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 Escherichia coli is a model organism for the scientific community but there are 
still numerous gaps in our knowledge, including its diversity within the gastrointestinal 
tract of dairy calves and those that survive within the farm microbiome. From this 
particular animal reservoir, E. coli can be transmitted into the food supply chain leading 
to human disease if pathogenic strains are ingested. The aim of this study was to 
determine if pathogenic strains of E. coli are common in calf fecal samples and if the 
calf’s diet and age plays a role in type and numbers of strains that are carried. Sixty-six 
isolates were recovered from five dairy calves ranging from 5 hours to 3 months old. 
Isolates were confirmed to be E. coli through protein fingerprinting profiles. The high-
quality bacterial genomes (n=38) were further examined for virulence factors and were 
classified into serogroups. These isolates displayed an average of seven different 
virulence factors per isolate genome. Select housekeeping genes were examined to 
determine isolate relatedness and genetic diversity.  Seven to nine main clusters of 
serotypes displayed together repeatedly. The occurrence of different E. coli populations 
corresponded to the 12 serogroup types observed. Nine isolates from one pre-weaned calf 
all serotyped as O145:H28, a putative human pathogen, and their genomic variation 
illustrated that these are most likely clonal. The occurrence of a pathogenic serotype is 
particularly significant, pointing to a potential super shedder that could contaminate an 
entire herd. While a majority of the isolates are predicted to be non-pathogenic, this 
highlights the diversity among E. coli strains even when calves are reared in the same 
environment. 
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Introduction 
 

 
Food Supply Chain Safety 
  

Dairy cows play a unique role in the food industry in that not only is their milk 

collected to produce dairy products, but these animals are also butchered once they are 

unable to effectively supply milk (Coleman, 2016, Korsak, 2017). This process enters 

these animals into the food chain and positions them in an exclusive category in terms of 

risk of passing their inherent microbial communities to other animals, crops, and humans. 

The cows can naturally increase this risk of microbial transmission through fecal 

excretion and subsequent contamination of milk and the environment around them or 

their handlers (Oliver, 2005, Perelle, 2007, Tauxe, 2002). If these routes are not 

recognized and remedied, bacterial contamination can easily move into consumable dairy 

and meat products. Certain pathogenic strains of Escherichia coli account for around 

2.6% of contamination incidence of minced meat and 4.8% of raw milk (Perelle, 2007).  

Global distribution of food products has drastically increased the rates of bacterial 

transmission due to different agricultural techniques used, making outbreaks more widely 

dispersed and therefore, more challenging to identify (Oliver, 2005, Tauxe, 2002). While 

many types of bacteria can pose a threat to human health, E. coli is one of the four most 

commonly isolated pathogens from a dairy farm (e.g. E. coli, Campylobacter jejuni, 

Listeria monocytogenes and Salmonella spp.) (Oliver, 2005). However, not all strains of 

E. coli lead to human disease, so it is important to understand which types do result in 
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human illness, how prevalent they are in dairy cows, and what factors influence the 

presence of pathogenic versus commensal strains. 

 

Transmission with a Farm Microbiome 

 
 Ruminants such as dairy cows are considered a major reservoir for numerous 

human pathogenic bacteria (Oliver, 2005, Perelle, 2007). On a dairy farm, the prevalence 

of foodborne pathogens and their diversity is influenced by several factors ranging from 

farm size, number and type of animals on site, farm management/hygiene practices, 

geographical location and time of year (Meale, 2016, Oliver, 2005). The combination of 

these factors presents numerous opportunities for pathogenic organisms to survive in the 

environment and can subsequently be transmitted within a herd of cattle. E. coli has many 

physiological mechanisms that allow it to survive in a farm microbiome, adapt, and 

ultimately thrive in this niche (Madoshi, 2016). The most virulent strains of E. coli 

possess mechanisms that allow effective colonization, followed by a secretion system that 

allows the insertion of toxins into the targeted host cell (Clements, 2012). E. coli 

O157:H7 has been known to survive for extended periods of time in water troughs, feed 

troughs, soil, feces, and of course, the cattle (and other mammals) themselves (Tauxe, 

2002). This naturally leads to a diverse community of E. coli strains prime for 

transmission and subsequently leading to numerous sources within the farm. Animals that 

harbor pathogenic strains of bacteria have the potential to be ‘super shedders’, that is, 

those that excrete higher levels of a particular strain (like E. coli O157:H7) for longer 

periods of time (e.g. weeks and months rather than a few days) due to colonization of that 
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organism in the animal’s terminal rectum (Chase-Topping, 2008, McCabe, 2018). There 

is still very limited knowledge as to what leads to this specific type of colonization.  

Most E. coli serotypes are commensal bacteria for cattle, naturally colonizing the 

rumen and gastrointestinal tract. When shed in the feces, these facultative anaerobes can 

contaminate the surrounding environment, contributing to the persistence of potential 

pathogens on the farm (Oliver, 2005). Many farms recycle their bovine feces, using it as 

fertilizer for their crops. If pathogenic bacteria are surviving in the feces, this can lead to 

contamination of the byproducts. Some crops are then used to feed the cattle, 

inadvertently re-inoculating the animals, and other crops are sent off for human 

consumption (Oliver, 2005). Additionally, when a cow is carrying pathogenic bacteria at 

the time it is slaughtered, this is yet another opportunity for transmission if the butcher 

does not use sterile instruments or is not careful in the slaughtering process (Oliver, 2005, 

Perelle, 2007, Tauxe, 2002). 

Alternatively, a dairy cow carrying pathogenic strains of bacteria can also 

transmit them through the milking process. Several aspects can contribute to 

contaminated milk, such as improper disinfection of the equipment used to milk the 

cows, or the containers used to store the milk that is awaiting processing. The process of 

pasteurization reduces the rates of transmission, and ultimately infection by pathogenic 

bacteria (Oliver, 2005, Perelle, 2007).  
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Bovine Microbiome Development 
 
 Cattle and their digestion systems have evolved to process complex plant polymers, 

such as cellulose or lignin. A full-grown adult cow typically eats mostly grass and hay, 

which are composed of polysaccharides like cellulose. Adult cows have a complex fore-

stomach system that passes food through the rumen, reticulum, omasum, and abomasum 

before it reaches the intestines (Li, 2010, Malmuthuge, 2015, Mayer, 2012). The digestion 

system of newborn calves, on the other hand, completely bypasses this stomach complex 

with the help of an esophageal groove - this allows the colostrum/milk to go directly to the 

abomasum. Once a calf is given solid food, like grains or grass, this activates the rumen 

and diverse microbial colonization occurs rapidly (Li, 2010, Meale, 2016). The complex 

process of digestion in ruminants relies on a healthy, diverse gut microbiome. Developing 

a successful healthy microbiome is influenced by many factors, including the surrounding 

environment and the calves’ diet. 

 A new calf is born with a starter microbiome - that is, three dominant bacterial 

phyla (Li, 2010, Meale, 2016, Yanez-Ruiz, 2015). These microbiome members are 

acquired through the birthing process. While the abundance of each phyla seems to vary 

by farm/location, most studies agree that the main three are Bacteroidetes, Firmicutes and 

Proteobacteria (Jami, 2013, Li, 2010, Meale, 2016). These three phyla fluctuate often 

throughout the first several weeks of life for the calf as new bacterial members are acquired 

(Li, 2010, Meale, 2016, Yanez-Ruiz, 2015). The calf obtains new members passively 

through interaction with its mother, other animals, soil, and plants (Jami, 2013, Li, 2010, 



5 

 

Yanez-Ruiz, 2015). The calf actively increases its own bacterial diversity, through diet 

shifts, once its rumen is activated (Jami, 2013, Meale, 2016, Yanez-Ruiz, 2015).  

For the first 4-7 weeks of life, a calf is considered pre-weaned and is kept separate 

from all cows other than its mother until it has been weaned from a liquid diet (Li, 2010, 

Meale, 2016). A pre-weaned diet indicates that the calf’s nourishment consists primarily 

of colostrum, milk from its mother, or a milk replacement. At this point, the new calf’s gut 

microbiome is slowly shifting and maturing as it acquires new organisms, but the biggest 

progression into a full-grown adult rumen occurs during the process of weaning. Slowly 

transitioning a calf from a liquid diet into solids, consisting of hay, grass, or grains, is a key 

process, allowing the rumen to activate and acclimate to new organisms from the new 

feedstock (Jami, 2013, Li, 2010, Yanez-Ruiz, 2015). Meale et al (2016) compared how 

different weaning strategies affect a calf’s gut microbiome, where they argue that weaning 

a calf too soon (i.e. 6 weeks or sooner) could have an impact on the development of their 

normal flora and ultimately their ability to effectively metabolize food. Early weaning not 

only has an impact on how the calf itself develops but it also plays a role in how its rumen 

develops. More specifically, this early weaning potentially increases the risk of illness for 

the calf, and ultimately, the carriage of pathogenic bacteria, like certain strains of E. coli 

(Li, 2010, Meale, 2016).  

It is well-established that pathogenic E. coli are more likely to be present in young, 

pre-weaned calves as a predominant component of their gut microbiome (De Schrijver, 

2008). Additionally, cattle that are considered ‘super shedders’ are most often younger than 

30 months old (McCabe, 2018). Pathogenic E. coli is naturally weaned out as the calf’s 
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rumen develops and its microbiome becomes more diverse (De Schrijver, 2008, Li, 2010, 

Meale, 2016). Pathogenic strains of E. coli do not typically dominate a farm or even a 

gastrointestinal environment. However, it only takes a few cells of the organism to lead to 

transmission and carriage with a herd and ultimately, to human disease (Li, 2010, Meale, 

2016). This is one of many reasons for so many stringent practices in place on farms, 

slaughterhouses and other establishments involved in food processing.  

 

Commensal Escherichia coli in Bovines 

 E. coli is a normal member of the gastrointestinal populace that colonizes all 

mammals (Clermont, 2015, Farrokh, 2013, Gomes, 2016). It is a member of 

Enterobacteriaceae family, and it can be found in several locations of the bovine 

gastrointestinal tract: duodenum, jejunum, ileum, cecum and colon (Mao, 2015). E. coli is 

more often a beneficial member of the gut microbiome community than a disease-causing 

pathogen (Madoshi, 2016). While the specific role of E. coli as a commensal member of a 

ruminant’s gut microbiome is not well-understood, it is known to protect against 

Staphylococcus aureus in the mammary glands of bovines (Bonsaglia, 2017). This points 

to the significant benefit commensal E. coli can be to its host. 

Cattle are, however, a well-known asymptomatic reservoir for human pathogenic 

E. coli strains belonging to the enterohemorrhagic E. coli (EHEC)/Shiga toxin E. coli 

(STEC) group (Jafari, 2013, Madoshi, 2016, Wahl, 2011). This group of pathogenic E. 

coli is known for causing bloody diarrhea, hemolytic uremic syndrome, and kidney 

failure due to the effect of the stx1 and stx2 genes (Eichhorn, 2015, Gomes, 2016). While 
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not harmful to the animal, these particular types of strains can be detrimental to humans. 

Conversely, there are serotypes that are harmful to calves, such as E. coli K99, that lead 

to diarrhea and ultimately, more fecal shedding (Cho, 2014).  

 
Escherichia coli: Basic Physiology and Biochemistry  

 E. coli is a highly diverse species of bacteria from the Proteobacteria phylum 

(Gordon, 2008, Lorenz, 2017, Lukjancenko, 2010). While most of the features that make 

strains unique are at the genomic level, many phenotypic features can appear identical.  

E. coli are classified as Gram-negative rods based upon the presence of an outer 

membrane. E. coli grows rapidly compared to other bacteria, with the growth doubling 

time of most strains less than 14 hours within a laboratory setting (Lukjancenko, 2010). 

This, in addition to the species’ ability to grow on a wide variety of carbon substrates (it 

favors glucose and lactose), has made it an easy choice for a model organism in the field 

of scientific research. This facultative anaerobe is known for its ability to carry out 

aerobic and anaerobic respiration and fermentation, making it the ‘jack of all trades’ of 

the microbial world (Lukjancenko, 2010). 

 

Classification of Escherichia coli  
 

Serotypes. Serotyping methods examine various bacterial antigens. In E. coli 

specifically, this includes three components associated with the outer membrane and 

protein appendages: O, H and K antigens. O antigens are classified most often by the wzx 

and wzy genes but wzm and wzt are also associated (Joensen, 2015). The O 

(oligosaccharide) antigen is located in the lipopolysaccharide layer of the outer 
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membrane of Gram-negative bacteria and are comprised of three to six sugar residues 

(Awram, 2001, Feng, 2005). This variability in number and type of sugar residues are 

what contributes to around 180 possibilities for E. coli O serotypes (Kozub-Witkowski, 

2007, Sharma, 2016, Tamura, 1996). The H antigen, on the other hand, is located on the 

bacterium’s flagella (Li, 2010, Wang, 2003). The flagellar filament is made up of a single 

protein called flagellin. The most common flagellar gene that is used for H serotyping, 

located in the central region of the flagellin, is fliC but the following genes can also be 

used: flkA, fllA, flmA, and flnA (Joensen, 2015). The genomic arrangement of these genes 

is what determines the H serotype (Wang, 2003). Currently, around 50 H antigens have 

been found for E. coli (Feng, 2005, Sharma, 2016, Tamura, 1996).  A third type of 

antigen sometimes used for serotype identification is the K antigen. K antigens are 

associated with the capsule that some E. coli may have but because not every variation of 

E. coli expresses a capsule, most studies only use O and H antigens (Feng, 2005, Joensen, 

2015, Wang, 2003). With O and H antigens, E. coli has hundreds of possible serotypes, 

which means that each strain has the potential to survive and lead to disease in a variety 

of forms (Paiva de Sousa, 2001). 

E. coli O157:H7 is the most well-known serotype of its species, due to how often 

it has been isolated in human disease and how serious the disease state can be (Karch, 

2001, Karmali, 2016, Steyert, 2012). Out of the remaining possible serotypes, the ‘Big 

Six’ is a group that contains the most commonly isolated, foodborne-related, non-O157 

pathogenic serotypes of E. coli that correspond with human illness. This group includes: 

O26:H11, O45:H2, O103:H11, O111, O121:H19, and O145. Some of these serotypes 
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have more than one pathogen-associated H antigen and therefore any serotype with that 

particular O antigen is treated as pathogenic (Wang, 2003). These ‘Big Six’ serotypes are 

part of a larger group called the STEC (Shiga toxin E. coli) pathotype (DebRoy, 2011, 

Noll, 2015, Paton, 1998).  

Pathotypes. Contrary to serotypes, pathotypes are based upon the number and 

type of virulence factors that the bacterium uses to colonize and potentially damage their 

host. Virulence factors are the genes necessary for an organism to cause disease. 

Functions of virulence factors range from stronger colonization to more potent damage to 

potential host cells or even other surrounding bacterial cells (Ansaruzzaman, 2007, 

Kozub-Witkowski, 2007, Servin, 2014,). Pathotypes are a way to categorize different 

strains of one organism into a group based upon the disease state inflicted onto its host 

(Eichhorn, 2015, Gomes, 2016, Hebbelstrup Jensen, 2014). There are currently seven 

commonly used pathotypes that pathogenic E. coli can be categorized in: enterotoxigenic 

E. coli (ETEC), enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC), 

enterohemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), diffusely adherent E. 

coli (DAEC) and uropathogenic E. coli (UPEC). EHEC is commonly associated with 

Shiga toxin E. coli, or STEC, which is the E. coli pathotype known for foodborne illness 

(Jenkins, 2003, Karch, 2001, Noll, 2015). Each of these pathotypes is not only associated 

with several virulence factors, but a few of those virulence genes are used to distinguish 

the pathotypes from one another. While a specific strain known for a certain disease state 

may not always affect its host in the same manner, serotypes and pathotypes are often 

correlated to help streamline treatment plans (Eichhorn, 2015, Jafari, 2013, Li, 2010).  
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Escherichia coli Virulence Factors 
 

All isolates of pathogenic E. coli carry a variety of virulence genes. The group and 

number of virulence factors a strain carries determines how potent it can be in terms of 

disease state (Budic, 2011, Le Bouguenec, 2005, Mainil, 2012). For the purpose of this 

research, virulence genes were placed into one of five different categories: adhesins, 

bacteriocins, toxins, secretion system or others.  

 Adhesins are responsible for attachment, either to a surface, or to the target cell 

membrane’s structural molecules, which aids the bacterium in colonization (Servin, 2014). 

This is accomplished with either fimbrial or afimbrial structures. Once they have attached, 

the pathogen is able to use its secretion system to interact with the target cell membrane in 

order to deliver proteins or toxins to the host cell (Le Bouguenec, 2005). This triggers a 

cascade of events that can ultimately lead to cell death. Intimin (eae) is classified as an 

adhesin used for attachment to host epithelial cells. The occurrence of this virulence factor 

is implicated in more serious cases of E. coli-associated diarrhea (Donnenberg, 1993, Fu, 

2018). Intimin is located on a pathogenicity island called Locus of Enterocyte Effacement 

(LEE) (Mainil, 2012). This indicates that this virulence factor is acquired by horizontal 

gene transfer. The occurrence of intimin appears to enhance the adhesion of other virulence 

genes (Le Bouguenec, 2005). Long polar fimbriae (lpfA) is a gene that leads to the 

production of enhanced fimbriae that aids in better adhesion to host cells. There are 

different types of lpfA and while the exact reason is still unknown, most of the variations 

of lpfA are almost always associated with eae (Torres, 2009). This category of virulence 
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factors is the most important - without adhesins, pathogenic bacteria cannot colonize as 

well or deliver some virulence factors, like toxins, to their target cell (Kumar, 2016). 

 Bacteriocins are a group of bacteria-produced toxins that target other bacteria, 

including those within the same species. These virulence factors are used to debilitate or 

eliminate competing strains (Budic, 2011). This category can be further divided by colicins 

and microcins, which are based upon molecular weight: 25-80 kDa and <10 kDa 

respectively (Budic, 2011). The gene, cba, is more commonly referred to as Colicin B. This 

plasmid-encoded protein forms pores in other E. coli strains, which alter the proper ion 

flux that cells need for survival (Johnson, 2006, Patzer, 2003, Schramm, 1987). Also 

encoded by a plasmid, celb is a cytotoxin sometimes referred to as Colicin E2. This colicin 

is considered a DNA endonuclease which means it cleaves the phosphodiester bonds of 

DNA and ultimately leads to cell death (Duche, 2006, Voorhorst, 1995). The mcmA gene 

encodes for an antibacterial peptide that uses a Trojan horse approach to kill other bacterial 

cells. It coats itself so that the host recognizes it as a siderophore (iron carrier) and lets it 

into the cell. The exact bactericidal mechanism once inside the cell is still unknown (Patzer, 

2003).  

 The toxins category can be broken down into oligopeptide toxins, AB toxins, and 

pore-forming toxins. Oligopeptide toxins are low molecular weight toxins that include 

heat-stable toxins like EAST1 (enterotoxin of enteroaggregative strains) encoded by the 

gene astA (Mainil, 2012) and Toxin B. While EAST-1 heat-stable toxin is considered a 

toxin, its virulence potential is not yet understood as it has been found in both ill and healthy 

individuals (Paiva de Sousa, 2001). Toxin B enhances adherence to host cells by promoting 
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the production and secretion of other Type III Secretion System (T3SS) proteins (Tozzoli, 

2005). AB toxins are comprised of an A subunit, which is the toxic component, and a B 

subunit, which is responsible for binding the entire toxin to the target cell membrane. Once 

bound, the A subunit releases from the B subunit, subsequently activating (Mainil, 2012). 

Shiga toxin (found in Escherichia coli O157:H7) is considered an AB toxin (Miri, 2017, 

Paton, 1998, Steyert, 2012). While some AB toxins are able to form pores, the Shiga toxin 

functions differently - once inside the cell, the A subunit inhibits host protein synthesis by 

cleaving the 28S RNA from the 60S subunit of the ribosome. This leads to a breakdown of 

the lining of blood vessels, hemorrhaging and ultimately, the token bloody diarrhea 

associated with this potent toxin (Gomes, 2016, Karch, 2001 Karmali, 2016). 

 The secretion system virulence category revolves around the T3SS. The Type III 

Secretion System is a complex mechanism that allows gram-negative bacteria to inject 

proteins into their targeted host cell (Crepin, 2005, Mundy, 2004, Taylor, 1998). The 

translocator protein EspA is the main, and sometimes only, component of the T3SS 

filament. This filament is used by the T3SS to force entry into another cell by crossing its 

membrane and then to subsequently delivers effector proteins into that cell (Crepin, 2005). 

Effector protein B (espB) is triggered by contact with the host cell and translocates into the 

host cell’s cytoplasm. Here, it is a key player in bacterial colonization and the lesion 

development (also referred to as attaching and effacing or A/E) that is characteristic of 

several types of diarrhea-associated E. coli infections (Taylor, 1998). The effector protein, 

espF, has been rightfully referred to as the ‘Swiss Army Knife’ of a bacterial pathogen, 

known to play several roles including: disruption of the epithelial barrier, anti-
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phagocytosis, microvilli effacement, host membrane remodeling, modulation of the 

cytoskeleton, targeting and disruption of the nucleolus, intermediate filament disruption, 

cell invasion, mitochondrial dysfunction, apoptosis, and inhibition of several important 

epithelial transporters (Holmes, 2010, Samba-Louaka, 2009). The prophage-encoded espI 

is a protease released through the T3SS and is most often associated with a more severe 

disease state along with the eae gene (see Adhesins) (Mundy, 2004). Effectors espJ and 

tccP play roles in enhanced colonization and are almost always found together as they are 

encoded on the same operon. Furthermore, are highly correlated with diarrhea in farm 

animals (Garmendia, 2005a, Garmendia, 2006b). Effectors nleA, nleB and nleC are all 

involved in restraining the host immune system. (Gao, 2013, Yen, 2015). The protein tir is 

moved into the host epithelial membrane with the help of espA and espB and is the cell 

surface receptor for eae (Abe, 2002, Crepin, 2005, Taylor, 1998).  

 There is an assortment of genes that either fit into several of the previous 

categories, or do not quite fit into any of them. Enterohemolysins form pores in red blood 

cells (Fu, 2018, Lorenz, 2016). The enterohemolysin, ehxA, is associated with diarrhea 

and HUS (hemolytic uremic syndrome). Glutamate dehydrogenase (gad) is responsible 

for protecting the bacterial cell against acidic environments by maintaining a neutral 

cytoplasmic pH. There are two isoenzymes of the gad gene and if the E. coli strain has 

both, the organism is able to survive in environments with a pH as low as 2 (Bergholz, 

2007). capU is a plasmid-encoded transferase that catalyzes the transfer of hexoses like 

glucose (Lima, 2013). The iron-regulated outer membrane protein iroN serves as a 

receptor for siderophores which effectively sequesters essential iron from the host 
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(Baumler, 1998, Johnson, 2008, Patzer, 2003). Increased serum survival, iss, is most 

often correlated with avian-directed pathogens and is known for increased resistance to 

host complement (Johnson, 2006, Johnson, 2008). The ABC transporter is made up of 

mchF, mchE and tolC and together, they transport microcins across the host (other 

bacterial species or even same species) cellular membrane (Azpiroz, 2001). Finally, tsh is 

an autotransporter that agglutinates host red blood cells preferentially around 26 ℃ 

(Brunder, 1997, Dozois, 2000, Johnson, 2008).  

 
Escherichia coli Comparative Genomics 
 
 E. coli is one of the most well-studied bacterial organisms - it is often used to 

study and experiment with genetic modifications and it has the highest number of 

individual genome sequences available of any bacterial species (Lukjancenko, 2010). The 

portion of any organism’s genome that is shared by all variations of its species is called 

the core genome (Lukjancenko, 2010). This is where housekeeping genes, that is, those 

required for basic cellular function, are found. These genes are essential for regulatory 

functions like energy metabolism (Lindsey, 2016, Lukjancenko, 2010). The accessory or 

variable genome, however, is unique to each individual strain. Any newly acquired genes 

are located here and they can potentially help an existing function become more potent or 

even give the bacterium new capabilities (Lindsey, 2016, Lukjancenko, 2010). The genes 

found here encode for specific adaptations like antibiotic resistance or virulence factors 

and are generally acquired from the environment or from other organisms through 
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horizontal gene transfer. This individually unique portion of the genome contributes to 

the widely diverse capabilities documented in E coli (Lukjancenko, 2010, Porse, 2017). 

Comparative genomics is a useful tool to compare several entire genomes for 

similarity (Dallmann, 2015, Lindsey, 2016, Porse, 2017). Comparative studies can 

identify any evolution such as horizontal gene transfers that have taken place between the 

strains and more specifically, verify if the strains originate from the same lineage 

(Dallmann, 2015, Porse, 2017). This is invaluable when sampling numerous genomes of 

the same strain and instrumental in investigating disease outbreaks. In a comparative 

genomic study, Lukjancenko et al (2010), determined that one genome contained about 

20% more nucleotides that were absent from another. This points to additional 

capabilities and potential pathogenicity that the latter did not possess. They also noted 

that the more genomes that are compared, the more the core genome drops in size, 

highlighting the broad set of functions available to E. coli to aid in the adaptation to many 

different environments (Lukjancenko, 2010). 

 

Multi-locus Sequence Typing (MLST) 

Multi-locus sequence typing (MLST) is a molecular method using select 

housekeeping genes from an organism’s core genome to determine relatedness among 

closely related taxa (e.g. genus or species). It was initially introduced during a pathogenic 

outbreak of Neisseria meningitidis in an effort to produce tangible data amidst a lack of 

phenotypic data (Adiri, 2003, Larsen, 2012, Pavon, 2009). The E. coli genes that are 

selected for the MLST method are established, predetermined sets of 5-10 key genes that 
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are conserved across an entire species. PubMLST is a source for housekeeping gene 

sequences for a wide variety of organisms (Jolley, 2018). This source points to two 

different sets of genes for E. coli to look at: the Warwick genes (adk, fumC, gyrB, icd, 

mdh, purA and recA) (Wirth, 2006) and the Pasteur genes (dinB, icdA, pabB, polB, uidA, 

putP, trpA and trpB) (Jaureguy, 2008). The MLST method is highly discriminatory, as 

the selected genes are only about 450-500 bp long and will have gone evolutionary 

changes which become apparent once the sequences are assembled into a phylogenetic 

tree (Adiri, 2003). For example, Lorenz et al (2017), used MLST to determine that two 

very similar strains of E. coli O145:H25 were not clonal and belonged to a new sequence 

typing (ST) group. 
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Project Framework 
 
 

 Extensive studies have been conducted with Escherichia coli in numerous 

capacities. Hundreds of serotypes have been identified including the well-known 

pathogen E. coli O157:H7. This particular serotype is well known for its ability to cause 

severe illness and even death. E. coli has been well studied in dairy calves, particularly as 

it relates to their weaning status. Pre-weaned calves are more likely to harbor pathogenic 

serotypes of E. coli than post-weaned due to the lack of microbial diversity within their 

immature rumen. This also leads to an increased risk of the calf being a ‘super shedder’, 

that is, an animal that excretes a higher-than-normal amount of one particular type of 

bacteria for a longer period of time. Even one pathogenic strain of E. coli becomes 

significant if it is shed from one calf and is subsequently passed along to other cows. To 

date, limited studies have examined the diversity of E. coli within a single animal, its 

fecal matter, and how these dominant types of E. coli are able to survive in a farm 

microbiome. Transmission routes include the cattle themselves (e.g. rumen), their feces, 

soil, and water and feed troughs. The hypothesis tested in the research is: pre-weaned calf 

isolates will present with more pathogenic strains of E. coli than post-weaned calves but 

there will still be diversity between the E. coli strains seen in all calves. 
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Project Objectives 
 
 

The main objective of this research was to determine how frequently pathogenic strains 

of E. coli occur in dairy calves and if their weaning status has any correlation. 

Specifically, this study addressed the following: 

1) Identify phenotypic differences in E. coli isolates between pre and post- 
weaned calves. 

 
2) Characterize serotype profiles from pre and post-weaned calves. 

 
3) Identify virulence factors from E. coli isolates. 

 
4) Assess relatedness and diversity of E. coli collection to understand farm  

transmission. 
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Material and Methods 
 
 

Escherichia coli Collection 
 

To locate E. coli strains, six bovine fecal specimens, collected from ground 

samples, were obtained from a small, closed pasture farm in Wisconsin. The sampled 

animals ranged from five hours old to four-and-a-half months old (Table 1). The calves 

were fed grain, milk and/or colostrum, a form of milk produced by the mammary glands 

of mammals in late pregnancy. All six calves were born to heifers, which is a term used 

to describe a cow that has passed the calf stage but has not yet reached the cow stage. A 

heifer is typically 10-24 months old and while still immature, can become pregnant 

(Fahey, 2017, Lonergan, 2016).  

 To isolate Escherichia coli from the collected samples, a 1.0-gram fecal sample 

was combined with 9.0 mL of nutrient broth (BD, Franklin Lakes, NJ). The tube was 

shaken vigorously for several minutes to break up the fecal material and then serially 

diluted (10 ˉ3 - 10 ˉ10). Dilutions were initially plated in triplicate on selective and 

differential m-TEC (BD, Franklin Lakes, NJ) and differential and general-purpose TSA 

plates (BD, Franklin Lakes, NJ) to isolate and quantify E. coli and other fecal bacteria. 

The subsequent dilutions in 1 mL eluent for each dilution factor were filtered through a 

HAWP filter (Sigma-Aldrich, St. Louis, MO) on to three plates per dilution: m-TEC (BD, 

Franklin Lakes, NJ), TSA plates (BD, Franklin Lakes, NJ) and CHROMAgar STEC, 

used to detect Shiga-toxin producing E. coli (Paris, France). These methods of selection 

yielded an initial collection of seventy-eight isolates of E. coli. 
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Sixty-eight pure isolates that were further analyzed ranged from 2-24 isolates per 

calf (Table 1). Forty-nine isolates had previously been whole genome sequenced by the 

Michigan Department of Agriculture and Rural Development, associated with Genome 

Tracker, and uploaded to NCBI’s BioProject site in November 2018 (Accession 

#PRJNA368991) (Appendix A). The isolates from Calf 1 were not sequenced and 

therefore were only phenotypically tested. 

Table 1 
 
Individual calf data including number of E. coli isolates from each calf. Heifer indicates 
this is the mother’s first newborn. All fecal samples collected on September 18, 2017. 
Environment indicates where the calf was kept at time of collection. 
 

Calf 
E. coli 

Isolates 
(n) 

Gender Environment Diet Mother Age of Calf 

1 2 Heifer Inside Grain Cow 4.5 months 

2 24 Heifer Inside Grain Cow 3 months 

4 6 Heifer Inside Milk only Cow 2 months 

5 16 Heifer Outside Milk/Colostrum Heifer 1 week 

6 15 Heifer Outside Milk/Grain Heifer 5 hours 

8 5 Heifer Outside Milk/Grain Heifer 2 weeks 

 
 
Phenotypic Analysis by Sugar Fermentation 
 
 The isolates were all initially analyzed for phenotypic characteristics to determine 

basic functionality and capability for each strain. These are usually relatively quick 

methods that can highlight differences between isolates early on. Each isolate was 
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initially evaluated with an oxidase test and lactose fermentation on MacConkey plates 

(BD, Franklin Lakes, NJ). Sugar fermentation was then tested with each of the 68 isolates 

in an effort to determine how each uniquely uses a variety of carbon sources. Ten 

different sugars were examined: arabinose, dulcitol, glucose, lactose, mannitol, 

rhamnose, sorbitol, sucrose, trehalose and xylose. Individual cultures (200 µL) were 

grown at 37 ℃ in a 96 well plate containing a suspension of 0.01µL loop of organism, 30 

µL of sterile deionized water, and 170 µL of phenol red base supplemented with each 

sugar (BD, Franklin Lakes, NJ). Each isolate was prepared with each sugar source, 

resulting in nine suspensions per isolate. The reference strain Escherichia coli K-12 

(Accession #PRJNA57779) and a row of blank wells were used as a positive and negative 

control, respectively. After 24 hours of growth, each well was observed for color 

changes. A yellow well indicated that the organism was able to ferment that particular 

carbon source. A red, pink or orange well indicates that the organism was not able to 

ferment that carbon source. Sorbitol fermentation was determined by the selective and 

differential media sorbitol MacConkey (SMac) (BD, Franklin Lakes, NJ). Each isolate 

was streaked for isolation on SMac plates and then observed for either pink fermented 

colonies, which is indicative of non-O157 E. coli or colorless, non-fermented colonies, 

which is indicative of E. coli O157:H7. 

 

Isolate Identification by Protein Profiles 

 Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) is a 

technology that is used for rapid identification of yeast and bacteria based upon their 



22 

 

protein content. Protein profiles are determined by MALDI-TOF analyzer and then 

compared to an established library for identification. Three to four isolated colonies from 

each isolate were selected from blood agar plates (Remel, San Diego, CA) after 24 hours 

of growth at 37℃. These colonies were applied to a designated spot on a target slide 

(Biomerieux, Marcy-l’Etoile, France). Then 1 µL of α-Cyano-4-hydroxycinnamic acid 

matrix was added to each spot on the slide and allowed to air dry (Mclean, 2018). Once 

dry, the target slide was loaded into the analyzer (Biomerieux Vitek MS, Marcy-l’Etoile, 

France). Each isolate was analyzed in triplicate to obtain 100 protein patterns per isolate. 

Isolates with 30 or fewer patterns were not resulted with protein peaks and therefore 

unable to be identified (Mclean, 2018). The protein peaks from each isolate were mapped 

onto a chromatogram and manually counted to determine the total number of peaks 

(Appendix B). A Research Use Only (RUO) software platform is available for more 

extensive analysis but this location did not have this version. The Biomerieux Vitek MS 

software provided a score (percentage) related to the isolate identity. 

 
Genome Assembly and Annotation 
 

Genome assembly and annotation were performed for the isolates to allow for 

further analysis of housekeeping genes, serotypes, and virulence genes. Forty-nine of the 

68 initial isolates were previously sequenced by the Michigan Department of Agriculture 

and Rural Development. The SRR accessions (Appendix A) associated with each isolate 

were obtained from NCBI’s BioProject (Accession #PRJNA368991). Raw sequence data 

was assembled by PATRIC through the Comprehensive Genome Analysis (CGA) tool 
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(Wattam, 2016). The CGA tool was initially run at its default settings. This included: 

BayesHammer run on each read, assembled with Velvet, IDBA and SPAdes and each 

subsequent assembly sorted by ARAST quality score (Wattam, 2016). This resulted in 33 

isolates with good quality genome sequences. In an attempt to increase this number, each 

genome was run through the CGA tool again with the MiSeq setting. This option 

includes: a run through Velvet with hash length of 35, a run through BayesHammer on 

reads, assembly with SPAdes with k (all possible subsequences from a read) up to 99 and 

each subsequent assembly sorted by ARAST quality score (Wattam, 2016). This 

increased the number of good quality isolates from 33 to 38. RAST (Rapid Annotation 

using Subsystem Technology) was used to annotate each isolate’s genome (Brettin, 2015, 

Overbeek, 2013).  

 
Identifying Serotypes and Virulence Factors 
 
 Identifying serotypes and virulence factors is necessary for determining the 

pathogenic (or commensal) status of each isolate. The final 38 good quality genomes 

were analyzed in the SeroType Finder tool through the Center for Genomic 

Epidemiology (CGE) (Joensen, 2015, Lindsey 2016). This tool identifies serotypes 

present in a genome by classifying O and H antigens based upon wzx/wzy and fliC genes, 

respectively. Serotypes are identified at a threshold for identification set at 85%, meaning 

only highly correlated matches above 85% would be reported, and a minimum length set 

at 60%, meaning the number of nucleotides that overlap a serotype gene must be a 

minimum of 60% coverage in order to count as a hit (Joensen, 2015).  
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Each isolate was also analyzed through the Virulence Finder tool. This program 

looked for 76 selected virulence factors in the E. coli database (Joensen, 2014). The 

parameters for this tool include a 90% threshold for identification and a 60% minimum 

length to count as a hit (Joensen, 2014). Each virulence factor found was then split into 

five categories for simplicity: adhesins, bacteriocins, toxins, secretion system, and others. 

 
Reference Strains for Genomic Comparison 
 

Reference strains were selected as quality control, or, a way to assess the outcome 

of the isolates. Reference strains are previously sequenced and identified genomes that 

are able to be further analyzed for housekeeping genes, serotypes and virulence factors, 

just like the isolates. To provide a non-E. coli perspective, Shigella flexneri 2a strain 301 

(GenBank Accessions AE005674 & AF386526) was chosen as an outgroup. It is also part 

of the Enterobacteriaceae family, like E. coli, yet still distantly removed from E. coli to 

more accurately display genetic differences between the isolates (Lukjancenko, 2010, 

Mellmann, 2008). Thirteen additional E. coli strains were chosen for reference; one non-

pathogenic strain (Escherichia coli K-12), the most well-known Shiga toxin Escherichia 

coli (STEC) strains (Gomes 2016, Karmali, 2016, Miri, 2017), and five additional O145 

strains, as outlined in Table 2. All of these selected reference isolates were located and 

examined in PATRIC (Uhlich, 2009) for consistency. 
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Table 2 
 
Reference strains used in this study. Data from each isolate collected from the 
PATRIC database. 
 

Strain Size (bp) G+C% 
Content 

Contigs 
(Number) 

Number of 
genes 
(CDS) 

GenBank Accession 

E. coli K-12 4621656 50.8% 1 4548 CP011343 
 

S. flexneri 2a str. 
301 

4828821 50.7% 2 5527 AE005674, AF386526 
 
 

E. coli O26:H11 
str. 11368 

 

5855531 50.6% 5 5986 AP010953, AP010955, 
AP010956, AP010954, 

AP010957 
 

E. coli O45:H2 
str. 01-31 

5235555 50.5% 251 5211 JHOA00000000 
 
 

E. coli O103:H2 
str. 12009 

5524860 50.6% 2 5604 AP010958, AP010959 
 
 

E. coli O111 str. 
RM9322 

5284381 50.6% 3 5680 CP028117, CP028118, 
CP028119 

 
E. coli O121 str. 

RM8352 
5474275 50.6% 2 5939 CP028110, CP028111 

 
 

E. coli O145:H28 
str. RM12581 

5737293 50.7% 3 5913 CP007136.1, CP007137.1, 
CP007138.1 

 
 

E. coli O157:H7 
str. FRIK2069 

5740824 50.5% 2 6101 CP015846, CP015847 
 
 

E. coli O145 NM 
str. 06-3484 

5217547 50.4% 192 5107 JHNN00000000 
 
 

E. coli O145 NM 
str. 08-4270 

5511816 50.3% 260 5474 JHKV00000000 
 
 

E. coli O145 NM 
str. 2010C-3511 

5375686 50.4% 222 5336 JHFS00000000 
 
 

E. coli O145:H25 
str. 07-3858 

5626191 50.6% 21 5898 JASO00000000 
 
 
 

E. coli O145 str. 
RM9872 

5475442 50.7% 2 5814 CP028379, CP028380 
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Gene Selection for Multi-locus Sequence Typing 
 
 Housekeeping genes were selected to compare isolate relatedness through multi-

locus sequence typing (MLST) analysis. The FASTA file for each genome was uploaded 

into Rapid Annotation using Subsystem Technology (RAST) (Brettin, 2015, Overbeek, 

2013) where they were annotated and maintained in a usable format to find each gene. 

RAST is an additional tool used to annotate genomes and streamline gene location. 

 
Multi-locus Sequence Typing: Sequence Alignment and Phylogenetic Tree Assembly 
 
 MLST is a method used to determine relatedness between strains. This is 

especially useful when looking at multiple strains of the same species. The genes that 

were selected for MLST analysis were based upon a combination of both Warwick and 

Pasteur schemes (Jaureguy, 2008, Wattam, 2016). The Warwick scheme includes the 

following genes: adk, fumC, gyrB, icd, mdh, purA, recA (Wirth, 2006). The Pasteur 

scheme includes the following genes: dinB, icd, pabB, polB, putP, trpA, trpB, uidA 

(Jaureguy, 2008). The initial 15 genes were reduced to nine due to lack or data and/or 

complete gene sequences for six genes (i.e. gyrB, pabB, putP, polB, uidA, icdA). Using 

the remaining nine genes, gene sequences from each isolate were aligned in a ClustalW 

multiple sequence alignment (Kumar, 2016), which included all other sequences of the 

same gene. Initially, single gene neighbor-joining trees were created for each gene 

alignment, one for each gene (adk, fumC, icd, mdh, purA, recA, dinB, trpA and trpB) in 

addition to all of the selected reference strains (Table 2). Multiple genes were the selected 

(trpA, fumC, icd, adk and purA) due to moderately high initial bootstrap values (≥ 75%) 
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to produce a concatenated tree. As with the single gene trees, the concatenated tree 

included an outgroup of Shigella flexneri 2a strain 301 and sequences from each of the 

previously mentioned reference Escherichia coli strains. Each gene was multiple 

sequence aligned initially in the native alignment algorithm of Geneious (BioMatters, 

New Zealand) with a default alignment setting of global alignment with free end gaps at a 

65% similarity cost matrix. Geneious was used to quickly ensure accuracy and to assess 

if any trimming or elimination of excess, or redundant, data needed to be done. 

Sequences were trimmed in Geneious and transferred to MEGA7 (Kumar, 2016) for final 

alignment by ClustalW with a gap opening penalty of 15, gap extension penalty of 6.66, 

DNA weight matrix of IUB and a transition weight of 0.5 (Kumar, 2016). Single or 

multiple gene trees were constructed using the following parameters: Tamura-Nei model, 

neighbor-joining and test of phylogeny using 1000 bootstraps. The neighbor-joining (NJ) 

method was used for phylogenetic inference and the Tamura–Nei method was used to 

estimate pairwise distances. Trees were exported to FigTree (Rambaut, 2010) for final 

aesthetic adjustments.  
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Results 
 
 

Phenotypic Analysis by Biochemical Testing and Sugar Fermentation 
 

Each of the original 68 isolates were first analyzed by the oxidase test and lactose 

fermentation with the expected established results of E. coli as negative and lactose-

fermenter, respectively. The oxidase test resulted as the expected negative of Escherichia 

coli. All isolates fermented the sugar lactose on MacConkey plates (BD, Franklin Lakes, 

NJ), which is commonly used to confirm their identity as E. coli. Two isolates were 

unable to ferment sorbitol, pointing to the possibility that they could be E. coli O157:H7.  

A table of the fermentation results from the 38 isolates was created (Table 3) to 

determine overall patterns. A total of nine fermentation patterns were determined for the 

isolate collection. All isolates from Calf 5 had an identical pattern, fermenting every 

sugar except dulcitol, sucrose and xylose. For the remaining eight fermentation patterns, 

each of the other calves (2,4,6,8) all had varying arrangements. The most common 

pattern observed was fermentation of all sugars except xylose with 39% (n=15) of 

isolates displaying fermentation of nine sugars. The second most dominant pattern was 

fermentation of all sugars except dulcitol, sucrose and xylose, with 29% (n=11) 

displaying fermentation of seven sugars. There were four patterns that did overlap 

between calves: 1) all sugars fermented but xylose (n=15), 2) all sugars fermented but 

dulcitol, sucrose and xylose (n=11), 3) all sugars fermented but dulcitol and xylose (n=5) 

and 4) all sugars fermented but rhamnose and xylose (n=2) (Table 3, Appendix C). 
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Table 3  
 
Sugar fermentation patterns by sugars not fermented, number of isolates with that 
pattern and from which calf the isolates came from. 
 

Sugars Not Fermented Isolate (n) Calf (%) 
Xylose 15 2 (54%), 6 (33%), 8 (13%) 

 
Dulcitol, Sucrose, Xylose 11 2 (9%), 4 (9%), 5 (82%) 

 
Dulcitol, Xylose 5 2 (20%), 6 (20%), 8 (60%) 

 
Rhamnose, Xylose 2 4 (50%), 6 (50%) 

 
Arabinose, Xylose 1 2 (100%) 

 
Sucrose, Xylose 1 2 (100%) 

 
Xylose, Sorbitol 1 6 (100%) 

 
Dulcitol, Xylose, Sorbitol 1 6 (100%) 

 
Dulcitol, Sucrose, Rhamnose, 

Xylose 
1 4 (100%) 

 
 
Protein Profile Identification 
 
 All 38 isolates were analyzed on the Biomerieux MALDI-TOF analyzer for at 

least three consecutive runs, but not all isolates produced chromatograms. Protein profiles 

led to confident identification for 34 of 38 isolates with a certainty rate of over 92%. 

Isolate 2-6-20 from Calf 2 only had one run with <40% identification of E. coli. Another 

isolate from Calf 2 (2-12-8) did not produce protein peaks for any of the three runs nor an 

identification. Calf 6 had two isolates, 6-39-4 and 6-45-1 that did not produce an 

identification or chromatograms. While these four isolates were lacking chromatograms, 

they still provided phenotypic and genomic data. Protein peaks in the chromatograms 



30 

 

ranged from 26-82.5 across the collection. No clear pattern emerged from the number of 

protein peaks, illustrating phenotypic variation in isolates across calves (Appendix B).  

 
Genome Assembly and Annotation 
 

The Comprehensive Genome Analysis (CGA) tool from PATRIC determined the 

quality of each genome based upon several factors including too many contigs, low fine 

consistency score, or low contig N50 minimum contig length needed to cover 50% of the 

genome) to name a few (Matamouros, 2018, Wattam, 2016). Two isolates that also did 

not identify on the MALDI analyzer (6-8-2 and 6-46-3) gave a poor-quality reading from 

PATRIC and were subsequently eliminated. The good quality rating decreased the total 

isolates included in subsequent analysis from 49 to 38 (Appendix A). The final contigs 

ranged from 72-868, illustrating these genomes did not assemble well, were incomplete, 

and/or had a low level of overall sequence coverage. 

 
Serotypes and Pathotypes 
  
 The SeroType Finder tool identified 12 different serotypes with the 38 isolates 

resulting over a 95% match to an assigned serotype (Table 4). Four serotypes dominated 

the collection: O145:H28 (n=9), O9:H19 (n=7), O8:H25 (n=5), and O21:H21/H54 (n=5). 

Some serotypes were detected in more than one calf. O8:H25 corresponded to isolates 

from both calf 6 and calf 8, whereas O9:H19 appeared to be more ubiquitous, 

corresponding to isolates from three calves (4, 6, and 8). Specifically, H32 defined 

isolates found in calves 2 and 6. Calf 2 had the most diverse group of serotypes, with 

isolates representing seven of 12 serotypes. Calf 6 also displayed variation with four 
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serotypes. The isolates from Calf 5 all resulted with the same serotype. Four isolates 

resulted with only the H antigen: H21 (n=1) and H32 (n=3) (Table 4). 

 Each of the serotypes were then correlated to pathotypes. Sixteen isolates 

corresponded to four established pathotypes (Table 5, Appendix D). The remaining 22 

isolates were not associated with a pathotype. Commensal strains of E. coli are typically 

not assigned a pathotype and therefore, these remaining isolates are presumed to be 

commensals. 

  



32 

 

Table 4 
 
Serotypes of 38 isolates from five calves as determined by the Center for 
Genomic Epidemiology (CGE) SeroTypeFinder tool. 
 

Serotype  
(n = total isolates) 

Total # of each 
serotype 

Serotype by Calf  
(n = # of isolates) 

O8:H25* 5 6(1), 8(4) 

O9:H17 2 2 

O9:H19* 7 4(1), 6(5), 8(1) 

O12:H25 1 2 

O21:H21/H54 5 2 

O21:H25 1 6 

O87:H12 1 2 

O128:H12 1 2 

O145:H28 9 5 

O160:H12 2 4 

O Unknown:H21 1 2 

O Unknown:H32* 3 2(1), 6(2) 

*Present in multiple calves 
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Table 5 
 
Serotype and pathotype correlations. Currently, commensal strains are not 
assigned a pathotype – this distinction denotes disease-causing pathogens. 
 

Serotype 
(Number of isolates) 

Pathotype Comments 

O21:H21 (5) EAEC (Mora, 2012) Both H21 & H54 
resulted for the same 5 

isolates (No other 
isolates resulted with 
two O or H antigens) 

 
O21:H54 (5) 

 
Unassigned* 

O12:H25 (1) Unassigned*  
 

H21 (1) 
 

Unassigned* 
 

Has been associated with 
several STEC O antigens 

(Croxen, 2013) 
O9:H17 (2) Unassigned* Has been associated with 

calf and lamb diarrhea 
(Bihannic, 2014) 

H32 (2) Unassigned* Has been associated with 
some O antigens 

implicated in bovine 
mastitis (Leimbach, 

2017) 
O87:H12 (1) Unassigned*  

 
O128:H12 (1) 

 
ETEC (Shaheen, 2004) 

 
O128:H2 is associated 
with EPEC (Shaheen, 

2004) 
O9:H19 (7) Unassigned*  

 
O160:H12 (2) 

 
Unassigned* 

 

 
O145:H28 (9) 

 
STEC/EHEC (Lorenz, 

2017) 

 

O8:H25 (6) Unassigned*  
 

O21:H25 (1) 
 

STEC/EHEC (Bai, 2016) 
 

* Currently unassigned to a pathotype but presumed to be commensal for the 
calf 
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Virulence Factors 
 
 Between all of the isolates, 31 virulence genes were discovered. Due to this large 

number, the genes were broken down into five categories based upon function. The 

virulence factors found for each isolate are listed in Appendix E. 

 Adhesins. Five genes were assigned to this functional category: eae, iha, lpfA, 

f17A and f17G. Nine isolates, all from Calf 5, possess the gene intimin (eae). The 

adherence protein, iha, was identified in ten isolates from calves 2, 4 and 5. Twenty-two 

isolates from every calf, with the exception of Calf 5, possess the long polar fimbriae 

(lpfA) gene. The fimbrial genes f17A and f17G were only found in two isolates from Calf 

2 and appeared together on both occasions (Table 6).  

 Bacteriocins. Four genes were assigned to this category: cba, celb, cma and 

mcmA. Colicin B (cba) and celb were found in a single isolate from Calf 2. Colicin M 

(cma) was also only found in one isolate in Calf 2 but it appeared alongside Colicin B in 

isolate 2-4-13. The antibacterial mcmA was found seven times in calves 4, 6, and 8 (Table 

7). 

 Toxins. Three genes were assigned to this category: astA, cif and toxB. Eleven 

isolates between calves 5 and 6 possess the EAST-1 heat-stable toxin (astA). Cycle-

inhibiting factor (cif) was found in the nine isolates from Calf 5. Six isolates, all from 

Calf 5, possess the Toxin B (toxB) gene (Table 8). 

Type III Secretion System. The largest virulence factor category, with ten genes, 

is involved with the Type III Secretion System (T3SS): espA, espB, espF, espI, espJ, 

nleA, nleB, nleC, tccP and tir. All ten virulence factors were found in all nine isolates 
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from Calf 5. The effector espI was additionally found in one isolate from Calf 2 (2-13-8) 

(Table 9). 

Others. Nine genes were assigned to this category as they either fit into more 

than one category or none of the previously mentioned categories: capU, ehxA, espP, 

gad, iroN, iss, katP, mchF and tsh. Enterohemolysin (ehxA) was present in 8 out of 9 

isolates from Calf 5. Serine protease espP was found in two calves: eight isolates from 

Calf 5 and five isolates from Calf 6. The iron-regulated protein IroN was found in three 

calves: two isolates from Calf 2, two isolates from Calf 6, and four isolates from Calf 8. 

The increased serum survival gene (iss) was found in every calf: five isolates from Calf 2, 

all three isolates from Calf 4, eight isolates from Calf 5, all nine isolates from Calf 6, and 

all five isolates from Calf 8. Catalase peroxidase katP was only found in Calf 5 (n=8) 

(Table 10). 
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Table 6 
 
Virulence genes from the adhesin category, their function, and presence or 
absence in each calf. 
 
 Calf Number (%) 
Virulence 

Gene 
Function 2 

(n = 12) 
4 

(n = 3) 
5 

(n = 9) 
6 

(n = 9) 
8 

(n = 5) 
eae Intimin * * 9 

(100%) 
* * 

 
Iha Adherence 

protein 
1 

(8%) 
* 9 

(100%) 
* * 

 
lpfA Long polar 

fimbriae 
9 

(75%) 
1 

(33%) 
* 7 

(78%) 
5 

(100%) 
 
 

f17A Fimbrial protein 
precursor 

2 
(17%) 

* * * * 
 
 

f17G Fimbrial protein 2 
(17%) 

* * * * 

* Not detected in genomic data 
 
 
Table 7 
 
Virulence genes from the bacteriocin category, their function, and presence or 
absence in each calf. 
 
 Calf Number (%) 
Virulence 

Gene 
Function 2 

(n = 12) 
4 

(n = 3) 
5 

(n = 9) 
6 

(n = 9) 
8 

(n = 5) 
cba Colicin B 1 

(8%) 
* * * * 

 
celb Endonuclease colicin 

E2 
1 

(8%) 
* * * * 

 
cma Colicin M 1 

(8%) 
* * * * 

 
mcmA Microcin M part of 

colicin H 
* 1 

(33%) 
* 5 

(56%) 
1 

(20%) 
* Not detected in genomic data 

  



37 

 

Table 8 
 
Virulence genes from the toxin category, their function, and presence or 
absence in each calf. 
 
 Calf Number (%) 
Virulence 

Gene 
Function 2 

(n = 12) 
4 

(n = 
3) 

5 
(n = 9) 

6 
(n = 9) 

8 
(n = 
5) 

astA EAST-1 heat-
stable toxin 

* * 9 
(100%) 

2 
(22%) 

* 
 

cif Type III secreted 
effector 

* * 9 
(100%) 

* * 
 

 
toxB 

 
Toxin B 

* * 6 
(67%) 

* * 

* Not detected in genomic data 
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Table 9 
 
Virulence genes from the secretion system category, their function, and presence or 
absence in each calf. 
 
 Calf Number (%) 
Virulence 

Gene 
Function 2 

(n – 12) 
4 

(n = 3) 
5 

(n = 9) 
6 

(n = 9) 
8 

(n = 5) 
espA Type III secretions 

system 
* * 9 

(100%) 
* * 

 
espB Secreted protein B * * 9 

(100%) 
* * 

 
espF Type III secretion 

system 
* * 9 

(100%) 
* * 

 
espI Serine protease 

autotransporters of 
Enterobacteriaceae 

(SPATE) 

1 
(8%) 

* 9 
(100%) 

* * 
 
 
 

espJ Prophage-encoded 
type III secretion 
system effector 

* * 9 
(100%) 

* * 
 
 

nleA Non-LEE encoded 
effector A 

* * 9 
(100%) 

* * 
 

nleB Non-LEE encoded 
effector B 

* * 9 
(100%) 

* * 
 

nleC Non-LEE encoded 
effector C 

* * 9 
(100%) 

* * 
 

tccP Tir-cytoskeleton 
coupling protein 

* * 9 
(100%) 

* * 
 
 

tir Translocated intimin 
receptor protein 

* * 9 
(100%) 

* * 

* Not detected in genomic data 
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Table 10 
 
Virulence genes from the others category, their function, and presence or 
absence in each calf. 
 
 Calf Number (%) 
Virulence 

Gene 
Function 2 

(n = 12) 
4 

(n = 3) 
5 

(n = 9) 
6 

(n = 9) 
8 

(n = 5) 
capU Hexosyltrans-

ferase 
homolog 

1 (8%) * * 2 (22%) * 
 

ehxA Enterohemo-
lysin 

* * 8 
(87%) 

* * 
 

espP Extracellular 
serine 

protease 
plasmid-
encoded 

* * 8 
(89%) 

5 (56%) * 
 
 

gad Glutamate 
decarboxylase 

12 
(100%) 

3 
(100%) 

9 
(100%) 

9 
(100%) 

5 
(100%) 

 
iroN Enterobactin 

siderophore 
receptor 
protein 

2 (17%) * * 1 (11%) 4 
(80%) 

iss Increased 
serum 

survival 

5 (42%) 3 
(100%) 

9 
(100%) 

9 
(100%) 

5 
(100%) 

tccP Plasmid-
encoded 
catalase 

peroxidase 

* * 8 
(89%) 

* * 
 
 

mchF ABC 
transporter 

MchF 

2 (17%) * * 1 (11%) 4 
(80%) 

tsh Temperature-
sensitive 

hemagglutinin 

* * * 1 (11%) 4 
(80%) 

 
* Not detected in genomic data 
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Genetic Relatedness as Determined by Multi-locus Sequence Typing 
 
 The five selected housekeeping genes (Appendix F) were used to understand 

genetic relatedness. Individual gene trees were created for the following genes: adk, 

fumC, icd, purA and trpA (Appendices G-K). These five genes were then used to generate 

a concatenated multiple gene tree. In this tree, the same serotypes grouped similarly, but 

they were further distributed into nine groups (Figure 1). While there were variations in 

bootstrap values and slight variations in location of the ‘singleton’ isolates (a single 

isolate associated with a particular serotype), there were five to six E. coli clusters 

observed on each phylogenetic tree. The main clusters that consistently show up in each 

tree include: 1) O21:H21/54, 2) O145:H28 with five O145 reference strains (O145:H28 

str. RM12581, O145 NM str. 06-3484, O145 NM str. 08-4270,  O145 NM str. 2010C-

3511, and O145 str. RM9872 ), 3) O9:H19, 4) O160:H12 (singleton O87:H12 often 

clusters with this serotype), 5) H32, 6) O9:H17 (singleton O21H25 often clusters with 

this serotype), and 7) O8:H25. The previously mentioned five reference strains always 

clustered with the O145:H28 isolates from Calf 5. Reference strain O145:H25 was 

always alone with one exception: in the icd tree it was a 100% match to isolate 2-4-

13EcoliH21. Reference strains O26:H11 str. 11368, O45:H2 str. 01-3147, O103:H2 str. 

12009 and O111 str. RM9322 had varying locations in each tree and reference strain 

O121 str. RM8352 was alone in every tree. 

  



41 

 

 
 
Figure 1. Rooted tree of the concatenated nucleotide sequences of five housekeeping 
genes (adk, fumC, icd, purA, and trpA) of all 38 E. coli isolates in addition to 14 
reference strains. Bootstrap percentages retrieved in 1,000 replications shown at the 
nodes. The scale bar (0.002) indicates the number of nucleotide substitutions per site. 
Data for E. coli isolates were collected from RAST and data for all reference strains were 
collected from the PATRIC database. Four isolates highlighted in grey represent the 
isolates that resulted with a low/no identity and chromatogram on the MALDI-TOF 
analyzer. Each colored dot represents a different sugar fermentation pattern indicated in 
the legend.  
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Discussion 
 

The overall hypothesis was to determine how frequently pathogenic strains of E. 

coli occur in dairy calves and if the weaning status of the calves had any correlation. Out 

of all the pathotypes found, Calf 5 had nine and Calf 6 had three, resulting in the pre-

weaned calves having 12 total pathogenic serotypes (human and ruminant). The only 

pathogenic serotypes found in post-weaned calves were all in Calf 2, with nine total 

between human and ruminant serotypes. While the pre-weaned calves had more 

pathotypes overall present, the post-weaned calves had a higher than expected amount. It 

is also important to remember the number of isolates available for each calf: Calf 2 had 

12 isolates, Calf 4 had 3, Calf 5 and 6 had 9 isolates, and Calf 8 had 5 isolates. This 

variation in total number of isolates per calf could play a role in the frequency of 

pathogens present. 

 The next task was to identify phenotypic differences between the pre and post-

weaned calves. There are clear variations in phenotype between isolates. There were nine 

total sugar fermentation patterns, yet the only pattern associated with either a calf or a 

serotype was that observed in the nine isolates from Calf 5. Five out of nine sugar 

fermentation patterns overlapped between calves and serotypes. While these results 

provided an interesting look at the diversity of E. coli, the contributions to the overall 

project goals were minimal as the clear answers to the research goals were provided by 

genotypic testing. The availability of carbon sources and competition with other 

organisms for those sources can affect how strains of E. coli are able to survive. 

Seasonality, temperature, and any chemicals or antibiotics present can also play a role in 
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what abilities each isolate has and ultimately, which carbon sources they are able to 

ferment (Clermont, 2015, Mellmann, 2008, Wahl, 2011). The analysis with the MALDI-

TOF analyzer was beneficial for confirming the identity of most isolates but without the 

RUO (Research Use Only) version of software, it was impossible to accurately analyze 

differences in either the number or height of peaks between all the isolates. These 

phenotypic results for the isolates are invaluable for clinical/epidemiological analysis and 

overall characterization but it does not accurately reflect genetic relatedness or 

pathogenic potential like genomic analysis. Two isolates (6-9-3 and 6-40-2) displayed 

colorless colonies on sorbitol MacConkey plates which is typically indicative of 

O157:H7, however, their serotype resulted as O9:H19, an unassigned, presumably 

commensal type of E. coli. This demonstrates that there is not one completely accurate 

method to detect the O157:H7 serotype. One isolate (2-6-20) resulted in a very low 

confidence of E. coli identification on the MALDI-TOF analyzer. Three isolates did not 

result in a chromatogram nor an identification on this analyzer, yet all four isolates were 

able to be analyzed with the genotypic testing and all serotyped as commensal strains. 

This strongly points to the possibility that this specific library is only supplied with 

clinically relevant strain information, potentially missing environmentally significant 

strains. Commensal bacteria are essential for the animal to effectively process food, 

combat potential infections, and promote health and milk production.  

The next goal was to characterize the serotype profiles between the pre and post-

weaned calves. A majority of the isolates (23/38) did not type with a pathogenic serotype 

and therefore are presumed to be commensal strains of E. coli for the calves. Pathotypes 
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are reserved for pathogenic strains of bacteria so there is currently no way to categorize 

commensal strains past a serotype. Out of the 12 serotypes associated with the isolates, 

nine are not associated with any pathogens. This is an expected result as most bacterial 

organisms present in warm-blooded mammals are not only harmless to humans but 

beneficial for the animals themselves (Lorenz, 2017, Madoshi, 2016, Oliver, 2005). 

Despite most of the isolates typing as harmless strains of E. coli, there was still a much 

larger presence of isolates considered pathogens than expected. Four isolates typed 

between two serotypes are associated with bovine pathogens and 16 isolates typed 

between four serotypes that are associated with pathogenic pathotypes that affect humans. 

Serotype H32 is often associated with bovine mastitis and O9:H17 is associated with 

ruminant diarrhea. While not harmful to humans, these serotypes have the potential to 

cause disease for the calf, which in turn could be transmitted to other animals on the 

farm. Two isolates from Calf 6 and one isolate from Calf 2 typed as H32. Two isolates 

from Calf 2 typed as O9:H17. Six isolates associated with human pathotypes were from 

post-weaned Calf 2 and 10 isolates came from pre-weaned Calf 5 and Calf 6. Nine of the 

ten isolates from the pre-weaned calves came from Calf 5 and all serotyped as O145:H28. 

All pathogenic serotypes either came from Calf 2, 5, or 6. 

The next task was to identify virulence factors. There were 31 total virulence 

genes found between the 38 isolates. These virulence factors were organized into 5 

different categories based upon function. There were not clear patterns between any of 

the isolates apart from the isolates from Calf 5. There were a few variations in three 

isolates from this calf (5-7-1, 5-10-1 and 5-12-1). This could point to non-clonal strains 
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but without having complete genome sequences for all isolates, it is difficult to 

confidently say either way. 

The final goal for this project was to assess the relatedness and diversity of the 

entire E. coli collection in order to better understand bacterial transmission within the 

farm microbiome. The six different phylogenetic trees repeatedly show the same 6 to 7 

clusters in each figure, with five singletons. Analyzing each tree shows some similarity 

between a singleton and a particular cluster (e.g. isolate 2-2-18EcoliO12H25 sits alone in 

5 out of 6 trees yet it shows an affinity for the H32 and O160:H12 serotypes), but the 

patterns are too inconsistent to derive any pertinent information. The main clusters that 

consistently show up in each tree include: 1) O21:H21/54, 2) O145:H28 with five O145 

reference strains (O145:H28 str. RM12581, O145 NM str. 06-3484, O145 NM str. 08-

4270,  O145 NM str. 2010C-3511, and O145 str. RM9872 ), 3) O9:H19, 4) O160:H12 

(singleton O87:H12 often clusters with this serotype), 5) H32, 6) O9:H17 (singleton 

O21H25 often clusters with this serotype), and 7) O8:H25. The previously mentioned 

five reference strains always clustered with the O145:H28 isolates from Calf 5. Reference 

strain O145:H25 was always alone with one exception: in the icd tree it was a 100% 

match to isolate 2-4-13EcoliH21. Reference strains O26:H11 str. 11368, O45:H2 str. 01-

3147, O103:H2 str. 12009 and O111 str. RM9322 had varying locations in each tree and 

reference strain O121 str. RM8352 was alone in every tree. Looking specifically at 

Figure 6, there are four clusters that overlap between calves, one between pre-weaned 

calves, one between post-weaned calves and the other two clusters between pre and post-

weaned calves. Pre-weaned calves are usually isolated from the rest of the herd until they 
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are weaned so theoretically, there shouldn’t be overlap between pre-weaned calves, let 

alone pre and post-weaned calves. This demonstrates that bacterial communities are 

easily shared within the farm despite isolation measures. Finally, in Figure 6, the sugar 

patterns have been overlaid to assess any correlations. Isolate 6-24-2 (Serotype O21:H25) 

and two isolates, 2-6-20 and 2-12-18 that serotyped O9:H17 had identical sugar patterns, 

fermenting every sugar except xylose. Each of the isolates from Calf 5 had an identical 

sugar fermentation pattern, fermenting every sugar except dulcitol, sucrose and xylose, 

otherwise, no other sugar patterns correlated with serotypes or locations on the trees. 

While a bacterium’s ability to ferment certain sugars is more likely to change as it 

acquires new genes from the environment, this again, reinforces how transmissible and 

diverse the E. coli isolates and their abilities are. 

The nine isolates from Calf 5 displayed the most unique data throughout each 

methodology. The sugar patterns are identical, their virulence factor patterns are almost 

identical, and they cluster together in every phylogenetic tree with >86% bootstrap value. 

What is most significant about this group of isolates is typing as E. coli O145:H28. It is 

the only calf to have matching sero/pathotypes for all isolates and this serotype is a part 

of the ‘Big Six’ non-O157 human pathogenic strains. Because this is a pre-weaned calf, 

one week old at the time of collection, the calf was isolated from all other animals on the 

farm (besides its mother) until it was weaned. Depending on how numerous and 

persistent the colonization of this serotype of E. coli is in this particular calf once it has 

been weaned, it could possibly classify it as a ‘super shedder’. Compared to the number 

of same serotypes seen in other calves, Calf 5 has a higher presence of this one serotype. 



47 

 

While no other calves have this particular serotype, it could easily be transmitted to other 

animals on the farm, perpetuating the shedding and potential contamination of the 

environment, milk products or crops.  

 While the pre-weaned calves did indeed possess more pathogenic strains of E. 

coli than the post-weaned calves, it is important to remember than pre-weaned calves are 

isolated from the other cows on the farm. This common practice of isolating pre-weaned 

calves prevents most avenues of transmission from happening, however, there is still the 

chance that the calf shed this pathogen into its surrounding stall and/or passed it along 

through its mother (Madoshi, 2016, Oliver, 2005, Perelle, 2007). While isolation does not 

eliminate the risk of bacterial transmission to other animals, crops or even humans, it 

does significantly reduce it. It is significant, however, that there is a human pathogen 

from the ‘Big Six’ present in Calf 5. This calls for an opportunity to monitor calves in 

this situation to verify that they naturally rid themselves of strains like this through the 

process of weaning before they are exposed to the rest of the herd and humans. Notably, 

the post-weaned Calf 2 has already been incorporated into the herd, yet it carries six 

known human pathogen isolates and three pathogens harmful to its herd. The methods of 

sugar fermentation, virulence factors, serotyping and phylogenetic trees all show overlap 

from Calf 2 into the other calves. This demonstrates how easily genes, bacteria, and 

bacterial capabilities are shared in a farm microbiome. 
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APPENDIX A 
 

E. coli isolates analyzed in this study  
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E. coli isolates analyzed in this study. PATRIC quality determined by annotation 
statistics and a comparison to other genomes in PATRIC within this same species. 
Reasoning for a “poor” quality rating include one or more of the following: Low 
contig N50, High contig L50, Too many contigs, Abnormal CDS ratio, Low 
CheckM completeness score, or Low Fine consistency score. 
 

Strain Size (bp) 
G+C % 
Content 

 Contigs 
(Number) 

Number of 
genes 
(CDS) 

PATRIC  
Quality 

CFSAN 
Accession 

SRR   
Accession 

SAMN 
Accession 

MU2-1-24 4588740 50.44% 868 5434 Good 080030 7064556 8963777 
MU2-2-18 4856570 50.53% 588 5362 Good 080030 7064582 8963780 
MU2-4-13 4879106 50.65% 141 4896 Good 080038 7231580 8963779 
MU2-4-24 4626106 50.64% 491 4959  Good 080039 7064585 8963786 
MU2-5-10 4701436 50.79% 63 4607 Good 080040 7638088 8963788 
MU2-5-17 4618715 50.53% 867 5387 Good 080041 7064624 8963855 
MU2-6-20 5040179 50.80% 152 5081  Good 080042 7647877 8963853 
MU2-6-24 4700502 20.78% 73 4627 Good 080043 7608311 8963859 
MU2-8-18 4722282 50.62% 115 4627 Good 080045 7647876 8963873 
MU2-8-20 5019802 50.74% 230 5122 Good 080046 7064595 8963883 

MU2-10-20 4377553 50.38% 1058 5382 Poor 080026 7647865 8963879 
MU2-11-8 4473957 50.18% 1250 5677 Poor 080028 7647857 8963775 

MU2-12-18 5020185 50.76% 201 5099 Good 080029 7638129 8963766 
MU2-13-8 4627727 50.66% 73 4580 Good 080031 7638035 8963783 

MU2-20-18 4767622 50.71% 166 4784 Good 080033 7638247 8963781 
MU4-4-2 5202902 80.81% 230 5302 Good 080052 7227797 8963844 

MU4-20-2 4171658 49.39% 1852 6199 Poor 080049 7231581 8963848 
MU4-22-2 4869448 50.60% 154 4864 Good 080050 7186449 8963849 
MU4-23-2 4479666 50.16% 997 5511  Poor 080051 7227111 8963850 

MU4-16-22 4878468 50.62% 142 4865 Good 080047 7638034 8963851 
MU5-2-1 5493761 50.44% 294 5816  Good 80060 7185129 8963889 
MU5-4-1 5435903 50.44% 309 5753  Good 080064 7186371 8963862 
MU5-5-1 5486973 50.44% 289 5795 Good 080065 7186259 8963845 
MU5-6-1 5434522 50.44% 292 5734 Good 080066 7186261 8963843 
MU5-7-1 5358367 50.20% 753 6220  Good 080067 7186374 8963863 

MU5-10-1 5309847 50.36% 463 5816 Good 080053 7186254 8963861 
MU5-12-1 5491893 50.46% 307 5831 Good 080054 7186105 8963860 
MU5-14-1 5491035 50.44% 303 5821 Good 080056 7186445 8963880 
MU5-16-1 7900301 50.31% 5424 12571  Poor 080058 7186450 8963865 
MU5-22-1 5384527 50.21% 764 6279 Good 080061 7185126 8963881 
MU5-23-1 7900301 50.31% 5424 12571 Poor 080062 7186450 8963869 
MU6-5-2 4672436 50.44% 706 5312 Good 080078 7227122 8963856 
MU6-6-3 4437237 49.82% 1937 6570 Poor 080079 7229183 8963854 
MU6-8-2 4899023 50.74% 239 5020 Poor 080081 7647947 8963886 
MU6-9-3 5248067 50.61% 507 5693 Good 080082 7229687 8963875 
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Strain Size (bp) 
G+C % 
Content 

 Contigs 
(Number) 

Number of 
genes 
(CDS) 

PATRIC  
Quality 

CFSAN 
Accession 

SRR   
Accession 

SAMN 
Accession 

E. coli isolates analyzed in this study. PATRIC quality determined by annotation 
statistics and a comparison to other genomes in PATRIC within this same 
species. 
 
MU6-16-1 4306822 49.76% 1444 5927 Poor 080068 7647868 8963778 

MU6-30-4 5112954 50.64% 590 5558 Good 080070 7226970 8963772 
MU6-39-4 4801971 50.49% 816 5603 Good 080071 7647900 8963774 
MU6-40-2 5519848 50.64% 363 5776 Good 080072 7227579 8963789 
MU6-45-1 5317308 50.77% 264 5476  Good 080074 7231577 8963770 
MU6-46-3 4648350 50.17% 1486 6213 Poor 080076 7647920 8963768 
MU6-5-1 5286941 50.69% 344 5531 Good 080077 7647867 8963767 

MU6-24-2 5188046 50.56% 266 5448 Good 080069 7230146 8963776 
MU6-46-1 4750085 50.67% 104 4699 Good 080075 7227917 8963769 
MU8-1-2 4888628 50.71% 361 5135 Good 080083 7228039 8963885 
MU8-2-2 5198868 50.80% 241 5301 Good 080085 7229584 8963785 
MU8-4-3 4728166 50.37% 962 5666 Good 080086 7232986 8963763 

MU8-14-3 4913841 50.76% 227 4985 Good 080084 7232988 8963764 
MU8-49-3 4898862 50.75% 216 5005 Good 080087 7064596 8963784 
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APPENDIX B 
 

Average number of peaks and standard deviation (SD) 
per isolate 
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APPENDIX C 
 

Fermentation patterns of 10 sugars by E. coli isolates 
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Calf 
(n = isolates) 

Sugars 
Fermented 

(n) 

Isolates 
n (%) 

Phenotypic 
Variation 

2 
(n = 12) 

9 8 (67%) 1 pattern 

8 3 (25%) 3 different patterns 

7 1 (8%) 1 pattern 

4 
(n =3) 

8 1 (33%) 1 pattern 

7 1 (33%) 1 pattern 

6 1 (33%) 1 pattern 

5 
(n = 9) 

7 9 (100%) 1 pattern 

6 
(n = 9) 

9 5 (56%) 1 pattern 

8 3 (33%) 3 different patterns 

7 1 (11%) 1 pattern 

8 
(n = 5) 

9 2 (40%) 1 pattern 

8 3 (60%) 1 pattern 

Sugars tested: Dulcitol, mannitol, lactose, trehalose, sucrose, arabinose, glucose, 
rhamnose, xylose and sorbitol. 
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APPENDIX D 
 

Distinguishing genes of each pathotype of E. coli 
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Pathotype Distinguishing genes 

STEC/EHEC* stx1, stx2, eae 
 

ETEC* elt, est 
 

EPEC* eae, bfp 
 

EAEC* aggR, aap, aatA 
 

EIEC* invE, ipaH 
 

DAEC* Afa/Dr adhesins 
*STEC Shiga toxin, EHEC enterohemorrhagic, ETEC enterotoxigenic, EPEC 
enteropathogenic, EAEC enteroaggregative, DAEC diffusely adherent, UPEC 
uropathogenic 
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APPENDIX E 
 

Virulence genes grouped by category and their presence  
or absence in each E. coli isolate 

 



59 

 

 



60 

 

APPENDIX F 
 

Nine housekeeping genes selected from recommended bacterial schemes,  
their common names and most prevalent functions
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Gene Size (bp) Name Function 
adk 705 Adenylate kinase • Interconversion of adenine 

nucleotide catalyzation 
• Metabolic monitoring in 

energy homeostasis 
 

fumC 1404 Fumarate 
hydratase class II 

(fumarase) 

• Catalyzes reversible 
hydration/dehydration of 
fumarate to L-malate 
 

icd 1251 Isocitrate 
dehydrogenase 

• Catalyzes oxidative 
decarboxylation of 
isocitrate to produce  𝛼𝛼-
ketoglutarate, a necessary 
component for the Krebs 
cycle 
 

purA 1299 Adenylosuccinate 
synthetase 

• Plays an important role in 
purine biosynthesis by 
catalyzing the first step in 
biosynthesis of AMP to 
IMP 
 

trpA 807 Tryptophan 
synthase alpha 

chain 

• Catalyzes the final two 
steps of tryptophan 
biosynthesis 

• Catalyzes the reversible 
formation of indole and 
G3P from indole-3-
glycerol phosphate 
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APPENDIX G 
 

Rooted tree of nucleotide sequences  
of housekeeping gene adk 
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Rooted tree of nucleotide sequences of housekeeping gene adk of all 38 E. coli isolates in 
addition to 14 reference strains. Bootstrap percentages retrieved in 1,000 replications 
shown at the nodes. The scale bar (0.003) indicates the number of nucleotide substitutions 
per site. Data for E. coli isolates were collected from RAST and data for all reference 
strains were collected from the PATRIC database. 
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APPENDIX H 
 

Rooted tree of nucleotide sequences of housekeeping gene trpA 
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Rooted tree of nucleotide sequences of housekeeping gene trpA of all 38 E. coli 
isolates in addition to 14 reference strains. Bootstrap percentages retrieved in 1,000 
replications shown at the nodes. The scale bar (0.003) indicates the number of 
nucleotide substitutions per site. Data for E. coli isolates were collected from RAST 
and data for all reference strains were collected from the PATRIC database.  
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APPENDIX I 
 

Rooted tree of nucleotide sequences  
of housekeeping gene fumC 
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Rooted tree of nucleotide sequences of housekeeping gene fumC of all 38 E. coli 
isolates in addition to 14 reference strains. Bootstrap percentages retrieved in 
1,000 replications shown at the nodes. The scale bar (0.003) indicates the number 
of nucleotide substitutions per site. Data for E. coli isolates were collected from 
RAST and data for all reference strains were collected from the PATRIC database. 
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APPENDIX J 
 

Rooted tree of nucleotide sequences  
of housekeeping gene icd 
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Rooted tree of nucleotide sequences of housekeeping gene icd of all 38 E. coli isolates in 
addition to 14 reference strains. Bootstrap percentages retrieved in 1,000 replications shown 
at the nodes. The scale bar (0.002) indicates the number of nucleotide substitutions per site. 
Data for E. coli isolates were collected from RAST and data for all reference strains were 
collected from the PATRIC database. 
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APPENDIX K 
 

Rooted tree of nucleotide sequences  
of housekeeping gene purA 
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Rooted tree of nucleotide sequences of housekeeping gene purA of all 38 E. coli isolates in 
addition to 14 reference strains. Bootstrap percentages retrieved in 1,000 replications shown 
at the nodes. The scale bar (0.001) indicates the number of nucleotide substitutions per site. 
Data for E. coli isolates were collected from RAST and data for all reference strains were 
collected from the PATRIC database. 
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