 SNP analysis 

SNPs were identified in the paired-end sequencing reads using Snippy v3.0 [107], 

executed using in-house Perl scripts (Appendix C) [110]. Snippy uses a reference 

genome to help identify a set of core SNPs and indels (insertions/deletions) 

between the sequencing reads and a reference genome. If the reference genome 

is very different it will reduce the size of the core SNPs being analysed, 

highlighting the importance of selecting a reference genome similar to the 

genomes of interest. Snippy first identified SNPs individually for each pair of 

sequence reads and the reference genome, and then Snippy can be run to 

identify a core SNP alignment for all of the genomes (when compared to the same 

reference genome) to infer phylogeny [107]. The core SNP alignment was viewed 

in SplitsTree v4.14.4 [111] using Neighbor-joining methods. 

 

2.12 Genome annotation and comparative analysis 

2.12.1 Prokka 

The assembled genomes were annotated using Prokka v1.12 [112], executed 

using in-house Perl scripts (Appendix D) [113]. Prokka uses external programmes 

for predicting genomic features, and annotation of the genomes includes 

predicting co-ordinates of coding regions and their putative products [112]. The 

external programmes used are: Prodigal (v2.6.3) [114] which predicts coding 

sequences; RNAmmer (v1.2) [115], ribosomal RNA genes; ARAGORN (v1.2) 

[116], transfer RNA genes; SignalP (v4.1) [117], signal leader peptides and 

Infernal (v1.1.2) [118], non-coding RNA. Prokka annotates the genomes in two 

steps, (i) Prodigal [114] predicts co-ordinates of coding genes and (ii) identifies 
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the putative gene product by comparing the sequence to known sequences in a 

database [112]. Prokka searches the databases to assign an annotation using a 

hierarchical system, initially searching from reliable databases through to 

domain-specific databases. For each database the e-value threshold of 10-6 is 

used [112]. Examples of databases utilised by Prokka include user-provided 

databases, UniProt [119], RefSeq, Pfam [120], TIGRFAMs [121], and if the 

sequence does not match any known proteins in these databases it is labelled as 

a hypothetical protein. Prokka outputs a range of files such as fasta files of the 

genomic sequences, summary statistics and an annotated GenBank file [112]. 

2.12.2 Center for Genomic Epidemiology 

The Center for Genomic Epidemiology (CGE) [122] is an online service that 

contains a range of databases and tools for WGS analysis. The Bacterial Analysis 

Pipeline [123] was used to upload the assembled genomes and corresponding 

metadata, which then ran the genomes through various other CGE databases. 

These databases included the SpeciesFinder v1.2 [124] and SerotypeFinder v1.1 

[23] which were used to confirm that the WGS belonged E. coli serogroup O145 

and identify the H antigens carried by each genome, if present. The CGE 

VirulenceFinder v1.5 [125], PlasmidFinder [126] and MLST v1.8 [24] were also 

used to identify various virulence factors, E. coli plasmid types and the ST type, 

respectively. 

2.12.3 Comparison of virulence genes 

The presence or absence of 31 virulence genes (identified using the 

VirulenceFinder, section 2.12.2) were used to make a Neighbor-Net tree 

according to Euclidean distance (A/Prof. Patrick Biggs). The tree was 

subsequently edited using the Interactive Tree of Life (iTOL) v4.1 and isolate 

metadata was included for eae subtype, ST and isolation source as indicated by 

the colour keys. The presence and absence of the virulence factors that differ 

between isolates (n=23) was indicated by the matrix. Virulence factors that were 

either present or absent in all of the strains were not shown in the matrix but were 

used to construct the tree. 
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2.12.4 Ribosomal multi-locus sequence typing (rMLST) 

In silico analysis of rMLST was performed based on classification described by 

Jolley et al. [127] using in-house Perl scripts (Appendix D) [113]. Briefly, in silico 

rMLST analysis uses the BIGSdb database which contains all of the known 

diversity among the ribosomal protein genes. New alleles are periodically added 

to the database, and checks are in place to ensure there is no redundancy. 

Unique sequences in the database are designated an arbitrary allele number 

[127], and a combination of alleles are used to distinguish and identify different 

rMLST types. rMLST provides an indication of phylogenetic relationships using 

SNPs identified in the 53 genes encoding the ribosome protein subunits (rps, rpm 

and rpl). These genes are found in all bacteria and are under constant selection 

for functional conservation and therefore are used to resolve bacterial 

phylogenies [127]. This method is also robust against horizontal genetic 

exchange. The in silico rMLST analysis produced a range of outputs, and the 

alignments can be viewed in SplitsTree v4.14.4 [111]. 

2.12.5 Identification of the locus of enterocyte effacement (LEE) 

pathogenicity island integration sites and stx-bacteriophage insertion 

sites 

The LEE pathogenicity island integration sites were identified using two methods: 

(i) visualisation of the GenBank files in Geneious [94] and identification of the eae 

coding sequences (CDS), tir and other LEE-encoded genes including a prophage 

integrase next to the likely tRNA gene (selC, pheU or pheV) integration site, or 

(ii) the contigs were assembled to a reference genome and the likely tRNA 

integration site predicted based on the mapped contigs and gene synteny. The 

reference genomes used are shown in Table 2.2. The stx-bacteriophage insertion 

sites were also detected by identifying either (i) the insertion of stx genes in 

known insertion sites for stx-positive strains, or (ii) lack off disruption of known 

insertion sites to indicate these were available in stx-negative strains. 
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Table 2.2: Reference genomes used to identify LEE pathogenicity island 

integration sites. 

Serotype Strain 
LEE 

integration site 

Accession 

no. 
Publication 

O145:H28 RM13514 tRNA selC NZ_CP006027 [46] 

O145:H28 RM12761 tRNA selC NZ_CP007133 [46] 

O26:H11 11368 tRNA pheU AP010953 [47] 

O103:H2 12009 tRNA pheV AP010958 [47] 

 

2.12.6 Download of publicly available serogroup O145 raw read data 

Publicly available serogroup O145 WGS data (Appendix E) were identified to 

offer a global comparison to New Zealand serogroup O145 strains sequenced. 

Serogroup O145 strains were identified from NCBI [128], EnteroBase [129] and 

published papers. Only whole genome sequences in which the raw read 

sequence data was publicly available were analysed in this study using the same 

pipeline (quality assessment and assembly) for improved comparison. The raw 

read sequence data was downloaded using the SRA toolkit [130]. Publicly 

available WGS data was excluded from the analysis if any discrepancies were 

identified during the quality assessment such as an unexpected genome size or 

GC content indicative of potential contamination.  

2.12.7 Identification of orthologous groups 

GET_HOMOLOGUES (v20170302) [131], a program used for comparative 

genome analysis, was used to identify orthologous groups from WGS data. The 

sequence-clustering algorithms COGtriangles [132] and OrthoMCL [133] were 

used to identify orthologous groups and distinguish paralogues, according to 

BLAST reciprocal best hit results [131]. Both sequencing-clustering algorithms 

were used to obtain a consensus of the cluster sets. GET_HOMOLOGUES was 

also used to determine the genome composition of the strains, by estimating the 

core and pan genome size by random sampling of the genomes [131] and by 

calculating the cloud, shell and core genome as defined by Tettelin et al. [134]. 

The definition of these genome statistics are: core, genes found in all genomes 

being investigated; soft-core, genes found in 95% genomes [135]; cloud, genes 
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found in a few genomes (the second most populated gene cluster); and shell, the 

remaining genes present in multiple genomes [131]. The core and pan genome 

identified by GET_HOMOLOGUES [131] was compared to the core and pan 

genome identified by Roary (v3.8.2) [136] as described in section 2.13.1. 

2.12.8 BEAST 

BEAST 2.0 (v2.4.6) [137], which uses Bayesian evolutionary analysis, was used 

to estimate the time of most recent common ancestor (TMRCA) of aligned core 

genomes based on mutations rates, and was calibrated using the isolation date 

of each strain. Briefly, the core SNP alignment obtained using Snippy v3.0 [107] 

was analysed using Gubbins (v2.2.2) [138], an algorithm that removes regions 

containing increased densities of base substitutions. This core SNP alignment, 

with removed recombination regions, was used as the input for BEAUti, a 

program to set the parameters for BEAST 2.0. For BEAST 2.0, the following 

parameters were used: coalescent constant population, the Hasegawa-Kishino-

Yano (HKY) substitution model, a relaxed molecular clock model, effective 

sample sizes (ESS) greater than 100 were accepted and the Markov Chain Monte 

Carlo (MCMC) chain was run for 50,000,000 iterations. A 10% burn-in was used 

and the data was stored every 10,000 iterations. Summary statistics were 

analysed using the BEAST 2.0 program Tracer, and the tree estimates were 

visualised using FigTree v1.4.3 [139].  

 

2.13 Comparison of phenotypic and genotypic data 

2.13.1 Identification of the core and pan genome  

Roary (v3.8.2) [136] was used to identify the pan genome and the core and 

accessory genes in the E. coli serogroup O145 strains. Prokka [112], GFF3 

output files were used as the input for Roary. Roary uses protein sequences, 

which are iteratively pre-clustered with CD-Hit [140], and subsequently subject to 

an all-against-all comparison using BLASTP (at as 95% identity). These results 

were combined using the Markov cluster (MCL) algorithm [141] and homologous 

groups identified using BLAST. Roary analysis then removes paralogous genes 

using the conserved gene neighbourhood for each gene. From this, the 
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presence/absence matrix of the accessory genome is produced, as well as 

identification of the core genes [136].  

2.13.2 Interrogation of the pan genome 

Scoary (v1.6.16) [142] is a program that identifies associations between genes in 

the accessory genome, as identified in the pan genome presence/absence matrix 

from Roary [136], and traits of interest defined by the user. Scoary also calculates 

the strength of these associations and reports various statistics such as p-values, 

adjusted p-values and odds ratios per trait, as well as annotation information for 

each gene [142]. Scoary was used to calculate the association between genes in 

the pan genome matrix and the eae subtypes carried by the strains (either  or 

non-), their isolation source (either human or animal origin), and whether they 

were toxigenic (either stx-positive or stx-negative). For carbon substrate 

utilisation, each ‘trait’ was defined as whether the strains were either able or 

unable to utilise the specific carbon substrate. Scoary was then used to identify 

genes in the pan genome which were associated with the carbon utilisation 

observed using the Omnilog phenotypic microarray system.  

2.13.3 Identification of genes associated with carbohydrate metabolism 

To distinguish the function of genes identified by Scoary described in section 

2.13.2, BlastKOALA (v2.1) [143] was used. BlastKOALA is an online tool which 

assigns KEGG (Kyoto Encyclopedia of Genes and Genomes) Orthology (KO) to 

individual genes. The genes can then be separated into functional categories that 

can be used to reconstruct KEGG pathways and BRITE hierarchies to determine 

gene function [143]. BlastKOALA was used as a tool to filter the genes identified 

in section 2.13.2 into functional groups, with a focus on genes involved in 

carbohydrate metabolism.  

 

 



37 

 

3. Results - Isolation of E. coli 

serogroup O145 

 

3.1 Isolation of E. coli serogroup O145 

Serogroup O145 strains were isolated from calf faecal enrichments using a 

combination of molecular and culture-based methods to identify additional strains 

for WGS (Chapter 5). The calf faecal enrichments were collected as part of a 

spring 2014 cross-sectional study on 102 dairy farms to investigate the 

prevalence of the Top 7 STEC serogroups in young calves throughout New 

Zealand [1]. The calf faecal enrichments were undertaken by Browne et al. [1] as 

described in section 2.2.1.  

A total of 1508 calf faecal enrichments were collected, and screened for the Top 

7 STEC serogroups and associated virulence genes using the NeoSeek STEC 

confirmation assay (NeoSeek STEC Confirmation, NeoGen Corporation, 

Lansing, USA) [91]. This molecular method detects the Top 7 STEC serogroups 

based on the presence or absence of a set of target genes, using MALDI-TOF 

mass spectrometry multiplexing and PCR [92]. The NeoSeek STEC confirmation 

assay identified 148 of 1508 faecal enrichments as STEC O145 positive (9.8%) 

where the limit of detection (LOD) was approximately 103 CFU/mL [144]. In 

parallel, the enrichments were also investigated using RT-PCR for the detection 

of the Top 7 serogroups and STEC-associated virulence genes (stx1, stx2, eae 

and ehxA) [1]. In-house validation of the serogroup O145 RT-PCR revealed a 

LOD of 102 CFU/ml [145].  

As there were a large number of STEC O145 positive calf faecal enrichments, 

not all were able to be screened for bacterial isolation via culture methods. 

Therefore, for inclusion in this study three criteria were used: (i) that the 

enrichment was identified as STEC O145 positive by the NeoSeek STEC 

confirmation assay, (ii) that the enrichment generated a cycle threshold (Ct) value 

≤30 for the serogroup O145 RT-PCR, and (iii) that only one enrichment per calf 

per shed per farm was included. These criteria were used to enhance successful 
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isolation of serogroup O145 through the selection of enrichments with a higher 

abundance of target serogroup, and also to screen enrichments from different 

animals to maximise the isolation of a broad diversity of strains. In addition to the 

above criteria, five calf faecal enrichments were excluded from the screening 

process as serogroup O145 strains had been previously isolated from these 

enrichments [91]. Consequently, a total of 37 calf faecal enrichments were 

included for screening (Figure 3.1). 

E. coli serogroup O145 strains were isolated in this study using a range of culture-

based methods, including direct plating onto CHROMagar™ STEC, and IMS-

culture followed by serogroup-specific latex agglutination tests and PCR 

confirmation (described in sections 2.2.2 and 2.5.1, respectively). Using the 

criteria described above, 37 calf faecal enrichments were screened using direct 

plating (n=31) and/ or IMS (n=17). Of the 31 enrichments screened using direct 

plating, 11 enrichments (in which O145 isolation was initially unsuccessful) were 

subsequently screened using IMS due to a presumptive low prevalence of O145 

according to high RT-PCR Ct values. Fewer enrichments were screened using 

IMS due to cost, therefore in general this method was used to screen low 

abundance O145 enrichments with higher O145 RT-PCR Ct values. Details of all 

enrichments screened are listed in Appendix F.  
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3.2 Culture-based isolation  

Using direct plating onto CHROMagar™ STEC, E. coli serogroup O145 strains 

were isolated from five of 31 (16.1%) enrichments, however when IMS was used 

in combination with CHROMagar™ STEC, the isolation rate increased to eight of 

17 enrichments (47.0%) (Table 3.1). Using direct plating, ten O145 strains were 

isolated from five enrichments, compared to 22 O145 isolated from eight 

enrichments using IMS methods and selective plating (Table 3.2). Although no 

stx-positive isolates were identified using direct plating, one stx-positive isolate 

was identified using IMS (3.1% of the total isolates). All serogroup O145 strains 

isolated (n=32) were both eae and ehxA positive. The number of E. coli serogroup 

O145 strains isolated using culture-based methods was relatively low compared 

to the number of enrichments identified as STEC O145 positive using the RT-

PCR and NeoSeek molecular based methods (32 isolates were obtained from 13 

out of 37 calf faecal enrichments screened, 35.1%).  

The average O145 Ct values for contrasting enrichments screened using direct 

plating and IMS were not significantly different (t-test, p = 0.3378). RAMS 

enrichments from which O145 was successfully isolated had an average Ct value 

of 21.86 for direct plating, compared to that of IMS which was 25.20 (t-test p = 

0.0563). 

In addition to the 32 E. coli serogroup O145 strains isolated in this study, 35 O145 

strains were obtained from the Hopkirk Research Institute culture collection for 

Only one enrichment per calf/ per shed/ per farm was considered: 

37/61 STEC O145 positive calf faecal enrichments.  

NeoSeek STEC confirmation assay: 148/1508 STEC O145 positive 

calf faecal enrichments. 

O145 RT-PCR Ct value ≤30: 61/148 STEC O145 positive calf faecal 

enrichments.  

Figure 3.1: Calf faecal enrichment screening process [1] 
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subsequent experiments. Bacterial strains used in this study are listed in 

Appendix A.  

Table 3.1: Serogroup O145 isolation from calf faecal enrichments using 

culture-based methods 

†: Culture-based isolation was successful if ≥1 serogroup O145 strain was isolated from the calf 

faecal enrichment. 

‡: Serogroup confirmation and virulence profile were determined using mPCR for the O145 

wzy/wzx gene, stx1 and/or stx2, eae and ehxA, respectively. 

 

Table 3.2: Comparison of the number of serogroup O145 isolates 

confirmed for each enrichment for both culture-based methods 

 

 

 

 

 

 

 

3.3 Serogroup O145 characterisation 

Serogroup O145 strains isolated in this study and from the Hopkirk Research 

Institute culture collection (n=73) (Appendix A) were characterised using an O145 

serogroup-specific PCR and the mPCR for the four virulence genes stx1, stx2, 

eae and ehxA (described in section 2.5.1). All of the strains were confirmed as 

serogroup O145. According to the mPCR, 13 strains were stx-positive (2 stx1-

 

Isolation 

method 

Number of 

enrichments 

screened 

Enrichments 

isolation 

successful† 

O145 PCR 

confirmed 

isolates‡ 

O145 

STEC‡ 

O145 isolates 

eae, ehxA 

positive‡ 

Direct plating 31 5 (16.1%) 10 0 (0%) 10 (100%) 

IMS 17 8 (47.0%) 22 1 (4.5%) 22 (100%) 

Total 37 13 (35.1%) 32 1 (3.1%) 32 (100%) 

 
No. of enrichments 

No. of isolates 

confirmed/ enrichment 

Direct 

plating 
IMS 

1 2 2 

2 2 1 

3 0 2 

4 1 3 
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positive, 11 stx2-positive), all strains were eae positive (n=73) and a large 

proportion were ehxA positive (69 out of 73) (Appendix A). 

The intimin subtypes for some serogroup O145 strains (n=38) was determined 

(described in sections 2.5.2 and 2.7) to prioritise which strains should be analysed 

using the Omnilog phenotypic microarray system (Chapter 4); as previous work 

had identified a potential association between different eae subtypes and carbon 

substrate utilisation [146]. For the 38 serogroup O145 strains tested, the eae 

subtypes β (n=1), ε (n=4), ι (n=4) and  (n=29) were identified (Table 3.3). Of 

these strains, 37 subsequently underwent WGS and the intimin subtypes 

confirmed by in silico analysis of the eae gene (described in section 2.12.2). 

Using this method, the intimin subtypes of the additional strains which underwent 

whole genome sequenced was determined (Appendix A).  

Table 3.3: Intimin subtypes determined according to best match using 

BLASTN 

eae subtype 

identified 

Genbank accession 

no. match 
Identity (%) 

No. strains 

identified 

β KT591225.1 99 1 

ι KT591302.1 99-100 4 

ε KT591278.1 99-100 4 

  KT591261.1 
 

99-100 29 

 

3.4 Discussion 

According to the number of calf faecal enrichments identified as STEC O145 

positive using molecular methods, the isolation rate was relatively low. Low 

isolation recovery rates for serogroup O145 have been reported in other studies 

[17,147]. However many of the recommended enrichment protocols for non-O157 

serogroups differ in the selection and enrichment broths, temperature and 

incubation times described [70]. Evans et al. [147] reported an isolation rate of 

0.1% for serogroup O145 using enrichment and IMS methods on sheep faecal 

samples.  E. coli serogroup O145 were isolated using IMS and selective media 

with an isolation rate of 3.0% by Noll et al. [17]. Interestingly, of the serogroup 

O145 strains isolated (n=19), 29.4% were isolated using non-target IMS beads 

[17]. Higher recovery rates have been reported for studies detecting STEC 
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serogroups in artificially inoculated food matrices, for example Hara-Kudo et al. 

[148] detected serogroup O145 from artificially inoculated ground beef and radish 

sprouts using IMS and selective media with a sensitivity of 68.2-100%, depending 

on the culture media used. Posse et al. [65] detected serogroup O145 with an 

isolation efficiency of 84.6% from artificially inoculated dairy and meat matrices. 

Although, few (n=2) serogroup O145 strains were tested [65]. This increased 

recovery rate when using artificially inoculated food matrices may potentially be 

due to reduced competition with highly competitive microbial consortia associated 

with naturally-occurring biological samples. 

A recent study by Hallewell et al. [73] suggested the efficiency of IMS is 

influenced by the number of cells present and also any competing serogroups. 

This was suggested to be a factor in the lower isolation of serogroup O111, O121 

and O145 compared to other Top 7 serogroups [73]. Serogroups O111, O26 and 

O145 grew in a slightly lower proportion in modified EC broth compared to the 

other “super six” serogroups [72], which may be important when isolating these 

serogroups from mixed cultures. Kraft et al. [72] also found, when using IMS and 

selective media, serogroup O145 had the lowest recovery rate from both sterile 

and non-sterile faeces. To overcome these limitations of IMS, it has been 

suggested the development of differential media for non-O157 serogroups would 

be advantageous to increase their successful isolation rate [72,73].  

Stromberg et al. [57] compared the detection of the Top 7 serogroups using 

culture and the NeoSeek method and demonstrated that the NeoSeek method 

detected a higher proportion of positive samples, compared to culture-based 

methods, a statistically significant difference [57]. In contrast, Noll et al. [17] found 

no difference between the proportion of “super six” serogroups detected using 

culture and PCR; both methods detected positive samples that were identified as 

negative by the other method [17]. This discordance highlights the importance of 

using multiple methods in parallel for the detection of STEC.  

A number of factors may have contributed to the low isolation rate from this study: 

(i) the lack of differential culture media specific for the detection of serogroup 

O145 [16], (ii) the freezing and thawing of the calf faecal enrichments which may 

have reduced the number of viable serogroup O145 cells during resuscitation, 

(iii) serogroup O145 isolates may have been present in low abundance in the 
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enrichments and (iv) the NeoSeek method may have been detecting free DNA 

rather than DNA associated with viable cells which may have resulted in the 

identification of false positive RAMS enrichments. PCR based methods coupled 

with propidium monoazide (PMA) treatment have been developed to prevent 

amplification of free DNA, as PMA penetrates compromised cells and intercalates 

with the DNA making it non-amplifiable during subsequent PCR [149]. Variations 

of PMA PCR based methods have been shown to be effective in detecting viable 

and non-viable DNA from E. coli in treated waste water [150], from E. coli 

O157:H7 and Salmonella spp. in milk [151], and from E. coli O157:H7 in ground 

beef [149]. Other factors that may have affected the isolation success rate include 

the screening criteria or the culture methods used. Proceeding with a subset of 

calf faecal enrichments is unlikely to have reduced the isolation rate as only 

enrichments with 30 O145 RT-PCR Ct values were tested. Although different 

protocols are available for the detection of STEC [70], the culture-based methods 

utilised in this project are consistent with STEC isolation strategies used in other 

studies, with modifications to factors such as the media used [59,152]. Additional 

culture-based treatments have been shown to increase STEC recovery such as 

acid treatment of samples [74] and using multiple selective media in parallel 

[63,68].  

The isolation rate for serogroup O145 was enhanced when using IMS coupled 

with direct plating compared to using direct plating alone. The improved isolation 

success rate was likely due to the IMS methodology first concentrating serogroup 

O145 bacteria prior to plating onto selective CHROMagar™ STEC. Hallewell et 

al. [73] suggested that the specificity of IMS beads coated with polyclonal antisera 

raised against O145 LPS was decreased when other competing serogroups were 

present, such as in a faecal enrichment, which may have contributed to the low 

overall isolation rate. The recovery of >1 serogroup O145 isolate was more 

associated with IMS compared to direct plating (Table 3.2). Mostly, these isolates 

had identical virulence profiles using the mPCR (described in section 2.5.1), with 

the exception of two isolates VC237m and VC237o. Comparison of the O145 RT-

PCR Ct values for the enrichments screened using the different culture-based 

methods was not significantly different (p = 0.3378). However, the power of this 

comparison was likely to be low due to the small sample size. Screening further 
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enrichments may provide an improved indication of the relationship between low 

RT-PCR Ct value and isolation success. However, these comparisons may be 

confounded with exogenous DNA.   

 

3.5 Summary  

The isolation rate for serogroup O145 using culture-based methods was low 

compared to the number of calf faecal enrichments identified as STEC O145 

positive using molecular based methods. This low success rate may be due to a 

range of factors such as the lack of differential culture media, low abundance of 

serogroup O145 present in the enrichments, or the presence of free DNA/non-

viable O145. The use of IMS coupled with direct plating onto CHROMagar™ 

STEC improved the rate of O145 isolation, however this was still much lower than 

the prevalence detected using molecular methods. Additional steps such as acid 

treatment and using multiple selective media in parallel could be used to improve 

the isolation of serogroup O145, however, the additional time and cost of using 

these subsequent methods would need to be evaluated. 

Most of the serogroup O145 strains isolated in this study were a similar genotype 

(stx-negative, eae subtype  and ehxA-positive, n=14 out of 15 strains with full 

genotype information), with only a single stx-positive, eae subtype  and ehxA-

positive O145 identified.  
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4.  Results - Utilisation of carbon 

substrates 

To investigate the metabolic characteristics of serogroup O145 strains and 

identify carbon substrates for the use in a differential culture media, the Omnilog 

phenotypic microarray system (Biolog Inc, Hayward, California, USA) was used. 

This system allows the rapid determination of bacterial growth associated with 

specific conditions (pH, osmolarity, antibiotics etc.) or metabolites, such as the 

utilisation of specific carbon substrates. The serogroup O145 strains were 

inoculated and examined on either PM1 or PM1 and PM2A MicroPlates 

(Appendix G), each containing 95 unique carbon substrates, and incubated for 

24 hours at 37°C with the chemical reduction of the dye assessed at 15 min 

intervals (as described in section 2.8.1). Serogroup O145 strains to be examined 

using the Omnilog phenotypic microarray system were selected using random 

stratified sampling according to separate variables, such as eae subtype, ST, 

geographic origin and a toxigenic or non-toxigenic genotype (Appendix A). If 

multiple isolates were obtained from the same enrichment, only one isolate was 

included. 

4.1 Utilisation of carbon substrates (PM1 MicroPlates) 

The metabolic profiles of 28 E. coli serogroup O145 strains was determined using 

the Omnilog phenotypic microarray system (Appendix H). The utilisation of 

carbon substrates on the PM1 MicroPlates  suggested significant metabolic 

variation between serogroup O145 strains (Figure 4.1).  

4.1.1 Clustering broadly correlates with eae subtype 

To compare the carbon utilisation profiles of serogroup O145 strains, a heat-map 

was produced in R using the pre-defined Omnilog cut-off ranges, which grouped 

the bacterial utilisation values (ranging from 0-300 Omnilog Units) into the 

following three categories: 0-50 representing no utilisation, 51-150 representing 

moderate utilisation and 151-400 representing extensive utilisation, as described 

in section 2.8.2.   
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 1 

Figure 4.1: Heat-map showing E. coli serogroup O145 strains carbon utilisation profiles (PM1 MicroPlates) 

Heat-map of PM1 carbon substrate metabolism over a 24 hour incubation period at 37°C by serogroup O145 strains. The end-point utilisation values (Omnilog Units) 

were grouped into the following three categories: 0-50 representing no utilisation, 51-150 representing moderate utilisation and 151-400 representing extensive 

utilisation, as indicated by the colour key. Each strain (n=28) is indicated on the right and the 95 carbon substrates listed along at the foot of the figure. Metadata is 

included for eae subtype, sequence type and whether the strains were toxigenic. eae subtype on the left is indicated by the colour key, sequence type is shown in 

brackets, stx1 positive as * and stx2 positive as ‡. 
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The clustering of serogroup O145 strains by carbon utilisation is broadly 

associated with eae subtype, a gene encoding the protein intimin (Figure 4.1) 

which is involved in bacterial attachment to intestinal epithelial cells. The 28 

strains analysed using the Omnilog system contain the eae subtypes β (n=1), ι 

(n=3), ε (n=6) and  (n=18). Although the serogroup O145 strains were only 

represented by four eae subtypes, over 28 different eae alleles have been 

identified [38]. 

Cluster analysis was used to group the serogroup O145 strains into two distinct 

clusters using heat-map data (Figure 4.1). Most strains clustered according to 

eae subtype, except eae  which was present in both of the main clusters. 

Thirteen eae  strains isolated from a range of bovine and human sources 

clustered together. The remaining five serogroup O145 eae  strains clustered 

separately with the eae subtype β (n=1), ι (n=3) and ε (n=6) O145 strains.  

There was no association between the utilisation of specific carbon substrates 

and whether a strain was either toxigenic (stx-positive) or non-toxigenic (stx-

negative). Similarly, strains of human and bovine origin are distributed throughout 

the dendrogram.  

A dendrogram was produced using hierarchical clustering of the PM1 carbon 

substrate utilisation data (Figure 4.2). The general clustering was comparable to 

that of the heat-map (Figure 4.1) with the strains in similar clusters correlated with 

eae subtype and STs, but with a different cluster order due to the contrasting 

methodology involved, i.e. the heat-map was generated using the Omnilog value 

cut-off ranges (described in section 2.8.2), whereas the dendrogram uses the 

actual Omnilog value endpoint for each substrate. 

4.1.2 Clustering broadly correlates with sequence type 

In addition to eae subtype, the metabolic profiles of serogroup O145 strains also 

broadly correlated with ST (Figure 4.1). Serogroup O145 strains analysed in this 

study belong to six different STs with a correlation between the STs and the eae 

subtype each strain carries. For example, strains carrying eae subtype ε belong 
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to ST-17, β to ST-10, ι to ST-35 (n=1) and ST-722 (n=2), and  to ST-32 (n=15) 

and ST-137 (n=3).  

From the heat-map data (Figure 4.1) the strains are separated into two main 

clusters, one containing ST-32 (n=13 strains), and the other containing strains 

that are ST-10 (n=1), ST-17 (n=6), ST-35 (n=1) ST-137 (n=3), ST-722 (n=2) and 

the remaining two ST-32 strains. In contrast to the eae subtype  ST-32 and ST-

137 strains that clustered separately, the eae subtype ι clustered together even 

though they consisted of distinct STs (ST-35 and ST-722).   

 

 

 

Figure 4.2: Cluster dendrogram showing the similarities of E. coli serogroup O145 strains 

based on their carbon utilisation profile (PM1 MicroPlate) 

The end-point values per serogroup O145 strain (n=28) for each carbon substrate on the phenotypic 

microarray plates (n=95) was recorded, and used to produce a cluster dendrogram using hierarchical 

clustering. Metadata is included for sequence type and whether the strains were toxigenic or non-

toxigenic. Sequence type is shown in brackets, stx1 positive as * and stx2 positive as ‡. 
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4.1.3 Reproducibility of serogroup O145 carbon utilisation on PM1 

MicroPlates 

Half of the isolates (n=14, 50%) were tested in replicate experiments and two in 

duplicate using PM1 MicroPlates to determine the biological reproducibility of 

specific O145 strains (Appendix H). The isolates were selected using random 

stratified sampling of the serogroup O145 strains according to eae subtype.  

With the inclusion of the duplicates and replicates in the carbon utilisation 

analyses, the clustering observed remained broadly comparable to that seen 

previously with correlation according to eae subtype and ST (Figure 4.3). With 

replicates included in the heat-map, the strains also grouped into two main 

clusters with one containing eae subtype  strains (n=13) and replicates (n=4) 

and the other containing β, ε, ι and the remaining  isolates, together with 

respective duplicates and replicates.  

There was contrasting utilisation of some carbon substrates (11.6%; 11/95) by 

the duplicate and replicates (Table 4.1). Some substrates utilised during an 

original phenotypic microarray experiment were not utilised during the 

subsequent experiment (orange), and vice versa (blue). Notably, the utlisation of 

D-alanine (6/16), lactulose (5/16), D-psicose (9/16), L-lyxose (5/16) and 

glucuronamide (8/16) differed for multiple isolates indicating the utilisation of 

these substrates by serogroup O145 strains may be inconsistent. The time 

duration between replicate phenotypic microarrays may contribute to carbon 

utilisation inconsistencies as the replicate sets which were conducted <1 month 

for the PM1 data showed less variation in substrate utilisation compared to 

replicate sets which were carried out >1 month apart (Table 4.1). Comparison of 

the original and duplicate phenotypic microarrays (n=2) indicated contrasting 

utilisation of only one substrate (L-lyxose).
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Figure 4.3: Heat-map showing E. coli serogroup O145 strains carbon utilisation profiles (PM1 MicroPlate) with replicates and duplicates 

Heat-map of PM1 carbon substrate metabolism over a 24 hour incubation period at 37°C by serogroup O145 strains. The end-point utilisation values (Omnilog Units) 

were grouped into the following three categories: 0-50 representing no utilisation, 51-150 representing moderate utilisation and 151-400 representing extensive 

utilisation, as indicated by the colour key. Each strain (n=28, n=14 replicates, n=2 duplicates) is indicated on the right and the 95 carbon substrates listed along at the 

foot of the figure. Metadata is included for eae subtype, sequence type and whether the strains were toxigenic. eae subtype on the left is represented by the colour 

key, NA is not applicable, sequence type is shown in brackets, stx1 positive as * and stx2 positive as ‡. 
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Table 4.1: Comparison of carbon substrates from PM1 MicroPlates (n=11) which differ between ≥1 set of replicates (n=14) 

or duplicates (n=2)
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Substrate  1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 1/2 

D-alanine A09 +/+ -/+ +/- +/+ +/+ -/+ -/+ +/+ +/+ +/+ +/+ +/+ -/- -/+ -/+ -/- 

D-galactonic-acid--lactone C02 +/+ -/+ -/- -/- -/- +/+ +/+ +/+ -/- -/- -/- -/- -/- -/- -/- -/- 

1,2- propandiol D04 +/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- -/- 

Lactulose D10 +/+ -/+ +/+ +/+ +/- +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/- -/+ +/+ -/+ 

Glycolic acid F09 -/- -/- -/- +/+ +/- +/+ +/+ +/+ -/- -/- -/- -/- -/- -/- -/- -/- 

L-threonine G04 +/+ -/- -/- +/+ +/+ +/+ +/- +/- -/- -/- +/+ +/+ -/- -/- -/- -/- 

Mono-methyl succinate G09 +/+ -/- -/- +/+ +/+ +/+ +/- +/+ -/- -/- +/+ +/+ -/- -/- -/- -/- 

L-malic acid G12 +/+  +/- +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ +/+ 

D-psicose H05 +/- -/+ +/+ -/+ -/- -/- -/+ -/+ +/+ +/+ -/+ -/+ -/- -/+ +/- -/- 

L-lyxose H06 -/- -/- -/- -/+ -/- -/- -/- +/- -/+ +/+ -/+ +/+ -/- -/- +/- -/- 

Glucuronamide H07 +/+ +/- -/- +/- +/+ +/+ +/- +/- -/- -/- +/- +/- +/+ +/- -/- +/- 

†: >1 month between replicate    Orange shading: Contrasting substrate utilisation in original plate and not in replicate plate 

1: Original phenotypic microarray assay   Blue shading: Contrasting no substrate utilisation in original plate and utilisation in replicate plate 

2: Replicate phenotypic microarray assay  ‡: Duplicate phenotypic microarray assay 
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4.2 Utilisation of carbon substrates (PM2A MicroPlatesTM) 

PM2A MicroPlates were used to examine the growth of serogroup O145 strains 

on a further 95 carbon substrates using the Omnilog phenotypic microarray 

system (Appendix H). Twenty E. coli serogroup O145 strains were analysed on 

PM2A MicroPlates, with observations indicating fewer carbon substrates (22 of 

95 substrates) on the PM2A MicroPlates were utilised by ≥1 E. coli strain 

(Figure 4.4). Although fewer strains were analysed on these plates, a similar 

clustering pattern of carbon utilisation correlated with eae subtype and ST was 

observed as seen with the PM1 carbon source data. Additionally, there appeared 

to be no correlation between the metabolic profiles and isolation source and 

whether the strains were stx-positive or stx-negative. 

4.2.1 Clustering broadly correlates with eae subtype and sequence type 

Twenty serogroup O145 strains were examined for their metabolism of the 95 

PM2A carbon sources. The strains separated into three main clusters by 

substrate utilisation sources which, like the utilisation of PM1 substrates, broadly 

correlates with eae subtype and ST. The first cluster contains 11 eae subtype  

strains (ST-32). The second cluster contains four eae subtype ε strains (ST-17), 

the single eae subtype β strain (ST-10) and the final eae subtype  strain (ST-

137). The remaining cluster contains three eae subtype ι strains (ST-35 and ST-

722).  

Strain TW07865 is the only eae subtype  strain that clusters separately from the 

remaining 11  strains, including H12ESR01231 and H12ESR01387, with which 

it clusters with according to PM1 carbon utilisation data. This is likely due to 

different carbon substrates utilised by TW07865 on the PM2A MicroPlates 

compared to the other eae subtype  strains. TW07865 was also isolated from 

Germany whereas the latter two strains are New Zealand isolates. 
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Figure 4.4: Heat-map showing E. coli serogroup O145 strains carbon utilisation profiles (PM2A MicroPlates) 

Heat-map of PM2A carbon substrate metabolism over a 24 hour incubation period at 37°C by serogroup O145 strains. The end-point utilisation values (Omnilog Units) 

were grouped into the following three categories: 0-50 representing no utilisation, 51-150 representing moderate utilisation and 151-400 representing extensive 

utilisation, as indicated by the colour key. Each strain (n=20) is indicated on the right and the 95 carbon substrates listed along at the foot of the figure. Metadata is 

included for eae subtype, sequence type and whether the strains were toxigenic. eae subtype on the left is represented by the colour key, sequence type is shown in 

brackets, stx1 positive as * and stx2 positive as ‡. 
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4.2.2 Reproducibility of serogroup O145 carbon utilisation on PM2A 

MicroPlates 

The four respective serogroup O145 biological replicates (one of each of the eae 

subtype β, ε,  and ι strains) clustered closely with the original phenotypic 

microarray assay (Figure 4.5). However, contrasting utilisation of carbon 

substrates (4.2%, 4/95) was noted by replicates (Table 4.2). Some substrates 

utilised during an original phenotypic microarray experiment were not utilised 

during the subsequent experiment (orange), indicating that like some of the 

substrates included in the PM1 MicroPlates the utilisation of substrates by 

serogroup O145 strains may be inconsistent. However, in contrast to the PM1 

data obtained, there appears to be no association between the length of time 

between inoculation of the original and replicate phenotypic microarray plates 

and variation in carbon substrate utilisation. Further replicates may be required 

to test this hypothesis as data is only available for four replicate phenotypic 

microarray experiments. 

 

Table 4.2: Comparison of carbon substrates from PM2A MicroPlates (n=4) 

which differ between ≥1 set of replicates (n=4)  

 

†: >1 month between replicate 

1: Original phenotypic microarray 

2: Replicate phenotypic microarray 

Orange: Contrasting substrate utilisation in original plate and not in duplicate plate 
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  1/2 1/2 1/2 1/2 

Pectin A12 +/- -/- +/- -/- 

N-acetyl-D-galactosamine B01 -/- +/+ +/- -/- 

D-fucose B11 +/- -/- -/- -/- 

Dihydroxy-acetone H09 +/- -/- +/- -/- 
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Figure 4.5: Heat-map showing E. coli serogroup O145 strains carbon utilisation profiles (PM2A MicroPlates) with replicates 

Heat-map of PM2A carbon substrate metabolism over a 24 hour incubation period at 37°C by serogroup O145 strains. The end-point utilisation values 

(Omnilog Units) were grouped into the following three categories: 0-50 representing no utilisation, 51-150 representing moderate utilisation and 151-400 

representing positive utilisation, indicated by the colour key. Each strain (n=20 and four replicates) is indicated on the right and the 95 carbon substrates listed 

along the bottom. Metadata is included for eae subtype, sequence type and whether the strains were toxigenic. eae subtype on the left is represented by the 

colour key, sequence type is shown in brackets, stx1 positive as * and stx2 positive as ‡. 
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4.3 Candidate substrates for use in a differential media 

It is unlikely that any carbon substrate examined in this study would clearly 

distinguish serogroup O145 from all other types of E. coli. However, it could be 

coupled with molecular methods, such as RT-PCR or NeoSeek to aid in the 

preliminary identification of serogroup O145-positive enrichments with the further 

analysis of these enrichments using culture-based isolation methods such as 

IMS. Ideally, a potential carbon substrate that would differentiate the majority of 

serogroup O145 strains would need to be both relatively inexpensive and easily 

incorporated into a culture media.  

Examination of the metabolism of 190 carbon substrates failed to identify a 

candidate that could be used to differentiate stx-positive and stx-negative E. coli 

serogroup O145 strains, or strains isolated from human or bovine sources. 

However, carbon substrates were identified which could be used to differentiate 

specific subsets of serogroup O145 strains, such as certain eae subtypes and 

STs.  

4.3.1 Identification of carbon substrates to differentiate certain eae 

subtypes and sequence types 

Twelve carbon substrates were identified from the PM1 MicroPlates which 

differentiate subsets of serogroup O145 strains (Figure 4.6). Some substrates, 

such as D-aspartic acid, only differentiate one eae subtype and ST. Other carbon 

substrates can be used to differentiate multiple subsets of serogroup O145 

strains. For example, sucrose differentiates eae subtypes ε (ST-17) and ι (ST-35, 

ST-722) and D-serine differentiates eae subtype  (ST-32 and ST-137) and β 

(ST-10). Another notable substrate which differentiates the majority of serogroup 

O145 strains is D-malic acid which is utilised by eae subtypes  (ST-32, ST-137) 

and ε (ST-17). Interestingly, propionic acid is not utilised by eae subtype ι (ST-

35, ST-722) and the three ST-137 strains and therefore its metabolism 

distinguishes the two eae subtype  clusters.  

Six carbon substrates were identified from the PM2A MicroPlates which 

differentiate certain subsets of serogroup O145 strains (Figure 4.7). Of these, the 

substrates D-arabitol and D-tagatose are only utilised by eae subtype ι strains 

(ST-35, ST-722). The substrate D-lactic-acid-methyl-ester was utilised by eae 
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subtypes ι (ST-35, ST-722), eae subtype ε (ST-17) and the ST-137 eae subtype 

 strain. D-raffinose was utilised by eae subtype ε strains (ST-17) and two out of 

three eae subtype ι strains (ST-35, ST-722). Melibionic acid was utilised by all 

(n=13) of the eae subtype  strains (ST-32, ST-137) and β-hydroxy-butyric acid 

was utilised by 12 (ST-32) out of 13 eae subtype  strains, the exception being 

TW07865 (ST-137).
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Figure 4.6: Heat-map showing E. coli serogroup O145 strains carbon utilisation profiles on selected PM1 carbon substrates 

Heat-map of PM1 carbon substrate metabolism over a 24 hour incubation period at 37°C to differentiate serogroup O145 strains. The end-point utilisation 

values (Omnilog Units) were grouped into the following three categories: 0-50 representing no utilisation, 51-150 representing moderate utilisation and 151-

400 representing extensive utilisation, as indicated by the colour key. Each strain (n=28) is indicated on the right and the 12 carbon substrates listed along 

at the foot of the figure. Metadata is included for sequence type and whether the strains were toxigenic. Sequence type is shown in brackets, stx1 positive 

as * and stx2 positive as ‡. 
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Figure 4.7: Heat-map showing E. coli serogroup O145 strains carbon utilisation profiles on selected PM2A carbon substrates 

Heat-map of PM2A carbon substrate metabolism over a 24 hour incubation period at 37°C to differentiate serogroup O145 strains. The end-point utilisation 

values (Omnilog Units) were grouped into the following three categories: 0-50 representing no utilisation, 51-150 representing moderate utilisation and 

151-400 representing extensive utilisation, as indicated by the colour key. Each strain (n=20) is indicated on the right and the six carbon substrates listed 

along at the foot of the figure. Metadata is included for sequence type and whether the strains were toxigenic. Sequence type is shown in brackets, stx1 

positive as * and stx2 positive as ‡. 
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Table 4.3: Specific carbon substrates utilised by serogroup O145 strains that could be used to differentiate eae subtypes 

and sequence types 

 eae subtypes   Sequence types 

Substrate 
PM 

MicroPlateTM‡ 

Well 

position 
β ε ι  ST-10 ST-17 ST-32 ST-35 ST-137 ST-722 

D-serine PM1 B01           

D-arabitol PM2A B06           

D-tagatose PM2A D06           

α-keto-butyric acid PM1 D07     (15/18)    (13/15)   (2/3)  

β-hydroxy-butyric acid PM2A E08     (11/12)       

Melibionic acid PM2A F03           

Propionic acid PM1 F07     (15/18)    (13/15)   (2/3)  

D-malic acid PM1 G11           

‡: Strains analysed on PM1 MicroPlateTM: β (n=1), ε (n=6), ι (n=3) and  (n=18) 

    Strains analysed on PM2A MicroPlateTM: β (n=1), ε (n=4), ι (n=3) and  (n=12) 
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4.4 Discussion 

The contrasting carbon utilisation of serogroup O145 strains and broad 

correlation with eae subtype indicates that acquisition of distinct LEE 

pathogenicity islands has likely occurred on multiple occasions into different E. 

coli lineages [36,153,154]. The observation that both eae subtype  and ε strains 

are included in multiple clusters may indicate subsequent evolution of distinct 

sub-lineages and highlights the multiple mechanisms through which carbon is 

utilised and the various factors that are thus involved. The differentiation of eae 

subtype  strains into separate clusters using carbon substrate utilisation 

corresponds with their contrasting STs, as described below. The separation of 

eae subtype ε and  strains into distinct clusters could not be unequivocally 

resolved using Omnilog data and was further investigated using genomic data 

(Chapter 5). In contrast to the eae subtype  ST-32 and ST-137 strains that 

clustered separately, the eae subtype ι clustered together even though they 

consisted of distinct STs (ST-35 and ST-722). This may indicate that the 

housekeeping genes from which the ST scheme is derived from, are sufficiently 

dissimilar in the eae subtype  ST-32 and ST-137 strains as well as the carbon 

metabolism loci, such that clustering is divergent. In contrast, the carbon 

metabolism described in this study of the ST-35 and ST-722 eae subtype ι strains 

is sufficiently similar for the three strains to cluster together. 

Some of the potential carbon substrates (Figures 4.6 and 4.7) were deemed 

unsuitable for the use in a differential media due to the extent and consistency in 

utilisation by serogroup O145 strains. For example, carbon substrates that only 

differentiate a limited number of serogroup O145 strains, such as sucrose or D-

tagatose, would be unsuitable as they are limited in their scope to select a broad 

range of serogroup O145 isolates. However, substrates such as these may be 

useful for the presumptive culture-based identification of different eae subtypes 

or STs for serogroup O145 strains. Carbon substrates such as propionic acid, α-

keto-butyric acid and D-serine, could be suitable candidates as they differentiate 

a large proportion of E. coli serogroup O145 isolates investigated in this study. 

Two of the carbon substrates shown in Figure 4.6 (1,2-propanediol and D-

galactonic-acid--lactone) would also be unsuitable as utilisation of these 

substrates was inconsistent (Table 4.1). 
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Some carbon substrates may be suitable for the use in a differential media to aid 

the isolation of E. coli serogroup O145 strains (Table 4.3). These substrates 

differentiate a large proportion of the serogroup O145 strains analysed in this 

study and were not associated with any variation in substrate utilisation during 

examination of biological replicates. However, it is important to note both β-

hydroxy-butyric acid and melibionic acid are substrates from PM2A MicroPlates 

and were not examined with the same rigour as the PM1 substrates. These 

potential carbon substrates warrant subsequent investigation through the testing 

of additional serogroup O145 strains on these substrates and by substituting 

them as the main energy source using basal MacConkey agar or in a minimal 

media.  

It is unknown whether the interval between an original phenotypic microarray 

experiment and a subsequent repeat examining the carbon utilisation of the same 

O145 strain may affect carbon metabolism. However duplicate experiments 

involving PM1 MicroPlates which were conducted with an interval of <1 month 

exhibited less variation in substrate utilisation compared to experiments 

conducted with an interval of >1 month (Table 4.1). This apparent relationship 

between substrate utilisation/carbon metabolism profiles and time interval 

between individual experiments may be influenced by technical variations 

associated  with the Omnilog machine (optical density measurements), freeze 

thawing of culture stocks or a changes in bacterial gene expression. The variation 

of carbon substrate utilisation between O145 replicates suggests that these 

substrates are unsuitable for use in a differential media as their utilisation per 

strain is inconsistent. 

Few published studies have compared the carbon utilisation profiles of E. coli 

serogroups, and none have compared the carbon utilisation among a large 

number of genetically diverse E. coli serogroup O145 strains. A comparison of 

the carbon utilisation of E. coli O157:H7 (n=81), commensal E. coli (n=39) and 

two K-12 laboratory strains demonstrated that that O157:H7 strains were less 

metabolically diverse, based on carbon utilisation than the commensal strains 

tested [155]. Furthermore 27 out of 95 carbon substrates were utilised by 

commensal strains but not by O157:H7 strains [155]. However the substrate 

metabolism was scored in binary as either positive or negative, compared to 
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measuring the chemical reduction of the dye every 15 mins as in this study [155]. 

The carbon metabolism of STEC (n=37) representing ten serogroups was 

examined on the PM1 and PM2A carbon MicroPlates and several carbon 

substrates were identified that were able to differentiate defined STEC 

serogroups [67]. Although only three serogroup O145 strains were investigated, 

an identification strategy was proposed involving the metabolism of β-hydroxy-

butyric acid and a lack of growth on dulcitol and D-galactonic acid--lactone [67], 

together with the identification scheme proposed by Posse et al. [156]. Although, 

none of the serogroup O145 strains (n=28) examined in this study were able to 

grow on dulcitol, eae subtype β (n=1), ε (n=4), ι (n=3) and  (n=1, ST-137) strains 

were unable to grow on β-hydroxy-butyric acid and eae subtype β (n=1) and ι 

(n=3) utilised D-galactonic acid--lactone. This suggests that dulcitol may be 

suitable for the differentiation of serogroup O145, however β-hydroxy-butyric acid 

and D-galactonic acid--lactone may not be suitable due to utilisation of these 

substrates by some serogroup O145 strains.
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4.5 Summary 

The carbon utilisation profiles, conducted using the Omnilog phenotypic 

microarray system, have demonstrated that E. coli serogroup O145 strains are 

metabolically diverse. There appears to be no correlation between carbon 

utilisation profiles and whether the strains are stx-positive or stx-negative, or 

whether the strains are isolated from bovine or human sources.  However, there 

is a broad correlation between carbon utilisation and eae subtype and ST which 

is likely associated with other underlying factors such as the evolution of different 

E. coli lineages. Candidate carbon substrates have been identified for the use in 

a differential media to aid the isolation of serogroup O145, in addition to other 

culture-based methods such as IMS from enrichments identified as serogroup 

O145 positive using molecular based methods. The difference in utilisation of 

certain carbon substrates from biological replicates from the PM1 (n=11) and 

PM2A (n=4) MicroPlates has highlighted that certain substrates would not be 

suitable for use in a differential media, as their utilisation by E. coli strains is 

inconsistent.
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5.  Results - Whole genome 

sequencing and comparative analysis 

5.1 Selection of E. coli serogroup O145 strains for whole 

genome sequencing 

A total of 53 E. coli serogroup O145 strains underwent WGS in this study 

(Appendix A) using the Illumina HiSeq platform with v4 chemistry (2 x 125 bp) (as 

described in section 2.9.1-5). Due to the small sample size of O145 isolates (73 

isolates), the selection criteria for WGS was only one strain isolated from the 

same enrichment sample, with the same virulence profile determined by mPCR 

(as described in section 2.5.1). In one case, two O145 strains from the same 

enrichment were identified having different virulence profiles and consequently 

both underwent WGS. Of the 32 serogroup O145 strains isolated in this study 

(Appendix A), 13 underwent WGS with the remaining isolates obtained from 

various collections within the Hopkirk Research Institute.  

5.2 Comparative genomics 

 5.2.1 Genome composition 

A summary of the genome composition for the E. coli serogroup O145 strains 

(n=53) is shown in Figure 5.1, indicating genome length, GC content, CDS and 

number of tRNAs for each strain. The genome length and GC content were 

determined using QUAST [108] and the remaining parameters (CDS and number 

of tRNAs) were determined using Prokka [112], as described in sections 2.10.4 

and 2.12.1, respectively. These data represent the analysis of all the E. coli 

serogroup O145 strains that underwent WGS, therefore the overrepresentation 

of eae subtype  (n=41), compared to eae subtypes β (n=1), ε (n=7), ι (n=4), 

should be considered when interpreting the box and whisker plots. 

The genome length for the serogroup O145 strains had an interquartile range of 

5,219,500-5,310,820 bp, with a median genome length of 5,236,588 bp. There 

are a number of strains identified as outliers on the box and whisker plot for 

genome length. The four eae subtype ι strains have shorter genome lengths 

ranging from 4,663,358-5,010,707 bp. Within the eae subtype ι strains the two 



66 

  

ST-35 and ST-526 strains have similar genome lengths, as do the two strains 

belonging to ST-722. In addition, five out of seven eae subtype ε strains were 

classified as outliers on the upper limit of genome length, with the remaining two 

strains very close to the upper range of the box and whisker plot. The eae subtype 

β (n=1) and  (n=41) strains mostly fall within the interquartile range.  

Overall, the GC content of all serogroup O145 strains is relatively similar (50.22-

50.67%) with an interquartile range of 50.43–50.47%. A number of serogroup 

O145 strains were identified as outliers according to GC content. Firstly, the eae 

subtype β strain had the lowest GC content of 50.22%, and five eae subtype  

strains had GC content between 50.31-50.37%. Secondly, the four eae subtype 

ι strains were on the upper GC content limit and three were identified as outliers, 

with GC contents ranging from 50.51-50.67%.  

The number of CDS for the serogroup O145 strains had an interquartile range of 

5,258-5,524. The number of CDS per strain showed a similar pattern to the 

genome length, the four eae subtype ι strains were outliers at the lower limit with 

CDS ranging from 4,453-4,825. Similarly, the seven eae subtype ε strains were 

outliers at the upper limit with CDS ranging from 6,081-6,281. The eae subtype β 

(n=1) and  (n=41) strains were mostly within the interquartile range. 

The interquartile range for the number of tRNA for the serogroup O145 strains 

was 89-91. The number of tRNA varied for the different eae subtypes: ι 80-88, β 

88, ε 84-91 and  87-97. There was no distinct separation between the number 

of tRNA per strain and eae subtype, as was seen for other parameters, however 

this may be attributable to different genome assemblies. 
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Figure 5.1: Box and whisker plots indicating the genome composition of E. coli 

serogroup O145 strains (n=53) 

The box and whisker plots indicate the genome length (bp), GC content (%), number of coding 

sequences and number of tRNA for the serogroup O145 strains (n=53). Each data point is shown on 

the plots and has been colour coded according to eae subtype, as indicated by the figure key.  
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5.2.2 Virulence factors 

The serogroup O145 genome sequences (n=53) were screened for 76 known E. 

coli virulence genes using the Center for Genomic Epidemiology (CGE) 

VirulenceFinder webserver [125]. A Neighbor-Net tree was produced using 

neighbor-joining methods according to the presence or absence of virulence 

factors (Appendix I) to visualise the relationship between virulence profile and 

metadata such as eae subtype, ST and isolation source (Figure 5.2).  

The virulence profiles of the serogroup O145 isolates indicate that the strains 

cluster according to both eae subtype and ST. The eae subtype ι strains (n=4) 

cluster together, with variation associated with contrasting ST. In comparison to 

other serogroup O145 strains, the eae subtype ι strains carry only five or six of 

the 22 virulence factors listed in Figure 5.2. The eae subtype β strain also clusters 

separately having only five out of 22 virulence factors. The low number of 

virulence factors carried by eae subtype ι and β strains may be partially due to 

the absence of plasmid-acquired virulence factors, such as etpD, ehxA and katP, 

resolved using VirulenceFinder [125] (Appendix I). Using PlasmidFinder [126] on 

the CGE webserver (section 2.12.2), plasmids were detected in Trh7, Trh46 and 

R249-1 but appeared to be absent in Trh42 and 13ER6723A. In addition, the eae 

subtype ι (n=4), β (n=1) and two  strains did not carry ehxA. The eae subtype ε 

strains (n=7, ST-17) carry between 14-16 virulence factors and cluster together 

with the two stx1 positive ε strains present on a separate branch.  

The eae subtype  ST-137 (n=4) strains cluster separately from the eae subtype 

 ST-32 strains. WGS data analysis of the four ST-137 strains indicate the 

presence of between 10-13 virulence factors (Figure 5.2). Notably, the plasmid-

associated virulence factors espP, iss, katP and toxB were generally absent but 

etpD present in the four ST-137 strains, whereas the ST-32 eae subtype  strains 

(n=37) are generally espP, iss, katP and toxB positive and etpD negative. The 

further 37 eae subtype  strains comprised of 36 ST-32, and one unidentified ST, 

contain between 12 and 18 virulence factors and cluster together, including the 

stx2 positive strains which together form their own monophyletic group. Although 

strains appeared to cluster together according to isolation source, further WGS 

data analysis of additional strains from different sources are required to confirm 

this hypothesis. 
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A comparison between the mPCR (described in section 2.5.1) and the virulence 

factors detected using the CGE VirulenceFinder (described in section 2.12.2) 

were consistent except for the isolate 13ER6723A which was identified as stx-

negative by mPCR and stx2-positive by CGE VirulenceFinder analysis [125]. The 

stx2 gene from the 13ER6723A WGS data was identified, and underwent BLAST 

analysis. The best BLAST hit was to stx2f (100% identity with top matches to E. 

coli Shiga toxin 2f genes serovar O145:H34 strain 65-4 (Accession no. 

AB499802.1) and to E. coli Shiga toxin 2f genes serovar OUT:HNM strain 17-8 

(Accession no. AB499801.1)), a rare stx2 variant, compared to the stx2a variant 

found in most serogroup O145 strains. The stx2f gene sequence was aligned with 

other stx2a gene variants and the forward and reverse stx2 mPCR primers (Table 

2.1) to determine any genetic differences which may have caused this variant to 

be undetected. This alignment identified a 5 bp mismatch within both the forward 

and reverse stx2 mPCR primers, highlighting the absence of PCR amplification 

of this stx2 variant in the mPCR. The stx2f variant was first described in pigeons 

[157] and has since been detected in humans, including in serogroup O145 

isolates [158,159]. It has been suggested stx2f-positive E. coli are an emerging 

pathogen, causing milder infections compared to STEC serogroup O157 [158]. 

The anticipated prevalence of the stx2f variant among STEC populations should 

be considered when selecting PCR primers for detecting STEC virulence 

determinants. Alternative methods for the detection of stx2f have been outlined 

previously [160], as some PCR primers [93] such as those included in this study 

will not detect this stx2 variant.  
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Figure 5.2: Neighbor-Net tree constructed using the presence or absence data from 31 virulence genes identified by the CGE 

VirulenceFinder webserver 

The presence or absence of 31 virulence genes were used to make a Neighbor-Net tree using Euclidean distances. The tree was edited using the 

iTOL webserver. Isolate metadata is included for eae subtype, sequence type and isolation source, as indicated by the colour keys. The presence 

and absence of the virulence factors that differ between isolates (n=22) is indicated by the matrix. Virulence factors that were either present or 

absent in all of the strains were not shown in the matrix but were used to construct the tree. 
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 5.2.3 in silico ribosomal multi-locus sequence typing 

The rMLST analysis provides an indication of phylogenetic relationships using 

the SNP variations identified in 51 out of 53 genes encoding the ribosome protein 

subunits (rps, rpm and rpl). The in silico rMLST analysis (Figure 5.3) indicated 

several groups having identical rMLST profiles: the two eae subtype ι ST-722 

strains, the two eae subtype ι strains belonging to ST-35 and ST-526, the eae 

subtype ε strains (n=7) and the eae subtype β strain (n=1). Among the eae 

subtype  strains (n=41), four strains (TW07865 [ST-137], 13ER6227 [ST-32], 

Trh30 [ST-32] and 13ER3103A [ST-32]) have differing rMLST profiles, although 

there are very few SNP variations between these profiles.  

 5.2.4 Locus of enterocyte effacement pathogenicity island 

integration sites 

The LEE pathogenicity island integration sites were identified in 40 of 53 

serogroup O145 strains and are listed in Appendix J. The LEE is integrated near 

the tRNA pheV gene for the eae subtype ε strains (n=7) and β (n=1) strain. The 

LEE was integrated near the tRNA selC gene for the eae subtype ι (n=3) strains 

and  (n=28) strains. The integration sites identified for specific eae subtypes are 

consistent with published studies identifying the LEE integration sites in other E. 

coli serogroups [36]. However, the selC LEE integration site for eae subtype ι 

strains has not been previously published. For one eae subtype ι strain, Trh42, 

the LEE integration site could not be precisely determined, however, the LEE was 

located near the tRNA Leu gene. The LEE insertion site could not be determined 

in fourteen strains, likely due to assembly inconsistencies arising during in silico 

analysis of incomplete genomes.  
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Figure 5.3: Neighbor-Net phylogeny constructed using in silico ribosomal multi-locus 

sequence typing 

A Neighbor-Net tree was produced using rMLST and SNPs identified in the 53 genes encoding the 

ribosome protein subunits (rps, rpm and rpl). The in silico rMLST analysis was visualised using neighbor-

joining methods in SplitsTree and edited using the iTOL webserver. Isolate metadata is included for ST, 

isolation source and whether the strains were stx-positive or stx-negative, as indicated by the colour keys. 



73 

 

5.3 Core single nucleotide polymorphism analysis 

Core SNP variations were identified using Snippy [107] (as described in section 

2.11.1), and the alignment from the core SNPs was visualised in SplitsTree [111] 

using neighbor-joining methods to examine the phylogeny of the serogroup O145 

strains. 

5.3.1 Core SNP analysis of serogroup O145 strains sequenced in this 

project (n=53) 

Core SNP analysis of the 53 serogroup O145 strains WGS in this project (Figure 

5.4) separated the strains into four main clusters, representing the four eae 

subtypes: subtype  strains (n=41), subtype ι strains (n=4), subtype ε strains (n=7) 

and subtype β strain (n=1). For these analyses, an average of 93.18% bases 

aligned to the reference genome. Interestingly, a large number of SNPs (141,143 

SNPs) were identified between the core genome of these strains, accounting for 

~2.6% of the E. coli genome. This large proportion of core SNP variations 

suggests genetic heterogeneity among serogroup O145 strains and supports the 

hypothesis of the evolution of distinct E. coli phylogenetic lineages associated 

with different eae subtypes.  

To resolve the phylogeny of the serogroup O145 strains, an additional core SNP 

alignment tree was produced examining the eae subtype  strains. The core 

SNPs of the most numerous eae subtype (: n=41) provided a much higher 

resolution of the phylogeny of these strains (Figure 5.5) and revealed 

approximately a 30x reduction in the number of core SNPs identified, when 

compared with the core SNP alignment of all eae subtypes. For the eae subtype 

 strains, 4,646 core SNPs were identified accounting for <0.1% of the E. coli 

genome. The number of aligned bases to the reference genome was an average 

of 96.20% for this analysis. The tree contained two major clusters which 

separated according to ST: one cluster contained the ST-32 strains (n=37) 

(VC476m ST unknown, but likely to be ST-32), and the other cluster contained 

the ST-137 strains (n=4). Within cluster variation was observed with seven out of 

ten stx2-positive strains clustering closely together and the environmental 

isolates clustering closely together. The environmental samples were all collected 

from the same two farms over different time periods, therefore it is difficult to 

determine whether these strains are genetically similar due to their isolation 
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source or their geographic origin. The range of isolation sources for these strains 

was human (n=4), environmental (n=6) and bovine (n=31) which is insufficient to 

provide any indication of similarities of strains according to isolation source. 

However, these preliminary analyses indicate that isolation source is not a 

significant determinant influencing the genetic similarity of serogroup O145 

strains, and that other factors such as eae subtype and ST are more influential. 

5.3.2 Core SNP analysis comparison with publicly available serogroup 

O145 strains 

To further understand the genomic epidemiology of E. coli serogroup O145 

strains, whole genome sequences from an additional 47 O145 strains were 

downloaded from publicly available databases (described in section 2.12.6, 

Appendix E) and compared with the 53 serogroup O145 strains sequenced in this 

project to offer a global comparison to New Zealand serogroup O145 strains 

sequenced. Core SNP analysis was performed for the 100 serogroup O145 

strains (Figure 5.6) and in concordance with the previous analyses, a large 

number of SNPs (139,782) were identified accounting for ~2.5% of the E. coli 

genome. For these enhanced analyses, an average of 93.20% bases aligned to 

the reference genome. The strains were separated into four main clusters which 

correlated with eae subtype. One cluster contained the eae subtype β strains 

(n=2) and another eae subtype ε strains (n=7). The third cluster contained eae 

subtypes ι (n=6) and α2 (n=2) and the last contained eae subtype  (n=83). These 

analyses including additional WGS data supports the hypothesis of independent 

acquisition of the LEE in distinct E. coli phylogenetic lineages.  

To resolve the phylogeny of the strains sequenced in this project compared to 

publicly available serogroup O145 strains, core SNP analysis was performed on 

the eae subtype  strains (n=83) (Figure 5.7). Core SNP analysis of the 83 eae 

subtype  strains identified 7,272 SNPs, accounting for <0.1% of the genome. For 

these enhanced analyses on 83 eae subtype  isolates, an average of 95.70% 

bases aligned to the reference genome. The ST-137 strains (n=5) clustered 

together as a separate branch from the main tree. Two strains AA053 (ST-137) 

and ewgs1003 (ST-32) cluster separately from the other isolates. In addition, the 

New Zealand serogroup O145 isolates on the top half of the tree are broadly 
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separated from the overseas isolates (UK, Germany, USA and Norway) at the 

bottom, with the exception of the ST-137 strains.  

 

Figure 5.4: Neighbor-Net phylogeny of core SNP analysis from serogroup O145 strains sequenced 

in this study (n=53) 

Neighbor-Net phylogeny of core SNP genome analysis from serogroup O145 genome sequences (n=53). The tree 

was generated using 141,143 core SNPs.  Metadata is included for eae subtype and ST, and additional information 

for each isolate can be found in Appendix A. 
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Figure 5.5: Neighbor-Net phylogeny of core SNP analysis from eae subtype  serogroup O145 strains sequenced in this study (n=41) 

Neighbor-Net phylogeny of core SNP analysis from serogroup O145 eae subtype  genome sequences (n=41). The tree was generated using 4,646 core 

SNPs.  Metadata is included for ST, and additional information for each isolate can be found in Appendix A. 
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Figure 5.6: Neighbor-Net phylogeny of core SNP analysis of serogroup O145 strains sequenced in this study and publicly available 

serogroup O145 strains (n=100) 

Neighbor-Net phylogeny of core SNP analysis from serogroup O145 isolates sequenced in this project (n=53) and publicly available whole genome 

sequences (n=47). The tree was generated using 139,782 core SNPs.  Metadata for each isolate can be found in Appendices A and E. 

eae subtype gamma 

ST-32 and ST-137 (n=83) 
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Figure 5.7: Neighbor-Net phylogeny of core SNP analysis of serogroup O145 eae subtype  sequenced in this study and publicly 

available serogroup O145 eae subtype  strains (n=83) 

Neighbor-Net phylogeny of core SNP analysis from serogroup O145 eae subtype  isolates sequenced in this project (n=41) and publicly available whole 

genome sequences (n=42). The tree was generated using 7,272 core SNPs.  Metadata for each isolate can be found in Appendices A and E. 
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5.4 Core and pan genome analysis 

 5.4.1 Identification of the core and pan genome 

The core and pan genome were identified for serogroup O145 strains sequenced 

in this study (n=53) using Roary [136] (as described in section 2.13.1). In this 

analysis the core genome is defined as genes present in all strains (n=53), the 

soft-core as genes present in ≥50 and ≤52 strains, the shell as genes present in 

≥7 strains but <50 strains and the cloud as genes present in <7 strains. The pan 

genome is defined as the entire set of genes present in all strains in the dataset. 

The genome sequences were added in a random order for these analyses. 

The number of conserved and total genes present in serogroup O145 strains 

(n=53) is shown in Figure 5.8. An increase in the number of genomes analysed 

is associated with an increased number of total genes, but the number of 

conserved genes decreased i.e. the core gene set decreasing and the number of 

unique genes increasing. The decrease of conserved genes as each genome is 

added is shown in Figure 5.9 and is associated with the heterogeneity of the 

serogroup O145 isolates. As each genome was added, the number of genes in 

the pan genome increased (Figure 5.10), suggestive of the pan genome for 

serogroup O145 strains (n=53) being open. For a given population, when 

additional genome sequences are included, an open pan genome will identify un-

characterised genes, whereas a closed pan genome will have approached a 

constant [161]. The pan genome composition of the serogroup O145 strains 

(n=53) is summarised in Figure 5.11. The pan genome analysis suggested a core 

gene set of 3,242 genes, a soft-core of 105 genes, a shell of 2,982 genes and a 

cloud of 6,713 genes. The pan genome was also determined using OrthoMCL 

which predicted a similar size core gene set of 3,291 genes. 
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Figure 5.8: Comparison of the number of conserved and total genes in the 

serogroup O145 pan genome with increasing number of genomes 

This analysis indicates the effect an increasing number of serogroup O145 genomes included in 

the analysis has on the number of conserved and total genes. 
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Figure 5.9: The effect the number of serogroup O145 genomes included in the analysis 

has on the number of conserved genes 

This analysis indicates the effect an increasing number of serogroup O145 genomes included in the 

analysis has on the number of conserved genes. 

Figure 5.10: The effect the number of genomes included in the analysis has on the 

number of genes in the pan genome 

The effect the number of genomes included in the analysis has on the number of genes in the pan 

genome. 
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 Figure 5.11: The pan genome composition of serogroup O145 strains (n=53) 

Pan genome composition of serogroup O145 strains (n=53) showing the core, soft-core, shell and 

cloud gene sets as defined in the figure legends.  
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  5.4.2 Association of pan genome with traits of interest 

Scoary [142] (described in section 2.13.2) was used to calculate the association 

between genes in the pan genome and a number of traits of interest: (A) the ‘eae 

subtypes’ carried by the strains ( or non-), (B) ‘isolation source’ (human or 

animal origin), and (C) whether they were ‘toxigenic’ (stx-positive or stx-negative). 

The amino acid sequence of each gene identified associated with the three traits 

of interest (A, B and C described above) was obtained and the proteins were 

annotated into functional categories using BlastKOALA [143] (Figure 5.12). A 

number of proteins were unable to be annotated into functional groups by the 

system for eae subtype (16.3%) and whether the strains were toxigenic or non-

toxigenic (18.2%). All proteins for the ‘isolation source’ trait were annotated. 

Hypothetical proteins identified in the Scoary analysis were not included in the 

functional analysis by BlastKOALA. 

The diversity of functional groups associated with each trait varied. Proteins 

associated with ‘eae subtype’  and non- strains belonged to the widest range of 

functional groups (Figure 5.12A). For the ‘toxigenic’ (Figure 5.12B) or isolation 

source (Figure 5.12C) traits, the functional categories ‘cellular processes’ and 

‘genetic information processing’ were the predominant functional categories 

identified. For the trait ‘eae subtype’, these functional categories are still present, 

however ‘environmental information processing’ and ‘carbohydrate metabolism’ 

were predominant. 

For both ‘isolation source’ and ‘toxigenic’ traits, none of the proteins identified 

were explicitly involved with carbon metabolism, whereas three proteins 

associated with ‘eae subtype’ were involved with carbon metabolism. These 

genes and proteins associated with carbon metabolism were cysE (serine 

acetyltransferase), rpiB (ribose-5-phosphate isomerase B), and fbaA (fructose-

biphosphate adolase). The gene cysE was present in all ‘eae subtype’  strains 

and absent in non- strains, whereas rpiB was present in all non- strains and 

absent in  strains. The gene fbaA was present in all strains. 

Interrogation of the pan genome to identify genes present in all stx-positive strains 

and absent in all stx-negative strains identified only the Shiga toxin genes. This 

finding highlights the genetic similarities between toxigenic and non-toxigenic 
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strains and suggests the insertion of the stx-encoding bacteriophage has 

occurred multiple times in E. coli phylogenetic lineages. Of the genes associated 

with ‘toxigenic’ strains, many were virulence associated genes, which were also 

found in stx-negative strains.  

Although a number of genes associated with ‘isolation source’ were identified, 

none were found exclusively in human or animal origin strains. This suggests 

strains of human and animal origin are similar and cannot be definitively 

distinguished using this pan genome data. In comparison the majority of the 

genes associated with ‘eae subtype’  and non- strains were explicitly found in 

each group. For example, proteins were identified which were only present in eae 

subtype  strains and were absent in non- strains and vice versa. This 

observation was true for genes found in all types of functional groups and 

highlights the genetic heterogeneity of serogroup O145. These data also 

demonstrate the genetic similarities within different eae subtypes and further 

supports hypothesis of the independent acquisition of LEE pathogenicity islands 

into distinct E. coli phylogenetic lineages.
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Figure 5.12: Functional analysis of proteins associated with traits of interest for 

serogroup O145  

Scoary was used to calculate the association between genes in the pan genome and a number of traits 

of interest: the eae subtypes carried by the strains ( or non-), isolation source (human or animal 

origin), and whether they were toxigenic (stx-positive or stx-negative). The amino acid sequences for 

each gene identified that was associated with a trait of interest were obtained and the proteins were 

annotated into functional categories using BlastKOALA. Functional groups of proteins, as indicated by 

the colour key, white indicates proteins which were unclassified, associated with whether strains A. 

carried eae subtype  or non-; B. are of human or animal origin; or C. are stx-positive or stx-negative. 
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5.5 Evolutionary analysis of serogroup O145 strains 

To estimate the TMRCA of the serogroup O145 strains sequenced in this project, 

BEAST 2.0 [137] was used (as described in section 2.12.5). Only eae subtype  

strains (n=40) were included in this analysis as the recombination regions could 

not be removed with Gubbins from non- eae subtypes due to the high level of 

diversity amongst these strains. In addition, one eae subtype  strain (TW07865) 

was excluded from the analysis as an accurate isolation date, required for 

calibration of the tip dates, could not be obtained.  

 5.5.1 Mutation rate and estimated TMRCA of E. coli serogroup O145 

eae subtype  strains 

Phylogenetic analysis using a relaxed molecular clock assumes all branches of 

the tree have different mutation rates. In this study the predicted mutation rate of 

the eae subtype  isolates (n=40) was 7.41 x 10-7 substitutions/site/year. The 

ancestral date reconstruction analysis predicted that the isolates shared a most 

recent common ancestor in approximately 1828 (Figure 5.13) (95% highest 

posterior density (HPD) interval 1748-1897).  

Since the estimated TMRCA, serogroup O145 strains further diverged according 

to ST. The ST-32 strains diverged approximately 40-80 years ago (95% HPD 

interval 1939-1981), with more recent divergent events among the different 

isolates, compared to the ST-137 strains which diverged approximately 30-50 

years ago (95% HPD interval 1965-1988). The STEC 13ER3103A strain, a 

human clinical isolate from New Zealand, diverged earlier (95% HPD interval 

1939-1981) compared to the remaining isolates which further diverged between 

1954 and 1986 (95% HPD interval). These results also suggest that STEC 

serogroup O145 strains have emerged multiple times in the last 100 years. 

Identification of the common stx-bacteriophage insertion sites for serogroup 

O145 [33] were analysed (section 2.12.5) to identify whether these sites were 

occupied or available in stx-negative strains. Although, some sites were vacant 

in the majority of stx-negative strains, not all insertion sites could be detected in 

the genomes. This may be due to these genes being unannotated, the sites being 

occupied and the insertion site therefore disrupted or due to assembly issues. 

Only one overseas isolate (Trh30) was included in the analysis and therefore no 

conclusions can be drawn about geographic origin and time of convergence.  
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The TMRCA for the eae subtype  strains cannot be applied to the non- eae 

subtypes. The core SNP genome analysis and virulence profiles have indicated 

that these strains are highly heterogeneous and have likely evolved from distinct 

phylogenetic lineages, and therefore are unlikely to share the same most recent 

common ancestor.
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Figure 5.13: Maximum clade credibility tree showing predicted dates serogroup O145 eae subtype  strains last shared a common 

ancestor 

Maximum clade credibility tree based on BEAST 2.0 analysis for eae subtype  strains (n=40) shows the predicted dates these strains last shared a common 

ancestor. The 95% HPD intervals are only indicated for key nodes on the tree. Metadata has been included for the sequence type, isolation source and 

whether the strains were toxigenic or non-toxigenic, as indicated by the colour keys. The tree scale is 10 years.   
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5.6 Discussion 

The genome composition of the serogroup O145 strains sequenced in this study 

is consistent with other comparative genomic studies of E. coli. A study by Lorenz 

et al. [87] analysed the genomes of E. coli serogroups O145, O26, O103, O111, 

O157 and O165 and reported genome lengths (5,191,000-5,697,000 bp), number 

of CDS (5,179-5,780) and GC content (50.5-50.7%) [87], generally consistent 

with the genome composition described in this study (Figure 5.1). In contrast, the 

genome lengths for eae subtype ι strains (n=4) were smaller. These eae subtype 

ι strains had substantially fewer virulence factors compared to the other 

serogroup O145 strains, which may be indicative of fewer mobile genetic 

elements and the smaller genome size for these strains. The number of CDS was 

consistent for the eae subtype  (n=41) and β (n=1) strains, however the number 

of CDS from published data [87] was inconsistent for the eae subtype ε and ι 

strains, which were greater than, and less than, data from this study, respectively. 

The GC content was also consistent for most O145 strains, however, the eae 

subtype β strain (n=1) had a slightly lower value (50.22%). A comparative 

genomic study of WGS data of O26, O103, O111 and O157 genomes also 

identified genome sizes (5,371,000-5,697,000 bp) and number of CDS (5,264-

5,609) consistent with eae subtype  (n=41) and β (n=1) strains (Figure 5.1) [47]. 

Comparison of O26, O103, O104, O111, O145 and O157 genomes indicated 

genome sizes between 5,273,000-5,697,000 bp, number of CDS between 4,972-

5,613 and GC content of 50.4-50.7% [46]. In particular, the serogroup O145:H28 

strains (n=2) had genome lengths of 5,737,294 and 5,559,008 bp, CDS of 5,776 

and 5,512 and a GC content of 50.7% [46]; in comparison to the serogroup 

O145:H25 strains (n=2) which had genome lengths of 5,377,000 and 5,374,000 

bp, they had 5179 and 5193 CDS and a GC content of 50.5% [87]. These findings 

were comparable to the serogroup O145 strains genome sequenced in this study 

(Figure 5.1). However, Lukjancenko et al. [162] suggested that genomes which 

are in multiple contigs, such as in this study, may have an overestimated genome 

size.  

More tRNAs were reported by Lorenz et al. [87] (96-106), Cooper et al. [46] (93-

110) and Ogura et al. [47] (98-106) compared to this study (80-97). However, a 

study by Iguchi et al. [86] comparing other pathogenic types of E. coli (EPEC, 
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EHEC, uropathogenic E. coli (UPEC) and commensal E. coli) noted a tRNA range 

(81-105) similar to that found in this study. Lower numbers of tRNA (81-94) were 

also found in other EPEC, ETEC, extraintestinal pathogenic E. coli (ExPEC) and 

commensal and laboratory E. coli strains [47].  

Although the eae subtype ι strains (n=4) had smaller genome sizes in comparison 

to the other strains sequenced in this study, similar sized genomes have been 

reported for other pathogenic and commensal E. coli such as an EPEC O127, a 

UPEC O6, an ETEC O139 and a commensal O9 [86]. The number of CDS 

reported for these strains is also consistent with the eae subtype ι strains [86]. A 

STEC/ETEC bovine serogroup O2 strain of a similar genome size (4,907,103 bp) 

was also reported by Nyholm et al. [89]. Interestingly, two genome sequences 

described by Cooper et al. [46] reported the number of CDS for an O111 and 

O104 strain to be 4972 and 4975, respectively which were similar to the eae 

subtype ι strains. The smaller genome size of eae subtype ι strains may be due 

to the lower number of virulence factors carried by these strains (Figure 5.2), 

representative of these phylogenetic lineages (represented by ST-35, ST-526, 

and ST-722) or those strains carrying eae subtype ι. These hypotheses are 

difficult to test as many studies do not report the eae subtype carried by the 

isolates and this subtype has been reported to be rare [163]. 

Analysis of the core SNP phylogenies identified a large number of SNPs which 

represents considerable heterogeneity among the serogroup O145 strains. 

Genome wide core SNP analysis of 69 E. coli strains also identified significant 

genetic diversity with 86,350 SNPs identified across 1,371 core genes [87]. A 

reduced number of SNPs identified compared to this study may be partially 

attributed to the smaller core genome being analysed.  

The pan genome analysis of serogroup O145 strains (n=53) suggested a core 

gene size of 3,242 genes, a soft-core of 105 genes, a shell of 2,982 genes and a 

cloud of 6,713 genes (Figure 5.11). The pan genome consisting of >10,000 genes 

is open (Figure 5.10) which demonstrates the heterogeneity of this dataset, and 

supports the findings of distinct phylogenetic lineages. A number of published 

studies have provided varying numbers of genes associated with the core and 

pan genome of E. coli. A study comparing commensal and laboratory strains of 

E. coli with pathogenic strains (various EPEC, ExPEC, ETEC and UPEC) (total 
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genome sample size n=17) predicted a core genome size of 2,344 genes [164]. 

Pan genome analysis of 53 E. coli strains identified a core gene set of 1,472 

conserved gene families (genes were categorised as a gene family if they shared 

≥50% amino acid identify against ≥50% of the length of the longest gene) [162]. 

The presentation of the core gene set as gene families makes it difficult to 

compare with other studies, as it is unclear how many genes are included in a 

gene family. In contrast, comparison of two E. coli serogroup O145 strains 

identified a large core gene set of 5,173 [46]. This supports previous findings that 

the core genome size decreases as the number of genomes analysed increases 

(Figure 5.9), and conversely the pan genome size increases as additional 

genomes are added for an open pan genome (Figure 5.10). When analysing the 

pan genome of 10 STEC strains, Cooper et al. [46] reported a core gene set of 

4,192 genes, which is still comparatively larger compared to other studies. Lastly, 

a study of serogroup O26 isolates (n=373) from 11 countries identified a core 

genome size of 3,254 genes which is very similar to the core genome of 

serogroup O145 strains identified in this study [165]. 

Similar to this study, Rasko et al. [164] found the pan genome of the E. coli strains 

analysed to be open, as the inclusion of additional genome sequences continued 

to identify unique genes and that the pan genome size of E. coli is >13,000 genes 

[164]. Lukjancenko et al. [162] identified a pan genome set of 13,296 gene 

families when comparing 53 E. coli strains. Browne et al. [165] identified a large 

accessory genome of 40,117 genes which is likely due to the large number of 

genome sequences analysed (n=373) from a number of countries. Interestingly, 

the analysis of a large number of genome sequences (n=373) is still indicative of 

an open pan genome [165].  

Pan genome analysis has indicated a significant proportion of the E. coli genome 

being comprised of diverse genes. This represents the heterogeneity of E. coli 

and its ability to alter its genome through acquiring new genetic material via HGT, 

incorporation of phage genetic material and through gene loss or duplication. The 

diversity of the E. coli genome may explain why this species can occupy many 

ecological niches and cause diseases of varying severity [162]. This 

heterogeneity of the E. coli genome supports the “Public goods hypothesis for the 

evolution of life on Earth” [166].  
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The discrepancies between the core and pan genomes identified in published 

studies is likely due to a variety of factors such as the number of genomes 

analysed. In general, it has been shown as the number of genomes analysed 

increases, the core genome size decreases and the pan genome size increases 

if it is open (Figures 5.9 and 5.10) and therefore the size of the dataset will have 

an impact on the pan genome. Secondly, the genetic similarity of the genomes 

being analysed is important. Strains that are genetically very similar will have a 

larger core genome size and a smaller accessory genome. These characteristics 

were noted during the analysis of two serogroup O145 strains by Cooper et al. 

[46]. Conversely, strains that are genetically distinct will have a small core 

genome size and a larger accessory genome. 

Lastly, the software and parameters used to define the core and accessory 

genomes are essential factors to consider when comparing pan genomes 

between studies. For example, Cooper et al. [46] reported a large core genome 

size using a more relaxed definition of a core genome compared to other studies 

(a core sequence was defined as a protein present in all strains, with ≥75% 

identity across ≥75% of the sequences). In comparison, Rasko et al. [164] used 

BLAST score ratio analyses to identify the core and accessory genome and a 

threshold value of approximately >80% over the length of the protein. 

Lukjancenko et al. [162] used a combination of methods described by Friis et al. 

[167] and Snipen and Ussery [168] for the identification of the pan genome, which 

included construction of a pan genome tree using hierarchical clustering and 

Manhattan distance and adding genomes to the analysis non-randomly based on 

the pan genome tree with subsequent identification using a BLAST matrix [167]. 

The pan genome identified in this study and by Browne et al. [165] was identified 

by the software Roary, which uses a minimum identity for BLASTP of 95% and 

the definition of the core and accessory genes as defined in Figure 5.11. The 

different parameters used to define the pan genome in various studies make 

comparisons difficult and therefore may warrant the implementation of a 

standardised approach to defining pan genomes in comparative genomic studies. 

However, it is likely that all of these factors will have an impact on the core and 

accessory genomes identified in studies rather than a single factor alone, and 

should be considered when comparing studies. 
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The TMRCA of the eae subtype  ST-32 and ST-137 strains was in 1828 (95% 

HPD interval 1748-1897) which is similar to the estimated TMRCA for other E. 

coli populations. Dallman et al. [169] estimated the TMRCA for E. coli O157 

strains circulating in the UK prior to 2015 to be 1840 (95% HPD interval 1817-

1855). Similarly, global ETEC isolates from the 1980s-2011 were analysed and 

these lineages were estimated to have emerged between the 1840s and 1970s 

[170]. The hypothesised TMRCA for New Zealand and global serogroup O26 

ST21 strains was in 1865 [171] and more recent evolution of geographically 

distinct clones has been suggested to correlate with importations of livestock 

[171,172]. Due to ruminants being a well-known reservoir of STEC [7,173] it is 

likely that such importations of cattle are a potential source of STEC into New 

Zealand. However, there is insufficient information to suggest a likely specific 

introduction date of serogroup O145 strains now circulating in New Zealand due 

to the lack of O145 from other geographically distinct countries being included in 

this specific study for comparison.  

The serogroup O145 eae subtype  strains were estimated to mutate at a rate of 

7.41 x 10-7 substitutions/site/year. This was consistent with substitution rates for 

global ETEC lineages of 1.0 x 10-6-4.0 x 10-7 sites/ year [170], for STEC O157:H7 

in the UK (2.6 mutations genome-1 year-1 [169], and for global Shigella species 

(6.0 x 10-7 substitutions/per year) [174]. Similar mutation rates between studies 

may indicate common selective pressures bacteria are under to adapt to their 

environment. 
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5.7 Summary 

Comparative analysis of whole genome sequence data has demonstrated 

considerable genetic heterogeneity among serogroup O145 strains (n=53) and 

indicated that the O145 serogroup consists of distinct phylogenetic lineages. The 

genome composition, virulence profiles, rMLST and core SNP analysis indicate 

clustering of the strains is correlated with both eae subtype and ST, which is likely 

indicative of distinct phylogenetic lineages and independent acquisition of the 

LEE pathogenicity island. Inclusion of further WGS data from publicly available 

serogroup O145 strains and core SNP analysis underscores these data. Pan 

genome analysis suggests a core gene set of 3,242 genes and an open pan 

genome of more than 10,000 genes, highlighting the genetic diversity within the 

serogroup O145 strains. The identification of carbon metabolism genes found in 

certain eae subtypes and STs suggests there may be potential targets for the 

development of a differential culture media for serogroup O145 which will be 

investigated further (Chapter 6). Ancestral data reconstruction analysis of the 

serogroup O145 eae subtype  strains predicted the isolates shared a date a 

TMRCA in approximately 1828 (95% HPD interval 1748-1897).  
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6.  Results - Phenotype and genotype 

correlations 

6.1 Association of genes in the pan genome and specific carbon 

substrate utilisation  

Scoary [142] (described in section 2.13.2) was used to identify genes in the pan 

genome associated with specific carbon substrate metabolism by E. coli O145 

using PM1 and PM2A MicroPlates and the Omnilog phenotypic microarray 

system (Chapter 4). Of the 18 carbon substrates identified as potential targets for 

use in a differential media (described in section 4.3), eight (Table 6.1) were 

selected for further investigation due to the differential metabolism and growth of 

O145 strains (e.g. substrates able to support the growth of all or defined eae 

subtypes) and the complexity of the pathways involved in the metabolism of each 

substrate. For each carbon substrate, the growth of serogroup O145 strains 

analysed using the Omnilog system (Appendix H) was scored as either substrate 

utilisation (≥51 Omnilog Units) or no substrate utilisation (≤50 Omnilog Units) the 

substrate. E. coli O145 growth and utilisation of the carbon substrate was defined 

as the ‘trait’ in the Scoary analysis, and associations with the utilisation of the 

specific substrate and genes in the pan genome were identified. For Scoary 

analysis of each candidate carbon substrate, output amino acid sequences were 

obtained and 100 proteins with a p-value <0.05 were functionally annotated using 

BlastKOALA [143] (described in section 2.13.3). Hypothetical proteins were not 

included in the functional analysis. 

 

6.2 Diversity of protein functional groups associated with the 

utilisation of specific carbon substrates 

For each carbon substrate investigated, the functional groups and number of 

proteins (transcribed in silico) within each group varies, however, the 

predominant functional groups are similar (Figure 6.1). For all carbon substrates, 

the functional groups ‘environmental information processing’ and ‘cellular 

processes’ predominate. However, the functional groups ‘genetic information 
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processing’ and ‘amino acid metabolism’ are prevalent for some but not all of the 

substrates. These predominant functional groups are all essential processes. 

Proteins involved in carbohydrate metabolism were identified for all substrates 

examined. 
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§: Identified using the Omnilog phenotypic microarray system. 

‡: Strains analysed on PM1 MicroPlates: β (n=1), ε (n=6), ι (n=3) and  (n=18). 

    Strains analysed on PM2A MicroPlates: β (n=1), ε (n=4), ι (n=3) and  (n=12). 

†: Identified using BlastKOALA functional analysis. 100 amino acids per substrate were analysed. 

Carbon substrate§ 
PM 

plate§‡ 

Well 

position§ 

Utilised by 

strains with 

eae subtypes§ 

Proteins 

annotated 

(%)† 

Proteins 

involved in 

carbohydrate 

metabolism† 

Proteins 

involved in 

carbon 

metabolism† 

Gene involved in 

carbon metabolism† 

D-serine PM1 B01 β and  79.2 14 1 fbaA 

D-galactonic acid--lactone PM1 C02 β and ι 83.8 12 1 atoB 

D-tagatose PM2A D06 ι 80.6 13 4 fbaA, lpd, kdgK, acnA 

Sucrose PM1 D11 ε and ι 79.2 14 1 fbaA 

β-hydroxy-butyric acid PM2A E08  (11/12) 84.7 12 1 fbaA 

D-lactic acid methyl ester PM2A F01 
β, ε, ι and  

(1/12, ST137) 
84.5 12 1 fbaA 

Melibionic acid PM2A F07 ε, ι (1/3) and  80.8 9 1 atoB 

D-malic acid PM1 G11 ε and  83.7 12 1 atoB 

Table 6.1: Carbon substrates selected for further investigation to identify phenotype and genotype correlations 
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6.3 Proteins involved in carbon metabolism 

Proteins involved with the carbohydrate metabolism functional group were 

identified for each carbon substrate trait and within this group, a subgroup of 

proteins involved with carbon metabolism (Table 6.1). A similar number of 

proteins involved in carbohydrate metabolism were identified for each substrate 

(12-14 proteins), with fewer associated with melibionic acid utilisation (9 proteins). 

Many of the identified proteins were common for each substrate and involved 

processes such as glycolysis and gluconeogenesis, fructose and mannose 

metabolism, enzymes involved in the phosphotransferase system and galactose 

metabolism.  

Except for D-tagatose utilisation, the genes and associated proteins involved with 

carbon metabolism (Table 6.1) were either fbaA (fructose biphosphate aldolase) 

or atoB (Acetyl-CoA C-acetyltransferase). The four genes associated with D-

tagatose were fbaA, lpd (dihydrolipoamide dehydrogenase), kdgK (2-dehydro-3-

deoxygluconokinase) and acnA (aconitate hydratase). The gene fbaA was 

present in all strains (Chapter 5). The atoB gene is present in the eae subtype ι 

(n=3) and β (n=1) strains, and absent in the eae subtype ε (n=6) and  (n=41) 

strains. Thus the presence of the respective genes in strains carrying different 

eae subtypes is generally related with the contrasting carbon substrate utilisation 

of the different E. coli O145 strains (Table 6.1).  
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6.4 Discussion  

 6.4.1 Proteins and genes identified by genomics which are potentially 

associated with carbon substrate utilisation 

Using Scoary, a number of genes involved in carbon metabolism were identified 

to be associated with carbon substrate utilisation (Table 6.1) including three 

(fbaA, cysE and rpiB) which were found to be associated with specific eae 

subtypes (Chapter 5).  

Figure 6.1: Functional analysis of proteins associated with the utilisation of specific carbon 

substrates 

Association of genes in the pan genome and the utilisation of specific carbon substrates identified using the 

Omnilog phenotypic microarray system. The amino acid sequences for each gene identified were obtained 

and the proteins annotated into functional categories using BlastKOALA. Functional groups are indicated by 

the colour key, white indicates proteins which were unclassified. Functional groups of proteins associated 

with the utilisation of: A. β-hydroxy-butyric acid. B. D-galactonic acid--lactone. C. D-malic acid. D. D-serine. 

E. D-tagatose. F. D-lactic acid methyl ester. G. Melibionic acid. H. Sucrose. 
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The gene fbaA encoding fructose biphosphate aldolase class II was associated 

with many carbon substrate utilisation traits, and all eae subtypes. Fructose 

biphosphate aldolase is a ubiquitous enzyme which has a pivotal role in both 

glycolysis and gluconeogenesis [175], but is also hypothesised to have a diverse 

range of additional metabolic roles [176]. It has been suggested that fructose 

biphosphate aldolase class II enzymes are essential for the viability of E. coli, 

Pseudomonas aeruginosa and Bacillus subtilis, in which the disruption of the 

genes encoding this enzyme have been studied [176]. Fructose biphosphate 

aldolase has also been demonstrated to have an impact on the pathogenicity in 

other bacterial species such as Mycobacterium tuberculosis and Toxoplasma 

gondii [176]. Due to the essential function of this enzyme, fbaA is directly 

associated with carbon metabolism for many serogroup O145 strains.  

The gene cysE encodes a serine acetyltransferase and was only present in eae 

subtype  strains. The cysE gene is involved in the biosynthesis of cysteine from 

L-serine, and more specifically the conversion of serine to O-acetyl-L-serine 

[177,178]. Serine acetyltransferase can also use L-threonine as a substrate to 

convert to O-acetyl-L-threonine but at lower efficiency than the conversion with 

L-serine [177]. However, Omnilog phenotypic microarray data indicated that L-

serine (PM1, G03) was utilised by all strains but that L-threonine (PM1, G04) was 

inconsistently utilised by serogroup O145 strains (eae subtypes ε (n=2), β (n=1), 

 (n=3) and ι (n=3)), indicating other genes may be involved in the metabolism of 

these substrates. Sturgill et al. [177] identified another role of serine 

acetyltransferase; they identified an E. coli cysE mutant which formed biofilms 

more rapidly than wild-type strains, suggesting cysE may play a role in the 

regulation of biofilm development [177]. This suggests a selective advantage for 

strains carrying the cysE gene in some environments. 

The gene rpiB encodes ribose-5-phosphate isomerase B, which was present only 

in non- eae subtype strains. This enzyme is involved in the interconversion of 

ribulose-5-phosphate and ribose-5-phosphate [179] and has been suggested to 

have additional unknown functions [179]. E. coli may also carry the rpiA gene 

encoding ribose-5-phosphate isomerase A, which catalyses the same reaction as 

ribose-5-phosphate isomerase B [180], but rpiA is constitutively expressed and 

is suggested to account for the majority of ribose phosphate isomerase activity 
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when bacterial strains are grown in nutrient broth [179]. The Omnilog phenotypic 

microarray data indicated D-ribose (PM1, C4) was utilised by all serogroup O145 

strains tested, which may be due to multiple enzymes involved in the utilisation 

of this substrate.  

The gene atoB encodes an acetyl-CoA C-acetyltransferase and is involved in the 

degradation of acetoacetate to acetyl coenzyme A [181]. Acetoacetic acid (PM1, 

G07) was only utilised by eae subtypes β (n=1) and  (n=1). The genes and 

proteins associated with D-tagatose utilisation were fbaA (as described above), 

lpd (dihydrolipoamide dehydrogenase), kdgK (2-dehydro-3-deoxygluconokinase) 

and acnA (aconitate hydratase). Dihydrolipoamide dehydrogenase is part of the 

pyruvate dehydrogenase complex and is involved in the re-oxidation of 

dihydrolipoic acid by a thiol group [182]. The enzyme 2-dehydro-3-

deoxygluconokinase is involved with the phosphorylation of 2-keto-3-deoxy-D-

gluconic acid [183,184] and aconitate hydratase is involved in both the citric acid 

and glyoxylate cycle where it isomerises citrate to isocitrate [185].  

6.4.2 Difficulties identifying genes involved in carbon substrate 

utilisation 

Identifying phenotype and genotype correlations is essential for (i) providing an 

understanding of the observed phenotypes and identifying potential genetic 

causes for such differences, and (ii) linking genetic data with observed 

phenotypes as due to complex gene regulation pathways and other factors, the 

presence of a specific gene does not always indicate an observed phenotype. 

Of the genes identified as being involved in carbon metabolism, none were 

specifically linked to the utilisation of certain carbon substrates (Table 6.1). This 

may be due to (i) the methodology used to identify phenotype and genotype 

correlations not being as comprehensive as required, (ii) a number of genes being 

involved with complex pathways and/or regulatory systems, rather than a single 

gene responsible for the utilisation of a specific carbon substrate, or (iii) the 

association of individual genes with the specific carbon substrate utilisation in the 

pan genome may be confounded by their association with certain eae subtypes. 

For example, atoB was only found in eae subtype ι and β strains and therefore, 

during analysis to identify genes associated with substrates utilised by these E. 
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coli O145 strains, only the gene atoB is identified. For each substrate, 100 amino 

acid sequences were analysed however, a larger sample size may be required 

to identify genes specific for the utilisation of a certain substrate. It is also 

important to note the identification of the proteins and genes from the pan 

genome was based on short-read sequence data. Future work from this project 

could involve using alternative approaches to identifying the phenotypic and 

genotypic correlations between the Omnilog and genomic data (Chapter 7). 

Potentially this additional analysis would identify and confirm candidate targets 

for further investigation and their use in differential culture media for serogroup 

O145. In addition, proteins which were associated with carbon substrate 

utilisation were also linked to other metabolic pathways such as mannose and 

galactose metabolism. These pathways may warrant further investigation for the 

identification of potential targets for the development of a differential media for E. 

coli serogroup O145. 

 

6.5 Summary 

Although a diverse range of functional groups for proteins associated with the 

utilisation of specific carbon substrates were identified, the categories 

‘environmental information processing’ and ‘cellular processes’ predominate. The 

categories ‘genetic information processing’ and ‘amino acid metabolism’ were 

common in many but not all of the Scoary substrate analyses. Proteins involved 

in carbohydrate metabolism were identified and found to be associated with the 

utilisation of all carbon substrates investigated. Of the carbon metabolism genes 

identified, fbaA (fructose biphosphate aldolase) and atoB (Acetyl-CoA C-

acetyltransferase) were the most common. Although genes and proteins 

associated with carbon metabolism were identified, they were not directly linked 

to the specific carbon substrate being utilised. This may be due to a variety of 

factors such as the methodology used, the complexity of carbon metabolism or 

the association between carbon substrate utilisation and eae subtype 

confounding the results. An additional and more extensive prospective approach 

to identifying phenotype and genotype correlations is outlined in Chapter 7. 
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7.  General discussion  

This thesis comprises two main research aims: firstly, to identify phenotypic 

characteristics of E. coli serogroup O145 which would enable the development of 

a differential media, and secondly to understand the genomic epidemiology of 

serogroup O145 strains. STEC O145 are a public health concern, causing severe 

disease ranging from diarrhoea to haemolytic uraemic syndrome [3], and are also 

a major issue for New Zealand’s meat export industry as they have been declared 

adulterants of ground beef in the USA, along with the other Top 7 serogroups 

(O26, O45, O103, O111, O121 and O157) [12]. 

In New Zealand serogroup O145 has been isolated from ruminants including 

dairy cattle [186], calves [187], and it has been detected in deer using RT-PCR 

[145]. A cross-sectional study on New Zealand dairy farms identified STEC O145 

as the most prevalent serogroup, at the dairy farm level, compared to the other 

Top 7 serogroups [1]. Overseas serogroup O145 has been isolated from a range 

of ruminant sources including cattle [188], deer [189] and sheep [147]. Serogroup 

O145 has also caused outbreaks of human disease linked to consumption of 

contaminated romaine lettuce [9] and ice-cream [10]. The widespread carriage 

and excretion of serogroup O145 in a range of ruminant sources is a potential 

public health concern and an issue to New Zealand’s meat export industry. 

Both culture independent (e.g. PCR) and culture dependent (e.g. selective media, 

IMS) methods are available for the identification and isolation of serogroup O145. 

Culture independent methods provide rapid indication of the presence of a target 

organism. However, the use of molecular methods does not provide a bacterial 

isolate for further analysis: PCR detection of virulence genes in mixed populations 

may not be associated with clinically significant serogroups and without the use 

of specific treatments such as with PMA, molecular methods cannot distinguish 

between ‘free’ DNA, or DNA from non-viable bacteria, with DNA associated with 

viable cells. Additionally, the emergence of novel STEC pathogens, such as the 

EAEC/STEC hybrid serogroup O104, may not be detected with the use of 

standard molecular techniques targeting a subset of STEC serogroups such as 

the Top 7 [16]. In contrast, culture dependent methods are often slow and 
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laborious, but the recovery of a bacterial isolate is a major advantage [17], and is 

required for many additional analyses such as WGS. 

Differential media for the isolation of the Top 7 STEC serogroups, including O145, 

are currently available. However, separate agar media preparations have been 

associated with highly variable isolate recovery levels [17,59,147]. Studies by 

Posse et al. [156] and Kerangart et al. [67] have proposed carbon metabolism 

characteristics (serogroup O145 utilisation of D-arabinose and β-hydroxy-butyric 

acid; no utilisation of D-raffinose, dulcitol and D-galactonic acid -lactone) to 

distinguish serogroup O145, but the sensitivity and specificity of isolation is 

variable [65,69]. 

For this study, WGS was used as a tool to elucidate the genomic epidemiology 

of serogroup O145. A completed closed genome for each O145 strain was not 

obtained, nevertheless an assembly of >100 contigs provides unparalleled 

genetic resolution. In comparative genomics, consistent use of an analysis 

pipeline within a respective study is essential as the pipeline used may impact 

the outputs, and subsequently the inferences drawn. Morrison et al. [88] 

assembled and annotated Vibrio vulnificus genomes using a range of currently 

available software analyses methods and demonstrated significant differences in 

the number of gene features between the methods. Therefore, comparative 

genomic studies should make use of the same analysis pipeline to reduce any 

inconsistencies caused by different analysis parameters. Hence, only serogroup 

O145 genomes in which the raw read data was accessible were used to compare 

with WGS data generated in this study, as the same analysis pipeline could be 

applied to the two datasets (Chapter 5).  

For comparative analysis, a closed and completed STEC O145 reference 

genome was available (section 2.10.3) for improved assembly, and the core 

SNPs were determined to provide a phylogenetic genome wide assessment of 

the similarities and differences between the strains. Virulence factors were 

identified (VirulenceFinder v1.5, [23]) to provide a more thorough understanding 

of the putative pathogenicity determinants associated with the strains. MLST, 

according to seven house-keeping genes, was used to further subtype the 

isolates [24] allowing for comparison of sequence types among E. coli strains, 
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and rMLST analysis was undertaken to provides additional phylogenetic analysis 

independently of HGT.  

Pan genome analysis provides an additional approach to investigating the 

genetic diversity of a bacterial population by defining the core and accessory 

genes (Chapter 5). The core genes are often involved in essential functions and 

phenotypes and the accessory genome may contain genes which confer 

selective advantages such as virulence factors, antibiotic resistance, or genes 

involved in the adaption to a new ecological niche [190]. An open pan genome is 

indicative of a highly variable accessory genome and the occurrence of events 

increasing genetic diversity such as the acquisition of new genetic material. In 

this study, pan genome analysis enabled the identification of carbon metabolism 

genes associated with the utilisation of specific carbon substrates (Chapter 4).   

The results of each piece of experimental work have been discussed in the 

relevant chapters, and subsequently, the following sections discuss the main 

findings of this research and how it contributes to the current scientific knowledge.  

 

7.1 Culture-based isolation of serogroup O145 (Chapter 3) 

Isolation of target bacteria from faecal samples is often more complex compared 

to other matrices such as carcass swabs or dairy products, due to the high levels 

of naturally competitive bacteria in faeces [65]. Multiple E. coli serogroups have 

been identified in faecal samples [17,61], highlighting the diversity of E. coli 

present in ruminant faeces. In addition, culture-based isolation methods for non-

O157 serogroups have been demonstrated to be less effective for mixed cultures 

[73] including when used against cattle faeces compared to other sample 

matrices [65].  For example, serogroup O145, in comparison to the other “super 

six” serogroups, had the lowest recovery rate from cattle faeces [72]. 

In this study, the serogroup O145 recovery rate from RAMS was low (Chapter 3), 

and may have been impacted by the use of re-enriched cultures, which due to 

the freezing and thawing of enrichments, may have reduced the number of viable 

serogroup O145 cells during resuscitation. Also, the selection criteria to identify 

STEC O145 positive enrichments relied on the NeoSeek results (Chapter 3) 

which has a LOD of approximately 103 CFU/mL [144]. However, the NeoSeek 
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method may detect free DNA rather than DNA associated with viable cells, 

resulting in an over-estimation of STEC O145 positive RAMS enrichments.  

The phenotypic variation within serogroups, in particular colony colour, and some 

media being overly selective and inhibiting the growth of the target organism, are 

major issues with culture-based isolation on currently available media [63,64]. 

The use of two media in parallel, a highly selective media paired with a media 

that supports the growth of a wide range of STEC, may provide an enhanced 

isolation rate for the non-O157 serogroups [58,63,64]. Therefore, the use of 

multiple media in parallel for the isolation of serogroup O145 in this study may 

have increased the recovery rate. 

The use of selective media coupled with serogroup-specific IMS increased the 

isolation rate in this study (Chapter 3). However, the effectiveness of IMS varies 

widely between studies. For example, using IMS-based methods, serogroup 

O145 isolates were obtained from 71% of the spiked faecal samples (n=14) by 

Conrad et al. [16] and Posse et al. [65] detected serogroup O145 with an isolation 

efficiency of 84.6% from artificially inoculated dairy and meat matrices. The 

discordance in IMS between studies may be partially attributed to sample 

variation coupled with the presence of highly competitive background flora [65], 

the concentration of the target bacteria in the sample [73], the type of matrix used 

or competition with other STEC serogroups reducing bead specificity [73]. Kraft 

et al. [72] evaluated the efficacy of three IMS bead brands (Dynabeads®, Abraxis 

and Romer) to detect the “super six” serogroups in a variety of sample matrices. 

Serogroup O145 recovery using the three bead brands was consistently low 

across all matrices which included food and faecal samples [72]. Serogroups 

O145 (16.7-66.7%) and O111 (0-94.4%) had the lowest recovery from faeces 

[72]. Improved recovery of serogroup O145 with the Romer beads was observed 

over all matrices compared to other bead preparations [72]. Abraxis beads were 

used in this study, but whether enhanced recovery may have been associated 

with the use of serogroup-specific O145 beads of other manufacturers is 

unknown.  

Only 1 out of 32 serogroup O145 strains isolated in this study were identified as 

stx-positive (Chapter 3); 13 of the remaining 21 strains that underwent WGS were 

stx-positive (2 stx1-positive, 11 stx2-positive) (Chapter 5). Compared to stx-



108 

 

  

negative O145 in ruminants, STEC O145 may be less abundant. However, the 

instability of the stx-encoding bacteriophage during sub-cultivation [191] may 

contribute to the low isolation rate of STEC O145 in this study. Noll et al. [17] 

identified 6 out of 19 serogroup O145 isolates from cattle faeces as stx-positive 

(4 stx1-positive, 2 stx2-positive). Using the same set of calf-faecal enrichments 

as this study, Browne et al. [192] identified six serogroup O145 isolates which 

were all stx-negative, giving an overall recovery rate of 13.3%. Similarly 

Dewsbury et al. [59] identified 18 serogroup O145 strains from cattle with few 

virulent isolates (4 stx1-positive, 2 stx2-positive, 6 eae-positive).   

Unlike stx1 and stx2, all strains that underwent WGS in this study were eae 

positive (n=53), and a high proportion (46 out of 53) were ehxA-positive (Chapters 

3 and 5). In comparison to the other “super six” serogroups fewer serogroup O145 

isolates were negative for the common STEC-associated virulence factors stx1, 

stx2, eae or ehxA; with 17 of 19 O145 both eae and ehxA-positive [17]. Noll et al. 

[17] identified one avirulent (lacking stx1, stx2, eae and ehxA) O145 strain from 

cattle faeces, indicating that serogroup O145 strains may on rare occasions be 

eae-negative. Another study Hofer et al. [189] examined serogroup O145 strains 

from chamois, ibex and deer in Switzerland; all eight O145 detected were eae 

negative and two ehxA positive [189]. However all eight O145 strains were stx-

positive (2 stx1c and stx2b-positive, 6 strains stx2b-positive) [189] suggesting 

that wild ruminants carry different STEC populations, which are usually eae-

positive, compared to cattle and other well-studied ruminants. 

Some STEC serotypes such as O157:H7 (), O26:H11 (), O103:H2 (), O111:H8 

() and O145:H28 () are characterised by a single eae subtype [40], however 

the association of multiple eae subtypes with specific serogroups, such as O103, 

has been observed [41]. In this work the eae  subtype was the most common 

(83%) including all 32 strains isolated from RAMS enrichments. However 

NeoSeek identification of STEC O145 includes the detection of eae subtype  

SNPs [193]. Therefore RAMS enrichments containing STEC O145 of other non-

 eae subtypes will not have been identified as candidate enrichments for further 

analysis in this work. Other studies have identified STEC O145 containing the 

eae subtype  [194,195,196], and the relative abundance of eae subtype  STEC 
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O145 whole genome sequences suggests that eae subtypes α, β, ε, ι are 

comparatively rare.  

 

7.2 Carbon utilisation (Chapter 4) 

Previous bacterial carbon utilisation studies have often involved the use of 

multiple broths or media each separately examining the fermentation of 

carbohydrates, with the growth according to a colour change of an indicator dye. 

A similar approach was utilised by Posse et al. [197] to examine carbohydrate 

utilisation of some of the Top 7 STEC serogroups. These methods are often 

laborious and time-consuming, cumbersome to examine multiple substrates and 

the interpretation of the growth based on a colour change may introduce bias. 

Therefore, the use of the Omnilog system is extremely valuable in examining 

carbon utilisation as this system is rapid and allows multiple carbon substrates to 

be examined in parallel resulting in less variation between experiments. The 

chemical reduction of the dye, which is proportional to the level of cell respiration, 

provided an absolute growth value allowing for construction of growth curves and 

reduced any bias introduced by interpretation of growth. The outputs of the 

Omnilog system are readily utilisable by a range of analysis software such as the 

R statistics package ‘opm’ [98]. However, a limitation of this method is that all 

substrates in the MicroPlates may not be readily available or suitable for use in 

a new modified media. 

The Omnilog analysis revealed highly variable carbon substrate utilisation among 

serogroup O145 strains (Chapter 4) none of which were able to distinguish 

between stx-positive and stx-negative strains. In comparison to other STEC 

serotypes, other studies demonstrated serogroup O145 isolates (n=3) showed 

little variation in the number of carbon substrates utilised and identified -hydroxy-

butyric acid as a candidate metabolite for O145 differentiation [67]. The three 

strains were all O145:H28, likely to be eae subtype , and displayed similarities 

in carbon utilisation with O157:H7 strains, which may account for the limited 

variation observed in comparison to the heterogeneity seen in this study [67]. In 

contrast, carbon utilisation of a large number of E. coli and Shigella strains in 

another study was shown to be highly variable [198]. Kerangart et al. [67] 

highlighted further STEC strains would need to be tested to confirm the carbon 
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utilisation profiles observed. According to the results of the present study, it would 

be beneficial to study additional STEC strains of a range of eae subtypes and ST, 

as studying these strains may reveal carbon utilisation characteristics specific to 

each serogroup which are essential in developing discriminatory characteristics 

for a differential media. There was a remarkable association between eae 

subtype and ST and the clustering observed according to carbon utilisation 

(Chapters 4 and 5). This finding supported the hypothesis of the independent 

acquisition of eae by distinct E. coli O145 phylogenetic lineages.  

On some occasions, the reproducibility of carbon substrate utilisation by defined 

serogroup O145 strains was examined using PM1 and PM2A MicroPlates 

(Chapter 4). Unexpectedly there was some variation in the carbon substrate 

utilisation of replicate strains examined on separate experimental days. In 

contrast the carbon substrate utilisation of strains examined in duplicate on the 

same day, were generally very similar (Chapter 4). This suggests that an 

experimental factor, influences the utilisation of carbon substrates, such as the 

functionality of the Omnilog machine, freeze thawing of culture stocks or a change 

of gene expression, which varies between days of inoculation (Chapter 4). It has 

been proposed that changes in bacterial strains, such as plasmid loss, metabolic 

changes due to stress, and antibiotic resistance can be influenced by to 

laboratory conditions and storage [199]. However additional duplicates would 

need to be compared to test this hypothesis. The variation of carbon substrate 

utilisation between O145 replicates and any possible changes of gene expression 

suggests it may have been beneficial to use the same bacterial clone for the 

carbon utilisation analysis and WGS. 

This is the first study to examine the growth of genetically diverse serogroup 

O145 strains against a large number of carbon substrates (Chapter 4). A number 

of previous studies examined the carbon utilisation of the Top 7 E. coli serogroups 

[67,155], demonstrating the variability in carbon utilisation and how this variability 

has hindered the development of a differential media for many non-O157 

serogroups. The carbon substrate utilisation diversity observed in this study 

suggests the development media that permits the selective growth of all O145 

strains would be difficult. The high prevalence of serogroup O145 eae subtype  

strains in New Zealand cattle (Chapters 3 and 5) indicates this subset is an 
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important public health issue and a concern for New Zealand’s meat export 

industry; therefore, development of a media solely for this subtype may be 

appropriate. 

 

7.3 Comparative genomics of serogroup O145 (Chapter 5) 

WGS analysis provides unparalleled genetic resolution which allows for high 

discriminative comparison between strains. Several WGS analysis methods 

including core SNP, virulence genes profiling, and rMLST differentiated strains 

according to eae subtype and ST (Chapter 5). However, due to a smaller number 

of genes being analysed, the rMLST resolution is less defined.  

Core genome SNP evaluation of the O145 eae subtype  WGS data was unable 

to distinguish between stx-positive and stx-negative strains indicating the close 

phylogenetic relationship between the different pathotypes. The eae subtype  

and ε strains carried between 10-18 and 14-16 virulence factors, respectively, 

compared to the eae subtype β (5) and ι (5-6) strains. eae subtype  strains are 

not commonly associated with human disease in New Zealand, but have been 

commonly isolated from clinical cases overseas. Potentially, the additional 

virulence factors associated with eae subtype  strains may indicate enhanced 

pathogenicity during human clinical infection. The eae subtype ε strains have 

been associated with human disease in New Zealand (n=2), however this eae 

subtype appears to be rarely associated with STEC O145. E. coli O145 have a 

number of similarities with the highly pathogenic serogroup O157 (both 

serogroups are typically eae subtype  and can be stx2-positive), and O157 

strains (n=11) were shown to carry a large number of virulence factors (n=20) 

using VirulenceFinder v1.5 [23] [200]. Although several other virulence factors 

are associated with STEC pathogenicity, the range found in eae subtype  O145 

strains may point to its enhanced virulence compared to other eae subtypes. 

Genome composition analysis suggested strains of the same eae subtype had a 

similar genome size (Chapter 5). The eae subtype ι strains had the smallest 

genome size and fewer virulence factors, suggesting that there may also be an 

association between genome size and the number of virulence factors acquired. 

Identification of mobile genetic elements may provide a more comprehensive link 

of this association. 
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Different eae subtypes have been suggested to influence bacterial tissue 

tropisms [201] and contrasting gastro-intestinal colonisation sites through the 

formation of A/E lesions. Bacteria with eae subtype α (O127:H6) preferentially 

colonise the mucosa of the small intestine [201], eae subtype  (O157:H7) the 

follicle associated epithelium (FAE) of Peyer’s patches [202], and eae subtype ε 

(O103) the FAE of the duodenum [203]. Whether these same eae subtype 

specific tissue tropisms are associated with other E. coli serogroups possessing 

the same eae subtype has not been established. 

Evolutionary analysis predicted that serogroup O145 eae subtype  strains 

shared a most recent common ancestor in approximately 1828 (95% HPD interval 

1748-1897) (Chapter 5), but that after this time these clones evolved, potentially 

adapting to the New Zealand environment. This date is consistent with the 

TMRCA for New Zealand and global serogroup O26 (ST21) strains which was in 

1865 [171]. Further evolutionary analysis of a larger and more diverse panel of 

eae subtype  strains including those from overseas with precise isolation dates 

would be required to determine the likely time period for the introduction of O145 

into New Zealand. 

The association between genes in the pan genome and a number of traits of 

interest (eae subtype, isolation source and whether they were toxigenic) enabled 

the identification of three carbon metabolism genes which were associated with 

specific eae subtypes and ST. These associations highlight the use of eae and 

ST as good characteristics for the contrasting E. coli phylogenetic lineages and 

suggests carbon metabolism characteristics can be used to distinguish these 

different subtypes. 

 

7.4 Phenotype and genotype correlations (Chapter 6) 

The phenotype and genotype analysis did not provide any supplementary 

evidence to identify a potential carbon substrate for the use in a differential media.  

Carbon metabolism genes were identified from pan genome analysis, however, 

none could be linked to the carbon substrate utilised (Chapter 6). This may be 

due to the complexity of carbon metabolism and the multiple pathways and 

regulatory steps involved; therefore the association of a single gene with carbon 
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utilisation may be unlikely. However, these preliminary analyses will form a basis 

for subsequent phenotype and genotype correlations, to be investigated using an 

alternative approach (section 7.6.3). Previous work to investigate the association 

between carbon substrate utilisation and the presence or absence of specific 

metabolic pathways indicated that the utilisation of a specific substrate was not 

always correlated with the presence of the corresponding metabolic pathway 

[198]. Potentially this may be due to the involvement of currently unknown 

enzymes or metabolic pathways in carbon metabolism. Similarly, strains which 

had a metabolic pathway involved in the utilisation of a specific carbon substrate 

did not always grow on the corresponding substrate. Unidentified gene regulators 

or mutations in genes involved in the metabolic pathway are likely to affect 

whether metabolic activity takes place [198].  

Pan genome analysis revealed the genetic heterogeneity of serogroup O145 

strains and has indicated an open pan genome of more than 10,000 genes 

(Chapter 5), highlighting the diversity of E. coli strains. Further analysis of the eae 

subtype  strains pan genome would be useful to provide a better understanding 

of these strains. Restricting the pan genome analysis to eae subtype  strains, 

alone would increase the number of core genes and decrease the number of 

accessory genes. Additional analysis of the pan genome could also be used to 

investigate factors of interest such as the resistome, insights into niche adaptation 

and bacterial evolution. 

 

7.5 Value of this research 

The variation in carbon utilisation among serogroup O145 strains has been 

demonstrated and substrates have been suggested for subsequent analysis for 

the use in a differential media. The WGS analysis has demonstrated the value of 

the eae gene and ST as good markers to distinguish separate phylogenetic 

lineages and the WGS and pan genome represent a valuable future resource for 

subsequent research of E. coli serogroup O145. In summary, this study has 

provided significant progress in the identification of components that would likely 

influence the development of a differential media for serogroup O145. Such a 

medium would prove a valuable tool for maintaining and monitoring public health 
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and providing food quality and safety assurances that the NZ meat for export is 

free of this pathogen. 

 

7.6 Areas for further research 

7.6.1 Development of a differential media for serogroup O145 

Candidate substrates (Table 4.3) require further testing to determine their 

effectiveness in a differential media for serogroup O145. Testing could include 

supplementing MacConkey agar with the candidate substrate or formulating a 

minimal media. During the development of the media a number of factors need 

to be addressed, such as the suitability of the carbon source in a culture media 

(e.g. storage conditions, pH) and cost effectiveness. The culture media also 

needs to be tested to: (i) confirm its effectiveness in growing a diverse range of 

serogroup O145 strains, (ii) determine the growth of other E. coli serotypes and 

Enterobacteriaceae on the media, and (iii) testing the media using artificially 

inoculated matrices (e.g. faecal and food samples) spiked with serogroup O145 

and other E. coli serogroups of known concentrations to calculate the sensitivity 

and specificity of the media at detecting serogroup O145 from mixed cultures. 

The isolation rate for serogroup O145 using such a media should be compared 

with isolation success rates from this study and other published recovery rates 

[65,148] to determine whether the development of such a media offers any 

advantages in the isolation of serogroup O145.  

7.6.2 Subsequent WGS analysis 

 Additional WGS analysis would provide further clues on the genomic 

epidemiology of serogroup O145 strains. Such analyses could include 

investigation of mobile genetic elements such as insertion sequences and 

integrated prophage, or analysis of the pan genome of eae subtype  strains. The 

genomic dataset (n=100: n=53 strains from this study and n=47 publicly available 

genomes) could be compared with other E. coli Top 7 serogroups to identify any 

characteristics unique to serogroup O145. Comparative genomic studies for E. 

coli have been conducted [47,162], however, no studies have focused on a large 

number of serogroup O145 strains. Additional comparison of serogroup O145 

strains from a range of isolation sources and geographic origins would be useful 
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for (i) evolutionary analysis to determine the introduction date of E. coli serogroup 

O145 into New Zealand and, (ii) to further identify any associations between 

these factors and genomic characteristics such as number of core SNPs. 

7.6.3 An alternative approach for identifying phenotype and genotype 

correlations 

A future strategy for identifying phenotype and genotype associations (Chapter 

6) was identified using a method that was developed to link Omnilog phenotypic 

microarray data with whole genome sequence data for Campylobacter jejuni 

[204]. Briefly this method uses self-organising maps and hierarchical clustering 

to identify the smallest number of representative curve shapes from the Omnilog 

respiration curves (Chapter 4) to characterise all phenotypic responses observed. 

The random forests algorithm then compares these representative curve clusters 

with the genotype data to identify the Clusters of Orthologous Groups (COGs) 

(Chapter 5) which are associated with a specific respiration curve cluster. This 

approach would provide a thorough investigation of the phenotype and genotype 

correlations by providing an indication of which COGs are associated with specific 

carbon substrate utilisation that can subsequently analysed further. 

 

7.7 Concluding statement 

This research has demonstrated that a more sensitive and specific differential 

media for serogroup O145 is an important requirement if its true epidemiological 

role in human disease and food safety is to be determined. Despite the 

contrasting carbon utilisation profiles among serogroup O145 strains, carbon 

substrates have been identified as candidates for the development of a 

differential media and warrant subsequent testing. A differential media developed 

from the carbon substrates identified in this study would likely be coupled with 

current molecular and culture-based methods, such as serogroup-specific PCR 

and IMS, to aid in the isolation of this pathogen. The WGS has revealed the 

genetic heterogeneity of serogroup O145, and remarkably, has demonstrated in 

a number of analyses the use of the eae gene and ST as good markers for E. coli 

phylogenetic lineages. 
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Appendix A - Bacterial strains used in this study 

Strain† Serotype Source Origin 
Virulence 
profile‡ 

eae 
subtype§ 

Sequence 
type§ 

Reference/ source 

116B† O145 Bovine Taranaki, New Zealand eae, ehxA ε ST-17 Irshad [205] 

13ER3103A† O145:HNM Human Auckland, New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

13ER4824† O145 Bovine New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

13ER5056† O145 Bovine New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

13ER5154† O145 Bovine New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

13ER5640† O145 Bovine New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

13ER6227† O145 Bovine New Zealand eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

13ER6723A† O145:H34 Human Auckland, New Zealand stx2, eae ι ST-722 
The Institute of Environmental Science 

and Research Ltd [206] 

14ER2392† O145 Bovine New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

15ER2679† O145 Bovine New Zealand eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

16ER0267A† O145:H2 Human Auckland, New Zealand stx1, eae, ehxA ε ST-17 
The Institute of Environmental Science 

and Research Ltd [206] 

16ER0517A† O145:H2 Human Auckland, New Zealand stx1, eae, ehxA ε ST-17 
The Institute of Environmental Science 

and Research Ltd [206] 

188B† O145 Bovine Taranaki, New Zealand eae, ehxA ε ST-17 Irshad [205] 

267P† O145 Bovine Taranaki, New Zealand eae, ehxA ε ST-17 Irshad [205] 

54B† O145 Bovine Taranaki, New Zealand eae, ehxA ε ST-17 Irshad [205] 

AGR718† O145:H46 Bovine Manawatu, New Zealand eae, ehxA  ST-137 Cookson et al. [186] 
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Strain† Serotype Source Origin 
Virulence 
profile‡ 

eae 
subtype§ 

Sequence 
type§ 

Reference/ source 

ERL020412† O145:H- Human New Zealand eae, ehxA  ST-137 
The Institute of Environmental Science 

and Research Ltd [206] 

ERL121829† O145 Bovine New Zealand eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

ERL122034† O145 Bovine New Zealand eae, ehxA ε ST-17 
The Institute of Environmental Science 

and Research Ltd [206] 

F1† O145 Environmental Waikato, New Zealand eae, ehxA  ST-32 Ross et al. [207] 

F5F† O145 Environmental Waikato, New Zealand eae, ehxA  ST-32 Ross et al. [207] 

F5J† O145 Environmental Waikato, New Zealand eae, ehxA  ST-32 Ross et al. [207] 

FDE21† O145 Environmental Waikato, New Zealand eae, ehxA  ST-32 Ross et al. [207] 

H12ESR01231† O145 Bovine New Zealand eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

H12ESR01387† O145 Bovine New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

H12ESR01650† O145 Bovine New Zealand eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

H12ESR03525† O145 Bovine New Zealand stx2, eae, ehxA  ST-32 
The Institute of Environmental Science 

and Research Ltd [206] 

P2A1† O145 Environmental Waikato, New Zealand eae, ehxA  ST-32 Ross et al. [207] 

P2B1† O145 Environmental Waikato, New Zealand eae, ehxA  ST-32 Ross et al. [207] 

R249-1† O145:H34 Human Australia eae ι ST-722 Nguyen et al. [208] 

Trh30† O145:H- Human Norway eae, ehxA  ST-32 Afset et al. [209] 

Trh42† O145:H34 Human Norway eae ι ST-35 Afset et al. [209] 

Trh46† O145:H25 Human Norway eae ι ST-526 Afset et al. [209] 

Trh7† O145:H40 Human Norway eae β ST-10 Afset et al. [209] 

TW07865† O145:H28 Human Germany stx2, eae, ehxA  ST-137 
The Institute of Environmental Science 

and Research Ltd [206] 

VC1048m† O145 Bovine Taranaki, New Zealand eae, ehxA  ST-137 This study 

VC1048n O145 Bovine Taranaki, New Zealand eae, ehxA ND ND This study 
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Strain† Serotype Source Origin 
Virulence 
profile‡ 

eae 
subtype§ 

Sequence 
type§ 

Reference/ source 

VC1048o O145 Bovine Taranaki, New Zealand eae, ehxA ND ND This study 

VC1048p O145 Bovine Taranaki, New Zealand eae, ehxA ND ND This study 

VC1056m† O145 Bovine Taranaki, New Zealand eae, ehxA  ST-32 This study 

VC123n† O145 Bovine Waikato, New Zealand eae, ehxA  ST-32 This study 

VC1281m† O145 Bovine Canterbury, New Zealand eae, ehxA  ST-32 Browne et al. [18] 

VC1413m† O145 Bovine Southland, New Zealand stx2, eae, ehxA  ST-32 This study 

VC1414n O145 Bovine Southland, New Zealand stx2, eae, ehxA ND ND Browne et al. [18] 

VC1506m† O145 Bovine Southland, New Zealand eae, ehxA  ST-32 Browne et al. [18] 

VC194m† O145 Bovine Northland, New Zealand eae, ehxA  ST-32 This study 

VC194n O145 Bovine Northland, New Zealand eae, ehxA ND ND This study 

VC237m† O145 Bovine Northland, New Zealand eae, ehxA  ST-32 This study 

VC237n O145 Bovine Northland, New Zealand eae, ehxA ND ND This study 

VC237o† O145 Bovine Northland, New Zealand eae, ehxA  ST-32 This study 

VC237p O145 Bovine Northland, New Zealand eae, ehxA ND ND This study 

VC308m† O145 Bovine Northland, New Zealand eae, ehxA  ST-32 This study 

VC308n O145 Bovine Northland, New Zealand eae, ehxA ND ND This study 

VC308o O145 Bovine Northland, New Zealand eae, ehxA ND ND This study 

VC308p O145 Bovine Northland, New Zealand eae, ehxA ND ND This study 

VC476m† O145 Bovine Waikato, New Zealand eae, ehxA  Unknown This study 

VC506m† O145 Bovine Waikato, New Zealand eae, ehxA  ST-32 This study 

VC506n O145 Bovine Waikato, New Zealand eae, ehxA ND ND This study 

VC506o O145 Bovine Waikato, New Zealand eae, ehxA ND ND This study 

VC508m† O145 Bovine Waikato, New Zealand eae, ehxA  ST-32 This study 

VC508n O145 Bovine Waikato, New Zealand eae, ehxA ND ND This study 

VC508o O145 Bovine Waikato, New Zealand eae, ehxA ND ND This study 

VC508p O145 Bovine Waikato, New Zealand eae, ehxA ND ND This study 
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Strain† Serotype Source Origin 
Virulence 
profile‡ 

eae 
subtype§ 

Sequence 
type§ 

Reference/ source 

VC525m† O145 Bovine Waikato, New Zealand eae, ehxA  ST-32 Browne et al. [18] 

VC525o O145 Bovine Waikato, New Zealand eae, ehxA ND ND Browne et al. [18] 

VC554m† O145 Bovine Waikato, New Zealand eae, ehxA  ST-32 This study 

VC554n O145 Bovine Waikato, New Zealand eae, ehxA ND ND This study 

VC847m† O145 Bovine 
Manawatu-Wellington, 

New Zealand 
eae, ehxA  ST-32 Browne et al. [18] 

VC849m† O145 Bovine 
Manawatu-Wellington, 

New Zealand 
eae, ehxA  ST-32 This study 

VC849n O145 Bovine 
Manawatu-Wellington, 

New Zealand 
eae, ehxA ND ND This study 

VC874o† O145 Bovine Taranaki, New Zealand eae, ehxA  ST-32 Browne et al. [18] 

VC880m† O145 Bovine Taranaki, New Zealand eae, ehxA  ST-32 This study 

VC880n O145 Bovine Taranaki, New Zealand eae, ehxA  ST-32 This study 

 

 

 

 

†: E. coli serogroup O145 strains which underwent whole genome sequencing in this study 

‡: Virulence profile (stx1, stx2, eae, and/or ehxA) determined using mPCR. stx2 was not detected in strain 13ER6723A using mPCR (see section 5.2.2) 

§: ND, not done. eae subtype and MLST is not available for strains for where whole genome sequence was not undertaken 
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Appendix B - R code for Omnilog analysis 

R code for generating XY plots: 

 
R code was written by Kevin Rouw and modified by Angie Reynolds and Rose 

Collis. 
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R code for generating heat-maps: 
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Appendix C - SQS2 perl script 

The SQS2 perl script can be accessed via the following Dropbox link: 

https://www.dropbox.com/sh/n81p1cf27gs887o/AACLwEuiykXAnNpHWSM1EE

hQa?dl=0 

 

Appendix D - Prokka perl script 

The Prokka perl script can be accessed via the following Dropbox link: 

https://www.dropbox.com/sh/n81p1cf27gs887o/AACLwEuiykXAnNpHWSM1EE

hQa?dl=0 

https://www.dropbox.com/sh/n81p1cf27gs887o/AACLwEuiykXAnNpHWSM1EEhQa?dl=0
https://www.dropbox.com/sh/n81p1cf27gs887o/AACLwEuiykXAnNpHWSM1EEhQa?dl=0
https://www.dropbox.com/sh/n81p1cf27gs887o/AACLwEuiykXAnNpHWSM1EEhQa?dl=0
https://www.dropbox.com/sh/n81p1cf27gs887o/AACLwEuiykXAnNpHWSM1EEhQa?dl=0
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Appendix E - Publicly available genome sequences analysed in this study 

Isolate Serotype Source Origin STEC 
eae 

subtype 
Sequence 

type 

SRA 
accession 

number 
BioSample ID Reference/ source 

130322 O145 Human UK +  ST-32 SRR3579383 SAMN05171053 Public Health England [210] 

132030 O145 Human UK +  ST-32 SRR3578591 SAMN05170684 Public Health England [210] 

170303 O145:H34 Human UK - ι ST-722 SRR3578794 SAMN05170850 Public Health England [210] 

173582 O145 Human UK +  ST-32 SRR3581442 SAMN05171900 Public Health England [210] 

173758 O145 Human UK +  ST-32 SRR3581328 SAMN05171781 Public Health England [210] 

182131 O145:H40 Human UK - β ST-10 SRR3581355 SAMN05171820 Public Health England [210] 

199816 O145:H34 Human UK - α2 ST-722 SRR3578986 SAMN05171019 Public Health England [210] 

2010C-3507 O145 Human USA +  ST-32 SRR3371785 SAMN02352965 Trees et al. [211] 

2010C-3508 O145 Human USA +  ST-32 SRR3371786 SAMN02352966 Trees et al. [211] 

2010C-3509 O145 Human USA +  ST-32 SRR3371787 SAMN02352967 Trees et al. [211] 

2010C-3510 O145 Human USA +  ST-32 SRR3371788 SAMN02352968 Trees et al. [211] 

2010C-3511 O145 Human USA +  ST-32 SRR3371789 SAMN02352969 Trees et al. [211] 

2010C-3516 O145 Human USA +  ST-32 SRR3371790 SAMN02352970 Trees et al. [211] 

2010C-3518 O145 Human USA +  ST-32 SRR3371792 SAMN02352972 Trees et al. [211] 

2010C-3521 O145 Human USA +  ST-32 SRR3371793 SAMN02352973 Trees et al. [211] 

2010C-3526 O145 Human USA +  ST-32 SRR3371794 SAMN02352974 Trees et al. [211] 

2012C-4474 O145 Human USA +  ST-32 SRR975374 SAMN02352667 
FDA Center for Food Safety and 

Applied Nutrition [212] 

2012C-4477 O145 Human USA +  ST-32 SRR975375 SAMN02352668 
FDA Center for Food Safety and 

Applied Nutrition [212] 

2012C-4478 O145 Human USA +  ST-32 SRR975376 SAMN02352669 
FDA Center for Food Safety and 

Applied Nutrition [212] 

2012C-4479 O145 Human USA +  ST-32 SRR975377 SAMN02352670 
FDA Center for Food Safety and 

Applied Nutrition [212] 

https://www.ncbi.nlm.nih.gov/biosample/SAMN05171053
https://www.ncbi.nlm.nih.gov/biosample/SAMN05170684
https://www.ncbi.nlm.nih.gov/biosample/SAMN05170850
https://www.ncbi.nlm.nih.gov/biosample/SAMN05171900
https://www.ncbi.nlm.nih.gov/biosample/SAMN05171781
https://www.ncbi.nlm.nih.gov/biosample/SAMN05171820
https://www.ncbi.nlm.nih.gov/biosample/SAMN05171019
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352965
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352966
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352967
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352968
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352969
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352970
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352972
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352973
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352974
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352667
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352668
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352669
https://www.ncbi.nlm.nih.gov/biosample/SAMN02352670
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Isolate Serotype Source Origin STEC 
eae 

subtype 
Sequence 

type 

SRA 
accession 

number 
BioSample ID Reference/ source 

2012C-4480 O145 Human USA +  ST-32 SRR975378 SAMN02352671 
FDA Center for Food Safety and 

Applied Nutrition [212] 

201499 O145:H34 Human UK - α2 ST1877 SRR3578586 SAMN05170678 Public Health England [210] 

203972 O145 Human UK - ι ST-722 SRR4192081 SAMN05750680 Public Health England [210] 

241761 O145 Human UK +  ST-32 SRR3574267 SAMN05163744 Public Health England [210] 

241810 O145 Human UK -  ST-32 SRR3574240 SAMN05163717 Public Health England [210] 

AA053 O145 Human Denmark -  ST-137 ERR1010242 SAMEA3529328 Joensen et al. [23] 

ewgs1003 O145 Food USA +  ST-32 SRR1272534 SAMN02566897 
FDA Center for Food Safety and 

Applied Nutrition [213] 

FSIS1400369 O145 Cattle USA +  ST-32 SRR1693413 SAMN03216751 
U.S Department of Agriculture 

[214] 

FSIS1500788 O145 Food USA -  ST-32 SRR2126002 SAMN03922108 
U.S Department of Agriculture 

[215] 

FSIS1501198 O145 Cattle USA +  ST-32 SRR3405428 SAMN04870300 
U.S Department of Agriculture 

[216] 

FSIS1501717 O145 Food USA +  ST-32 SRR3405608 SAMN04870303 
U.S Department of Agriculture 

[216] 

FSIS1502535 O145 Food USA +  ST-32 SRR3185246 SAMN04510513 
U.S Department of Agriculture 

[216] 

FSIS1502550 O145 Food USA +  ST-32 SRR3175216 SAMN04497383 
U.S Department of Agriculture 

[216] 

FSIS1502554 O145 Food USA +  ST-32 SRR3175217 SAMN04497385 
U.S Department of Agriculture 

[216] 

FSIS1502976 O145 Food USA +  ST-32 SRR3175218 SAMN04497386 
U.S Department of Agriculture 

[216] 

FSIS1502978 O145 Food USA +  ST-32 SRR3185253 SAMN04510516 
U.S Department of Agriculture 

[216] 

FSIS1503305 O145 Cattle USA +  ST-32 SRR3441262 SAMN04901729 
U.S Department of Agriculture 

[216] 

https://www.ncbi.nlm.nih.gov/biosample/SAMN02352671
https://www.ncbi.nlm.nih.gov/biosample/SAMN05170678
https://www.ncbi.nlm.nih.gov/biosample/SAMN05750680
https://www.ncbi.nlm.nih.gov/biosample/SAMN05163744
https://www.ncbi.nlm.nih.gov/biosample/SAMN05163717
https://www.ncbi.nlm.nih.gov/biosample/SAMEA3529328
https://www.ncbi.nlm.nih.gov/biosample/SAMN02566897
https://www.ncbi.nlm.nih.gov/biosample/SAMN03216751
https://www.ncbi.nlm.nih.gov/biosample/SAMN03922108
https://www.ncbi.nlm.nih.gov/biosample/SAMN04870300
https://www.ncbi.nlm.nih.gov/biosample/SAMN04870303
https://www.ncbi.nlm.nih.gov/biosample/SAMN04510513
https://www.ncbi.nlm.nih.gov/biosample/SAMN04497383
https://www.ncbi.nlm.nih.gov/biosample/SAMN04497385
https://www.ncbi.nlm.nih.gov/biosample/SAMN04497386
https://www.ncbi.nlm.nih.gov/biosample/SAMN04510516
https://www.ncbi.nlm.nih.gov/biosample/SAMN04901729
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Isolate Serotype Source Origin STEC 
eae 

subtype 
Sequence 

type 

SRA 
accession 

number 
BioSample ID Reference/ source 

FSIS1503307 O145 Cattle USA +  ST-32 SRR3441301 SAMN04901731 
U.S Department of Agriculture 

[216] 

FSIS1504619 O145 Cattle USA +  ST-32 SRR2826835 SAMN04208149 
U.S Department of Agriculture 

[215] 

FSIS1505314 O145 Cattle USA +  ST-32 SRR3106214 SAMN04421068 
U.S Department of Agriculture 

[216] 

FSIS1605419 O145 Bovine USA +  ST-32 SRR3106215 SAMN04421070 
U.S Department of Agriculture 

[216] 

FSIS1605420 O145 Bovine USA +  ST-32 SRR3106213 SAMN04421071 
U.S Department of Agriculture 

[216] 

MOD1-EC2002 O145 Human USA +  ST-32 SRR3124089 SAMN04256127 
FDA Center for Food Safety and 

Applied Nutrition [217] 

MOD1-EC5842 O145 Swine USA -  ST-32 SRR3987499 SAMN05439376 
FDA Center for Food Safety and 

Applied Nutrition [217] 

MOD1-EC6028 O145 Swine USA +  ST-137 SRR3988027 SAMN05439480 
FDA Center for Food Safety and 

Applied Nutrition [217] 

PNUSAE000756 O145 Human USA +  ST-32 SRR3541143 SAMN03782146 
Centers for Disease Control and 

Prevention Enteric Diseases 
Laboratory Branch [218] 

PNUSAE001244 O145 Human USA +  ST-32 SRR2177987 SAMN04002944 
Centers for Disease Control and 

Prevention Enteric Diseases 
Laboratory Branch [218] 

 

https://www.ncbi.nlm.nih.gov/biosample/SAMN04901731
https://www.ncbi.nlm.nih.gov/biosample/SAMN04208149
https://www.ncbi.nlm.nih.gov/biosample/SAMN04421068
https://www.ncbi.nlm.nih.gov/biosample/SAMN04421070
https://www.ncbi.nlm.nih.gov/biosample/SAMN04421071
https://www.ncbi.nlm.nih.gov/biosample/SAMN04256127
https://www.ncbi.nlm.nih.gov/biosample/SAMN05439376
https://www.ncbi.nlm.nih.gov/biosample/SAMN05439480
https://www.ncbi.nlm.nih.gov/biosample/SAMN03782146
https://www.ncbi.nlm.nih.gov/biosample/SAMN04002944
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Appendix F – Calf faecal enrichments screened for serogroup O145 using culture-based methods 

Calf ID† Farm ID 
Shed 

ID 
Ct value‡ 

Direct plating 
isolation successful§ 

IMS and culture 
isolation successful§ 

Number of isolates 
identified 

VC101 VCF7 20 22.84 - - 0 

VC1046 VCF71 188 21.47 - - 0 

VC1048 VCF71 187 20.41 + ND 4 

VC1051 VCF71 187 22.54 - ND 0 

VC1056 VCF72 190 17.80 + ND 1 

VC1057 VCF72 190 24.40 - ND 0 

VC1061 VCF72 190 16.77 - ND 0 

VC1140 VCF77 205 25.31 - ND 0 

VC123 VCF9 23 23.64 + ND 1 

VC1246 VCF84 224 21.75 - - 0 

VC1259 VCF85 226 21.20 - - 0 

VC1262 VCF85 226 29.52 - ND 0 

VC1279 VCF87 231 25.20 - - 0 

VC1394 VCF95 253 26.73 - ND 0 

VC1413 VCF96 254 26.56 ND + 1 

VC1502 VCF102 267 26.03 - ND 0 

VC194 VCF13 36 21.47 + ND 2 

VC227 VCF16 42 24.33 - ND 0 

VC229 VCF16 42 24.09 - - 0 

VC237 VCF16 44 22.01 - + 4 

VC290 VCF20 54 28.06 ND - 0 

VC307 VCF21 58 26.69 - ND 0 

VC308 VCF21 58 23.18 - + 4 

VC313 VCF21 59 30.77 - - 0 
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Calf ID† Farm ID 
Shed 

ID 
Ct value‡ 

Direct plating 
isolation successful§ 

IMS and culture 
isolation successful§ 

Number of isolates 
identified 

VC476 VCF32 88 27.18 ND + 1 

VC506 VCF34 93 23.08 - + 3 

VC508 VCF34 93 23.53 - + 4 

VC522 VCF35 96 28.06 - ND 0 

VC554 VCF37 101 26.00 + ND 2 

VC59 VCF4 11 25.98 - ND 0 

VC835 VCF56 150 26.08 - ND 0 

VC849 VCF57 153 28.56 ND + 3 

VC864 VCF58 156 25.98 - - 0 

VC873 VCF59 157 25.30 - ND 0 

VC88 VCF6 17 27.58 ND - 0 

VC880 VCF59 158 27.57 ND + 2 

VC949 VCF64 168 25.99 - ND 0 

†: All enrichments were STEC O145 positive according to NeoSeek analysis 

‡: Ct value recorded for serogroup-specific O145 RT-PCR 

§: ND, not done 

    +, isolation successful 

    -, isolation unsuccessful 
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Appendix G - PM1 and PM2A MicroPlates carbon substrates 

 

 
Carbon substrates lists obtained from BIOLOG [96] 

(http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf).  

 

http://www.biolog.com/pdf/pm_lit/PM1-PM10.pdf
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Appendix H – Serogroup O145 strains analysed using the Omnilog phenotypic microarray system 

Strain MicroPlates† Serogroup Source Origin Virulence profile 
eae 

subtype 

116B PM1, PM2A O145:H2 Bovine Taranaki, New Zealand eae, ehxA ε 

13ER3103A PM1, PM2A O145:HNM Human Auckland, New Zealand stx2, eae, ehxA  

13ER4824 PM1 O145 Bovine New Zealand stx2, eae, ehxA  

13ER5640 PM1, PM2A O145 Bovine New Zealand stx2, eae, ehxA  

13ER6723A PM1+, PM2A O145:H34 Human Auckland, New Zealand stx2, eae ι 

14ER2392 PM1, PM2A O145 Bovine New Zealand stx2, eae, ehxA  

16ER0267A PM1+, PM2A+ O145:H2 Human Auckland, New Zealand stx1, eae, ehxA ε 

16ER0517A PM1+, PM2A O145:H2 Human Auckland, New Zealand stx1, eae, ehxA ε 

188B PM1 O145:H2 Bovine Taranaki, New Zealand eae, ehxA ε 

267P PM1+, PM2A O145:H2 Bovine Taranaki, New Zealand eae, ehxA ε 

54B PM1+ O145:H2 Bovine Taranaki, New Zealand eae, ehxA ε 

AGR718 PM1‡ O145:H46 Bovine Manawatu, New Zealand eae, ehxA  

ERL020412 PM1‡ O145:H- Human New Zealand eae, ehxA  

F5J PM1 O145 Environmental Waikato, New Zealand eae, ehxA  

H12ESR01231 PM1+, PM2A O145 Bovine New Zealand eae, ehxA  

H12ESR01387 PM1, PM2A O145 Bovine New Zealand stx2, eae, ehxA  

H12ESR03525 PM1, PM2A O145 Bovine New Zealand stx2, eae, ehxA  

P2B1 PM1+, PM2A O145 Environmental Waikato, New Zealand eae, ehxA  

R249-1 PM1+, PM2A+ O145:H34 Human Australia eae ι 

Trh30 PM1, PM2A O145:H- Human Norway eae, ehxA  

Trh42 PM1+, PM2A O145:H34 Human Norway eae ι 

Trh7 PM1, PM2A+ O145:H40 Human Norway eae β 

TW07865 PM1+, PM2A O145:H28 Human Germany stx2, eae, ehxA  

VC1281m PM1+, PM2A O145 Bovine Canterbury, New Zealand eae, ehxA  



149 

 

  

Strain MicroPlates† Serogroup Source Origin Virulence profile 
eae 

subtype 

VC1413m PM1+, PM2A+ O145 Bovine Southland, New Zealand stx2, eae, ehxA  

VC1506m PM1, PM2A O145 Bovine Southland, New Zealand eae, ehxA  

VC308m PM1+ O145 Bovine Northland, New Zealand eae, ehxA  

VC847m PM1 O145 Bovine 
Manawatu-Wellington, New 

Zealand 
eae, ehxA 

 

†: +, MicroPlates were completed in replicate 

    ‡: MicroPlates were completed in duplicate 
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Appendix I - Virulence factors identified from serogroup O145 whole genome sequence data in this study 

(n=53)† 

Isolate‡ 
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116B - - + + - + + + - + + + - + - + - - - - - + + + - - 

13ER3103A - + + - + + - + - - - + + - + + + - - - - + + + - + 

13ER4824 - + + - + + - + - + + + + - + + + - - - - + + + - + 

13ER5056 - + + - + + - + - - + + + - + + + - - - - + + + - + 

13ER5154 - + + - + + - + - + + + + - + + + - - - - + + + - + 

13ER5640 - + + - + + - + - + + + + - + + + - - - - + + + + + 

13ER6227 - - + - + + - + - - + + + - + + + - - - - + + + + + 

13ER6723A - + - - + - - - + + - - - - - - - - - - - - - - - - 

14ER2392 - + + - + + - + - - + + + - + + + - - - - + + + - + 

15ER2679 - - + - + + - + - + + + + - + + + - - - - + + + + + 

16ER0267A + - + + - + - + - + + + - + - + - - - - - + + + + - 

16ER0517A + - + + - + + + - + + + - + - + - - - - - + + + + - 

188B - - + - - + + + - + + + - + - + - - - - - + + + + - 

267P - - + + - + + + - + - + - + - + - - - - - + + + + - 

54B - - + + - + + + - + - + - + - + - - - - - + + + + - 

AGR718 - - + - + + + + - - - + - + + - - - - - - + + + - - 

ERL020412 - - + - - - + + - + - - - + + - - - - - - + + + - - 

ERL121829 - - + - + + - + - - + + + - + + + + + + + + + + - + 

ERL122034 - - + + - + + + - + + + - + - + - - - - - + + + - - 

F1 - - + - + + - + - - + + + - + + + - - - - + + + + + 

F5F - - + - + + - + - + + + + - + + + - - - - + + + - + 
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F5J - - + - + + - + - - + + + - + + + - - - - + + + - + 

FDE21 - - + - + + - + + - + + + - + + + - - - - + + + - + 

H12ESR01231 - - + - + + - + - + + + + - + + + - - - - + + + + + 

H12ESR01387 - + + - + + - + - - + + + - + + + - - - - + + + - + 

H12ESR01650 - - + - + + - + - - + + + - + + + - - - - + + + + + 

H12ESR03525 - + + - + + - + - - + + + - + + + - - - - + + + + + 

P2A1 - - + - + + - + - - + + + - + + + - - - - + + + + + 

P2B1 - - + - + + - + - - + + + - + + + - - - - + + + - + 

R249-1  - - - - + - - - + + - - - - - - - - - - - - + - - - 

Trh30 - - + - + + - + - - - + - - + + + - - - - + + + + + 

Trh42 - - - - - - - - + + - - - - - + - - - - - - + + - - 

Trh46 - - - - - - - - + + - - - - - - - - - - - - + + - - 

Trh7 - - - - - + - + - - - - - - - + - - - - - - + - - - 

TW07865 - + + - + + + + - - - + - + + - - - - - - + + + - - 

VC1048m - - + - + + - + - - - + - + + - - - - - - + + + + - 

VC1056m - - + - + + - + - - + + + - + + + - - - - + + + + + 

VC123n - - + - + + - + - - + + + - + + + - - - - + + + - + 

VC1281m - - + - + + - + - - + + + - + + + - - - - + + + - + 

VC1413m - + + - + + - + - - + + + - + + + - - - - + + + + + 

VC1506m - - + - + + - + - - + + + - + + + - - - - + + + - + 

VC194m - - + - + + - + - - + + + - + + + - - - - + + + - + 

VC237m - - - - + + - + - - + + - - + + - - - - - + + + + - 

VC237o - - - - + + - + - + + + - - + + - - - - - + + + + - 

VC308m - - + - + + - + - - + + + - + + + - - - - + + + - + 
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VC476m - - + - + + - + - - + + + - + + + - - - - + + + - + 

VC506m - - + - + + - + - + + + + - + + + - - - - + + + - + 

VC525m - - + - + + - + - - + + + - + + + - - - - + + + + + 

VC554m - - + - + + - + - - + + + - + + + - - - - + + + - + 

VC847m - - + - + + - + - - + + + - + + + - - - - + + + - + 

VC849m - - + - + + - + - - + + + - + + + - - - - + + + + + 

VC874o - - + - + + - + - - - + + - + + + - - - - + + + - + 

VC880m - - + - + + - + - - + + + - + + + - - - - + + + + + 
†: Virulence factors determined using the VirulenceFinder v1.5 from the CGE webserver [125]. 

‡: The genes eae, tir, gad and espA were present in all strains. 
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Appendix J - E. coli tRNA integration site for the locus for 

enterocyte effacement (LEE) pathogenicity island  

Isolate LEE insertion site† eae subtype 

Trh42 Leu‡ ι 

16ER0267A pheV ε 

ERL122034 pheV ε 

Trh30 pheV  

Trh7 pheV β 

VC847m pheV  

116B pheV ε 

188B pheV ε 

267P pheV ε 

54B pheV ε 

16ER0517A pheV ε 

13ER5154 selC  

13ER5056 selC  

TW07865 selC  

ERL020412 selC  

AGR718 selC  

Trh46 selC ι 

R2491 selC ι 

VC1281m selC  

VC874o selC  

VC1506m selC  

FDE2/1 selC  

P2B1 selC  

F1 selC  

VC1048m selC  

VC1056m selC  

VC237m selC  

VC237o selC  

VC506m selC  

VC880m selC  

VC1413m selC  

ERL121829 selC  

13ER6723A selC ι 

13ER3103A selC  

13ER5640 selC  

13ER6227 selC  

14ER2392 selC  

15ER2679 selC  

H12ESR01231 selC  

H12ESR03525 selC  

VC554m selC  

VC506m selC  
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Isolate LEE insertion site† eae subtype 

F5F -  

F5J -  

H12ESR01387 -  

H12ESR01650 -  

VC123n -  

P2A1 -  

VC194m -  

VC308m -  

VC476m -  

VC849m -  

VC525m -  

13ER4824 -  

†: -, LEE pathogenicity island integration site could not be precisely determined 

‡: The LEE pathogenicity island integration site could not be precisely determined, however, the 

LEE was located near the tRNA Leu gene
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Appendix K - Virulence factors identified from publicly available serogroup O145 whole genome sequence 

data (n=47)† 
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130322 - + + + - - + - + + + + - + + + + + + - + + 

132030 - + + + + - + - - + + + - + + + + + + - - + 

170303 - - - + - - - + + - - - - - - - - + - - - - 

173582 - + + + + - + - + - + + - + + - + + + - + + 

173758 + - + + + - + - + - + + - + + + + + + - + - 

182131 - - - - + - + - + - - - - - + - - + - - - - 

199816 - - - - + - - + + - - - - - - - - - - - - - 

2010C-3507 - + + + - - + - - + + + - + + - + + + - + + 

2010C-3508 - + + + + - + - - + + + - + + - + + + - + + 

2010C-3509 - + + + + - + - + + + + - + + - + + + - + + 

2010C-3510 - + + + + - + - + + + + - + + - + + + - + + 

2010C-3511 - + + + + - + - + + + + - + + - + + + - + + 

2010C-3516 - + + + + - + - + + + + - + + - + + + - + + 

2010C-3518 - + + + + - + - - + + + - + + - + + + - + + 

2010C-3521 - + + + + - + - + - + + - + + - + + + - + + 

2010C-3526 - + + + + - + - + + + + - + + - + + + - + + 

2012C-4474 - + + + + - + - + - + - - + + - + + + - + - 

2012C-4477 - + - + + - + - - - + - - + + - + + + - + - 

2012C-4478 - + - + + - + - + - + - - + + - + + + - + - 

2012C-4479 - + - + + - + - + - + - - + + - + + + - - - 
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2012C-4480 - + - + + - + - + - + - - + + - + + + - + - 

201499 - - - - + - - + + - - - - - - - - - - - - - 

203972 - - - + - - - + + - - - - - - - - + - - - + 

241761 - + + + + - + - - + + + - + + + + + + - - + 

241810 - - + + + - + - + - + + - + + + + + + - + + 

AA053 - - + + + - + - + - + - + + + + + + + + + + 

ewgs1003 - + + + + - + - - + + + - + + - + + + - + - 

FSIS1400369 + - + + + - + - - - + + - + + - + + + - - + 

FSIS1500788 - - + + + - + - + - + + - + + + + + + - + - 

FSIS1501198 + - + + + - + - + - + + - + + + + + + - + + 

FSIS1501717 + + + + + - + - + - + + - + + + + + + - + + 

FSIS1502535 + + + + + - + - + - + + - + + + + + + - - - 

FSIS1502550 + + + + + - + - + - + + - + + + + + + - + + 

FSIS1502554 + + + + + - + - - - + + - + + + + + + - + + 

FSIS1502976 + + - + + - + - - - + - - + + - + + + - + - 

FSIS1502978 + + + + + - + - + - + + - + + + + + + - + - 

FSIS1503305 + - + + + - + - + - + + - + + + + + + - + - 

FSIS1503307 - + + + + - + - + - + + - + + + +  + - + - 

FSIS1504619 + - + + + - + - + - + + - + + + + + + - - + 

FSIS1505314 - + + + + - + - - - + + - + + + + + + - - + 

FSIS1605419 - + + + + - + - + + + + - + + + + + + - + + 

FSIS1605420 - + + + + - + - + + + + - + + + + + + - - + 

MOD1-EC2002 + + + + + - + - + - + + - + + + + + + - + + 

MOD1-EC5842 - - - + + - + - - + + - - - + - + + + - + - 
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MOD1-EC6028 - + + + + + + - - - + - + + - - + + + - + - 

PNUSAE000756 - + + + + - + - + + + + - + + + + + + - + + 

PNUSAE001244 - + + + + - + - - + + - - + + + + + + - + - 
†: Virulence factors determined using the VirulenceFinder v1.5 from the CGE webserver [125]. 

‡: The genes eae, tir, gad and espA were present in all strains. The genes cba, mchB, mchC, mchF and mcmA were absent in all strains. 



158 

 

 

 


