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ABSTRACT 

EXPLORING THE MOLECULAR EPIDEMIOLOGY OF BLACTX-M MEDIATED 

RESISTANCE AMONG ENTEROBACTERALES FROM CANADIAN DOMESTIC ANIMALS 

Ashley C. Cormier 

University of Guelph, 2022

      Advisor: 

      Dr. Patrick Boerlin 

Historically, extended spectrum cephalosporin (ESC) resistance among Enterobacterales 

in Canada has been attributed to the blaSHV and blaCMY gene families. However, this pattern is 

beginning to change with the emergence of the blaCTX-M among bacteria since the early 2000’s. It 

has been demonstrated that food animals can act as a reservoir for ESC resistance. Since the 

microbiota of humans, animals and the environment are interconnected, it’s important that 

practices are implemented to limit the production of resistance. Understanding how mobile genetic 

elements carrying these resistance determinants influence bacterial persistence could be an 

important factor in informing these practices. Therefore, the objectives of this thesis were two-

fold. First being to identify and evaluate major reservoirs of ESC resistance among Canadian 

domestic animals and assess their similarities with regards to their associated resistance 

determinants. Second, to evaluate how blaCTX-M and its associated mobile genetic elements behave 

in comparison to commonly recovered ESC resistance genes circulating in Canada (i.e., blaCMY-2). 

To meet these objectives, we used short-and long-read genome sequencing to characterize blaCTX-

M-carrying Escherichia coli isolates and plasmids from Canadian domestic animals (i.e., poultry, 

swine, cattle, horses, and dogs). In vivo experiments were then performed to assess the impact of 

widespread IncI1/ST3/CTX-M-1 and IncI1/ST12/CMY-2 plasmids on the persistence of 

Salmonella Heidelberg in chickens. Not unlike what has been reported globally, the most widely 

recovered blaCTX-M variants from Canadian domestic animals included blaCTX-M-1,14,15 -27 and -55. 
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The spectrum and prevalence of these variants differed between animal species and is likely related 

to the number and types of transmission routes feeding into the farm. Along with the identification 

of conserved plasmids (i.e., IncI1/ST3 and IncHI1/ST2) circulating within and between animal 

species, clonal spread of some E. coli STs was also apparent. Thus, highlighting the important role 

that both horizontal gene transfer and clonal spread play in the transmission of blaCTX-M. In vivo 

experiments showed that IncI1/ST3/CTX-M-1 aids in persistence over time in comparison to 

IncI1/ST12/CMY-2, however neither plasmid provided a significant fitness advantage. Further 

work is necessary to identify the factors contributing to the success of IncI1/ST3/CTX-M-1 (e.g., 

enhanced gut colonization and conjugation assisted persistence). 
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Chapter 1: Literature Review 

1.1 Introduction 

Antimicrobial resistance (AMR) has been declared by the World Health Organization as one 

of the top 10 public health threats facing humanity1. In the absence of new antimicrobials and with 

the global rise of AMR, infections and medical procedures will become more dangerous. Without 

intervention aimed to combat this growing risk the outcomes will be both economically and 

emotionally devastating. In Canada alone it is estimated that by 2050, 40% of human infections 

will be resistant to our current treatment options, by this point 396,000 Canadian lives could be 

lost and the cost to the healthcare system could total upwards of $388 billion2.  

Bacteria may develop resistance through the acquisition of resistance determinants or 

mutagenesis 3–5. Under selective pressure, these resistant bacteria can continuously spread and 

multiply, producing reservoirs of antimicrobial resistant bacteria in the environment and in human 

and animal populations 6–8. There is concern that the intensive use of antimicrobials in both human 

and veterinary medicine and more specifically production animals, may contribute to and maintain 

such a reservoir of resistant bacteria. 

Enterobacteriaceae are gram-negative, non-spore-forming bacteria known for being 

ubiquitous in nature and their overwhelming presence in the digestive tracts of both humans and 

animals9. A number of bacteria from this family are opportunistic or primary pathogens, and can 

contribute to foodborne illness10. Some strains may also be non-pathogenic in some host species 

but cause serious illness within humans (e.g., Escherichia coli O157 in cattle11 and Salmonella 

enterica in poultry12). Due to the ability of these bacteria to colonize the digestive tracts of both 

humans and animals, transmission of pathogenic and/or resistant strains through contaminated 

food is a concern. Although most strains may not be pathogenic, reservoirs of AMR genes among 

commensal bacteria may be transmitted. Some Enterobacteriaceae of particular interest are E coli, 

S. enterica, and Klebsiella pneumoniae, since these species can cause serious infections in humans 

and/or animals resulting in a heavy burden of illness13–16. The associated diseases may include but 

are not limited to, urinary tract infections, pneumonia, gastro-enteritis, and septicemia17–19.   
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The microbiota of humans, animals and the environment are interconnected and therefore to 

combat AMR a one health approach must be considered20. The potential movement of resistant 

bacteria and their genetic elements between these groups is complex and identifying possible 

transmission pathways is seemingly endless. However, exploring these pathways remains essential 

since they are key in identifying intervention points to discourage the spread of AMR.  

1.2 Antibiotics and Modes of Action 

There are six major groups of antimicrobials used today, these include beta-lactams, 

fluoroquinolones, aminoglycosides, tetracyclines, sulfonamides and macrolides21,22. These, along 

with the other less widely used groups of antimicrobials can be characterized by their mode 

(bacteriostatic or bactericidal) and spectrum of activity which can be broad or narrow23,24. Major 

mechanisms of action described include interference with cell wall synthesis, inhibition of protein 

or nucleic acid synthesis, and the inhibition of metabolic pathways.  

1.2.1 Aminoglycosides, tetracyclines, and macrolides 

Aminoglycosides, tetracycline and macrolides all inhibit protein synthesis by interfering with 

ribosomal activity, which either stops or slows the growth or proliferation of the bacterium 25–27. 

Macrolides will bind to the 50S subunit of the ribosome, which is globally conserved in all bacteria 

species. The binding site of the macrolide is adjacent to the peptidyl transferase center; this is the 

site of peptide synthesis and the entry of the peptide exit tunnel. When bound, the macrolide 

stimulates the dissociation of the peptidyl-tRNA, effectively halting the peptide extension. It is 

also capable of preventing ribosome assembly at the initiation of protein synthesis28. Similarly, 

tetracyclines and aminoglycosides both bind to the 30S subunit inhibiting translation. 

Tetracyclines exhibit mostly bacteriostatic activity by binding to the 30S subunit and inhibiting 

the binding of tRNAs effectively preventing elongation29, however bactericidal activity has also 

been described. Aminoglycosides exhibit bactericidal activity by binding to the A-site of the 30S 

subunit, altering its shape30. Protein synthesis may be blocked all together, or synthesis may 

continue with a high error rate depending on the aminoglycoside in use30. When error prone 

proteins are assembled and released they result in damage to the cell30. 
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1.2.2 Fluoroquinolones  

Fluoroquinolones disrupt DNA synthesis by interfering with both DNA gyrase and DNA 

topoisomerase IV31. Depending on their concentration this activity may be bactericidal or 

bacteriostatic32. DNA gyrase is responsible for introducing negative supercoils into the DNA 

during replication. Fluoroquinolones form a complex with the DNA, allowing them to effectively 

block the attachment of DNA polymerase during replication. Topoisomerase IV is responsible for 

decatenating the DNA, but when bound to a fluoroquinolone, cleaves the DNA and inhibits 

religation31.   

1.2.3 Sulfonamides 

Sulfonamides are frequently prescribed in combination with the antimicrobial 

trimethoprim33. Individually both agents exhibit bacteriostatic activity by blocking two different 

steps in the biosynthesis of folic acid and thus disruption its production. When administered 

together they demonstrate a synergistic relationship with bactericidal effects33,34.  

1.2.4 Beta-lactam antibiotics 

Beta-lactams get their name from the nitrogen-containing beta-lactam ring at the center of their 

structures35. Due to their low toxicity, broad spectrum options and bactericidal effects, these 

antibiotics are commonly used to treat infections in both human and veterinary medicine22,36,37. In 

some cases, these antimicrobials have also been administered in low doses to food animals for 

disease prevention and growth promotion38. Recent regulations imposed by the government of 

Canada and some agri-food sectors have aimed to restrict this practice in an effort to reduce the 

risk of producing reservoirs of resistant bacteria39,40. 

The beta-lactam ring plays a critical role in the mode of action of these antibiotics by targeting 

peptidases called penicillin binding proteins (PBPs) and disrupting cell wall synthesis. In 

Enterobacteriaceae, beta-lactams cross the outer membrane through porins that allow the passive 

diffusion of hydrophilic molecules with a mass of less than 600 Da28. Once in the cell the ring 

structure covalently binds to PBPs during growth and inhibits cell wall synthesis28. Bacteria 
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contain multiple classes of PBPs that are responsible for catalyzing specific steps in the 

biosynthesis and modification of the peptidoglycan layer41. These enzymes are essential to the 

growth and survival of the bacterium. Disrupting this process results in a loss of cell wall integrity 

and under a high enough antibiotic concentration, lysis and cell death28. 

Beta-lactams can be further classified into four groups, penicillins, cephalosporins, 

carbapenems and monobactams (Table 1.1). Penicillins were the first antibiotics to be described 

and administered to humans. Although these antibiotics continue to be used, most penicillins are 

now susceptible to more recently discovered beta-lactamases produced by gram-negative bacteria 

and as a result cephalosporins have become the preferred antibiotic of choice.  

The chemistry of cephalosporins differs from that of penicillins. Penicillins carry an acidic 

radical that is attached to 6-aminopenicillanic acid, whereas the beta-lactam ring of cephalosporins 

is attached to a 6-membered dihydrothiazine ring. This structural difference makes cephalosporins 

more resistant to enzymatic modification28. Cephalosporins can be categorized by their generation, 

which is primarily based upon their spectrum of activity42. First generation cephalosporins have a 

narrow-spectrum of activity and are used against gram-positive bacteria, although they may also 

be effective against some gram-negatives such as Proteus mirabilis, E. coli, or Klebsiella 

pneumonia43. Second generation cephalosporins have an extended-spectrum of activity, however 

they are still ineffective against some gram-negative aerobic pathogens44 and are less effective 

against gram-positive cocci in comparison to first generation cephalosporins43. Third generation 

cephalosporins are broad-spectrum antibiotics and have proven most useful in human 

medicine42,43. These antibiotics are effective against both gram-negative and gram-positive 

bacteria and are used to treat infections resistant to both first and second generation 

cephalosporins45. They readily enter most tissues and fluids, and for the most part without causing 

harmful side effects42,46. For these reasons, third generation cephalosporins have become the 

preferred antibiotic in a variety of clinical situations42. Fourth generation cephalosporins have a 

broad-spectrum of antimicrobial activity. They are effective against gram-negative bacteria and 

demonstrate improved activity against gram-positives44,45.  
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Often used as a last line of defense, carbapenems have the broadest spectrum of antibacterial 

activity against gram-positive and gram-negative bacteria47. Multiple alterations to their chemical 

structure contribute to their strong potency. This class of antibiotics does not easily diffuse through 

the cell membranes and therefore must enter through hydrophilic porins. Once in the cell they act 

as typical beta-lactams and bind to PBPs, however what makes these antibiotic more effective than 

other beta-lactams is their ability to bind multiple types of PBPs48. 

1.3 Mechanisms of Resistance 

There are several broad mechanisms of resistance currently known to be used by bacteria. 

These include, enzymatic modification and degradation, target modification, active efflux, and 

decreased cell wall permeability to the antibiotic (Figure 1.1).  

1.3.1 Enzymatic modification and degradation 

Enzymatic modification and degradation rely on the production of enzymes that bind to and 

inhibit the antibiotic (Figure 1.1C). The most common mechanism of resistance to beta-lactams in 

gram-negative bacteria is the production of beta-lactamases. Beta-lactamases hydrolyze the amide 

bond of the beta-lactam ring structure, therefore inhibiting the antibiotic from binding to PBPs and 

from disrupting cell wall biosynthesis and modification49. The increased use of oxyimino 

cephalosporins has resulted in the persistence of extended spectrum beta-lactamases (ESBLs) that 

confer resistance to most beta-lactams49. The most widely identified of these are the CTX-M, SHV, 

and TEM ESBLs.  

There are two widely accepted classifications schemes for beta-lactamases, the Ambler, and 

the Bush and Jacoby classification schemes (Table 1.2). The Ambler classification scheme uses 

amino acid sequence homology to classify beta-lactamases in to one of four classes: A, B, C or D. 

Class A, C and D are serine beta-lactamases whereas class B are metallo-beta-lactamases and can 

be further divided into three subgroups. The Bush and Jacoby method uses functional properties 

of the enzymes to sort them into three main groups along with a series of  respective subgroups50. 

Group one enzymes are chromosomally encoded cephalosporinases; group two enzymes are the 

largest group of enzymes with their subgroups encompassing narrow-, broad-, and extended 
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spectrum beta-lactamases; lastly, group three enzymes are metallo-beta-lactamases that use zinc 

as an active site and are inhibited by metal ion chelators50.  

The TEM-1 enzyme was the first reported plasmid-mediated beta-lactamase51. It is able to 

hydrolyze penicillins and narrow spectrum cephalosporins without oxyimino side-chains52 and is 

considered one of the most widespread beta-lactamases53. The enzyme SHV-1 was reported not 

long after in the 1970’s and is capable of hydrolyzing penicillin’s and first-generation 

cephalosporins. It’s believed that the SHV family derived from the chromosomally encoded gene 

LEN-1 which is embedded within the chromosome of Klebsiella spp.. Variants of these enzymes 

(i.e. SHV-2, TEM-4, and more) able to hydrolyze broad-spectrum cephalosporins were reported 

shortly after the introduction of oxyimino cephalosporins into clinical practice54. The first report 

of CTX-Ms was published in 1990 and since then these genes have rapidly spread55,56. These 

enzymes differ substantially from both SHV and TEM beta-lactamases in their amino acid 

sequence and were derived from enzymes found in species of Kluyvera56. Unlike TEM and SHV, 

CTX-M beta-lactamases have strong antimicrobial activity against broad-spectrum antibiotics. 

This is believed to be attributed to shifts in two amino acids, Ser-237 and Arg-276 which are 

specific to the CTX-M family57,58. Well over 200 variants have now been identified that can be 

categorized into five major groups CTX-M-1, -2, -8. -9, or -25, depending on sequence 

similarity49,59. 

The AmpC beta-lactamases are chromosomally or plasmid-encoded cephalosporinases. In E. 

coli, the production of chromosomally encoded AmpC is normally low due to a weak promoter 

which contains a loop attenuator structure. However, overexpression can be induced by specific 

mutations in the promoter/attenuator regions of ampC60. When overexpressed, the AmpC enzyme 

confers resistance to amino penicillins, oxyimino cephalosporins, cephamycins, and 

monobactams61. Mobilization of chromosomally encoded AmpC from Citrobacter freundii 

resulted in the plasmid-borne blaCMY, that is widespread in bacteria from humans, animals and the 

environment62. The CMY enzyme is a cephamycinase that is often misclassified as an ESBL. 

Cephamycins are a type of antibiotic similar to cephalosporins in structure, but differ in the fact 

that they have a 7-α-methoxyl group63. Contrary to ESBLs, CMY and other AmpC beta-lactamases 

are not inhibited by clavulanic acid and other beta-lactamase inhibitors64. 
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A less common form of enzymatic degradation is antibiotic trapping. Antibiotics are dependent 

on their ability to move through the outer membrane, avoid hydrolysis and bind to their target 

sites65. Those antibiotics that are susceptible to hydrolysis will be hydrolyzed by enzymes such as 

beta-lactamases. In cases where the antibiotics remain unaffected by enzymatic degradation, they 

may still be inactivated through a trapping process. Trapping involves the beta-lactamase binding 

to the antibiotic without hydrolysis, a modification that prevents the antibiotic from attaching to 

its target site65. This mechanism is dependent on cell wall permeability affecting the concentration 

of antibiotic in the cell and the affinity of the antibiotic for the beta-lactamase in question65. 

Although less widely reported, evidence of antibiotic trapping has been seen in carbapenem-

resistant bacteria in the absence of specific carbapenemase resistance determinants, for instance 

when the presence of blaCMY-2 confers resistance to meropenem66.  

1.3.2 Target Modification 

Target modification results in changes to the antibiotic target site that inhibits binding of the 

antimicrobial while still maintaining cellular function (Figure 1.1B)67. With regards to beta-lactam 

resistance, an example of this mechanism would be the modification of PBPs that enable bacteria 

to evade the effects of beta-lactam antibiotics. Several factors may contribute to this such as a loss 

of affinity of the antibiotic for the target protein through amino acid substitutions, or the acquisition 

of mobile genetic elements encoding for alternative PBPs28. For example, the mecA gene is 

encoded on a mobile genetic element known to insert into the chromosome of Staphylococcus 

aureus. This gene is responsible for the production of PBP2a which does not bind beta-lactams 

and therefore can continue to participate in cell wall biosynthesis while standard PBPs are 

inactivated68. 

1.3.3 Active Efflux 

Bacteria may express efflux pumps that are able to export antibiotics, along with many other 

compounds such as dyes, detergents, biocides, and metabolic inhibitors out of the cell (Figure 

1.1A)68. These pumps associate with an outer membrane channel as well as a periplasmic adaptor 

protein in order to export antibiotics directly out of the cell69. There are five major families of 



 

 

8 

 

known efflux pumps which include; the major facilitator superfamily, the ATP‐binding cassette 

family, the resistance‐nodulation‐division (RND) family, the small multidrug resistance family, 

and the multidrug and toxic compound extrusion family70. Pumps can be chromosomally, or 

plasmid encoded, and either agent-specific or participate in the efflux of a diversity of 

antimicrobials. For example, efflux mediated tetracycline resistance can be encoded by various tet 

genes71. These genes encode efflux pumps from the major facilitator superfamily, and work by 

exchanging a proton for a tetracycline-cation complex72,73. 

1.3.4 Decreased permeability 

Enterobacteria possess a hydrophilic lipopolysaccharide layer that provides them with 

natural resistance to hydrophobic antibiotics (Figure 1.1D). However, embedded in this layer are 

porins that allow the passive transfer of hydrophilic antibiotics along with other molecules, across 

the outer membrane28. Some bacteria are able to alter their permeability to these antibiotics through 

the loss or reduction in the number of porins embedded in their outer membrane or changing the 

type of porins they carry74. This mechanism usually confers low level resistance and is often 

coupled with other mechanisms of resistance74. 

1.4 Acquisition of Resistance 

Horizontal gene transfer encompasses three mechanisms; conjugation, transduction or 

transformation, processes that can use free DNA or mobile genetic elements to transfer resistance 

to neighbouring bacteria of the same or different species. The main mobile genetic elements of 

interest consist of transposable elements, plasmids, and bacteriophage elements.  

1.4.1 Transformation, conjugation and transduction 

Transformation involves the uptake of free DNA in the environment that is then incorporated 

into the bacterial genome. Several factors must be in place for transformation to proceed75. First 

the bacterium must be in a state of competence which may be in response to an environmental 

stressor such as starvation. The state of competence allows the bacterium to take up free DNA. In 

gram-negative bacteria transformation begins when a double-stranded DNA fragment is bound to 
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the cell surface75. The DNA is transported into the periplasmic space through pores in the outer 

membrane and one strand is translocated into the cytoplasm, while the other is degraded. Through 

homologous recombination the single-stranded DNA fragment replaces a chromosomal strand of 

DNA75. 

Conjugation, also known as bacterial mating, is the process by which DNA is transferred from 

one cell to the next. This form of HGT has two requirements; the donor cell must carry a mobile 

genetic element, and the donor and recipient must establish contact long enough to transfer the 

DNA fully and stably. During plasmid conjugation, the donor cell produces a pilus which is used 

to make contact with and retain the recipient in close proximity76. A pore forms, joining the cell 

membranes, and plasmid encoded proteins responsible for transmission are expressed. These 

proteins work to separate the doubled stranded plasmid DNA and translocate a single strand into 

the recipient cell with the pore subsequently being resealed. In rolling circle replication one strand 

of the plasmid DNA is first nicked at the ori region77. A helicase unwinds the doubled-stranded 

and the leading strand is inserted into the recipient cell. During transfer a polymerase from the 

recipient cell completes the leading strand, while synthesis of the lagging strand is completed by 

the donor cell77. As replication is completed, the cells begin to separate, and both are left with a 

functional copy of the plasmid. This method is a common mechanism for resistance transfer as 

many resistance determinants reside on self-transmissible or mobilizable plasmids76. Self-

transmissible (also called conjugative) plasmids differ from mobilizable plasmids in that they 

encode their own mating pair formation (MPF) complex; mobilizable plasmids must rely on MPF 

complexes from other plasmids. The MPF complex provides the blueprints for a membrane-

spanning complex and pilus used to transfer the plasmid78. 

Transduction is the process by which bacteriophages transfer DNA from one bacterium to 

another. The bacteriophage infects the host bacterium and uses its replication machinery to 

replicate itself as part of a lysogenic or a lytic cycle80. Once replication is complete the 

bacteriophages assemble and, in some instances, acquires surrounding portions of the host DNA. 

When the bacteriophage later infects a new bacterium, the acquired DNA is transferred and can be 

incorporated into the recipient bacterial cell80. Transduction can be either specialized or 

generalized. During specialized transduction, bacterial DNA from around the bacteriophage 
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attachment site is mistakenly taken up during excision81. However, generalized transduction occurs 

when random host DNA is incorporated into the bacteriophage capsid81. The potential for the 

transfer of AMR by transduction has been demonstrated both clinically with mice models and 

environmentally with urban sewage and river water samples82,83. Additionally, bacteriophages 

carrying blaCTX-M have been found in fecal samples collected from cattle, pigs, and poultry84.  

1.4.2 Transposable elements and plasmids 

Transposons are sequences of DNA that can “hop” or transpose from one area of plasmid or 

chromosomal DNA to another. Inverted repeats as self-encoded transposases allow the transposon 

to move DNA from donor to recipient within a bacterial cell85. Transposition allows for the 

movement of resistance genes between plasmids, and between the bacterial chromosome and 

plasmids, thereby contributing to strain evolution. When associated with resistance determinants 

these mobile genetic elements directly aid in the development of multidrug resistance (MDR) 

plasmids and the co-selection of resistance determinants86,87. Conjugative transposons, which are 

part of the integrative and conjugative elements (ICE) category, are not only able to transpose 

within the cell but have acquired conjugative abilities that allow them to transfer between bacteria 

in the same way as plasmids88,89. Transposons become of particular concern when associated with 

integrons. Integrons consist of an integrase gene, a recombination site, and an integron-associated 

promoter90. Gene cassettes with an associated recombination site integrate within the variable 

region of the integron, where they can then be expressed. Multiple gene cassettes can be 

incorporated into a single integron90. Alone, these genetic elements are non-mobile, however when 

part of a transposon, they can become major drivers in the spread of MDR91,92 .  

Plasmids have been known as the predominant vehicle for the transfer of AMR between 

bacteria. The acquisition of a plasmid inflicts an energy cost on the bacterium, and thus may be 

lost during replication when not under selective pressure93. Although plasmids are an effective 

means of bacterial evolution during times of stress, the ability of a resistance plasmid to prove 

useful in the spread of AMR also depends on its host range, incompatibility (Inc) group, stability, 

addiction systems and the colocation of multiple resistance determinants. 
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Plasmids can be categorized as either having a narrow- or broad-spectrum host range. As their 

names suggest, narrow-spectrum plasmids are able to replicate in only a few closely related 

bacteria while broad-spectrum plasmids can replicate in many bacteria strains or species that are 

distantly related to one another94. Host range is mainly determined by the plasmid encoded 

replication system and how it interacts with the host95.  

The Inc group of a plasmid will determine if it will be able to successfully replicate and be 

maintained in a bacterium in the presence of other plasmids. Plasmids are deemed incompatible if 

they share the same replication and partitioning machinery96,97. During replication, these plasmids 

cannot be stably maintained together since they utilize the same resources for cell division. 

Eventually one plasmid will be outcompete the other, while the latter is lost as the cell 

multiplies96,97. Those plasmids that do not belong to the same Inc group, do not share for the same 

cellular machinery, and can therefore stably coexist in the same cell96.  

Addiction systems, also known as toxin/anti-toxin system, encode both a stable toxin and a 

less stable anti-toxin. If the plasmid encoding these two components is not maintained, the stable 

toxin will remain in the cell while the less stable anti-toxin is degraded, resulting in cell death98.  

Plasmids also contribute to the spread of multi-drug resistance through the process of co-

selection. When multiple resistance determinants are co-located on the same plasmid, the use of 

any one of the antibiotics it confers resistance to will indirectly select for and maintain all 

resistance determinants on that plasmid. This phenomenon was seen in the Québec poultry industry 

amongst avian pathogenic E. coli (APEC). Following the cessation of ceftiofur use for the 

prevention of avian colibacillosis, bacterial resistance to gentamicin increased in frequency among 

poultry. Although gentamicin was not regularly used, lincomycin-spectinomycin was a common 

alternative to ceftiofur, suggesting that co-selection may be driving the increasing prevalence of 

gentamicin resistance22,99. 

Gentamicin and spectinomycin resistant APEC isolates collected in Quebec between 2009 to 

2013 from chickens diagnosed with colibacillosis demonstrated a strong positive association 

between aadA and aac(3)-VI. These genes confer resistance to spectinomycin and gentamicin, 



 

 

12 

 

respectively99. Upon characterizing a subset of plasmids it was suggested that this was a result of 

the co-location of genes on the same plasmid99. Resistance determinants for spectinomycin and 

ceftiofur (blaCMY-2) were also found to be occasionally on the same plasmid, demonstrating the 

potential for the co-selection of ESC resistance using antibiotics considered non-critical for human 

medicine. This was further supported by an additional study sampling Quebec poultry farms which 

found an increased prevalence in ESBL/AmpC positive E. coli exhibiting MDR (i.e. 

spectinomycin) one year following the cessation of ceftiofur100.  

1.4.3 Mutagenesis 

The mutability of a bacterium is dependent on many factors involved with environmental 

stressors. One such example of this being antibiotic induced mutagenesis. Exposure to some 

classes of antibiotics (i.e., fluroquinolones and beta-lactams), can increase the rate of mutagenesis 

through the activation of the SOS and RpoS response systems, thereby increasing the risk of 

developing resistance 101. These systems are activated in response to cell stress and at times work 

in tandem; such is seen in response to fluroquinolone exposure. When exposed to ciprofloxacin, 

cells exhibit a higher rate of DNA double-strand breaks101. The SOS response utilizes error-prone 

polymerases to correct these breaks101. At the same time, RpoS is activated. RpoS is a protein that 

acts as an alternative sigma factor101. When expressed, this protein competes with RpoD 

(housekeeping sigma factor) to bind to the RNA polymerase, thereby altering gene expression 

within the cell102. This includes the upregulation of error prone DNA polymerases, the down 

regulation of the mismatch repair system and the expression of SdsR which suppresses the 

expression of MutS; MutS works to correct mismatches in the DNA and suppress mutagenesis103. 

Additionally, mutations in genes of the mismatch repair system (mutS, mutL, mutT, uvrD) have 

been positively associated with increased mutations in antibiotic resistance genes and resistance104. 

It is important to understand that not all mutations will work to benefit the bacterium, that in most 

cases mutations will lead to a loss in fitness or death.    
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1.5 ESC Resistance Among Canadian Production Animals 

1.5.1 Beef cattle 

Prior to 2016, the data for beef cattle provided by CIPARS represented only samples collected 

from slaughterhouses and retail meat. Since then, on-farm data has also been collected. Results 

have consistently showed low levels of resistance to ESCs with 0-2% of E. coli isolates resistant 

to ceftriaxone between 2014 and 201822. These data are consistent with results reported by 

Waldner et al., where 0.30% of isolates collected in 2014 from 105 cow-calf herds across Alberta, 

Saskatchewan and Manitoba were resistant to beta-lactams105. It is important to note that this study 

utilized the same methodology as CIPARS, where isolates are collected without the use of selective 

agents. 

These results differ from those obtained using enrichment methods which are much more 

sensitive. Following ESC enrichment and PCR amplification, 90% of fecal composite samples 

collected from major Alberta feedlots between 2014 to 2015 were found to carry at least one ESC 

resistance determinant106. The determinants identified include blaCMY (88.4%), blaCTX-M (46.5%), 

blaSHV (16.0%) and blaTEM (56.5%). Amongst those samples positive for blaCTX-M, 37.7%, 1.4%, 

and 14.1% were positive for the CTX-M group 1, 2, and 9, respectively. A subsample of isolates 

from these samples were found to carry blaCTX-M-15, blaCTX-M-24, blaCTX-M-27 and blaCTX-M-65; all of 

which have been found in bacteria from humans in Canada107.  

1.5.2 Dairy cattle 

In Canada, culled dairy cattle are routinely incorporated into the retail beef supply22. Despite 

this, there is currently no on-farm surveillance program targeting resistance among dairy cattle. 

However, ground beef samples collected through CIPARS are systematically collected to represent 

the diverse origins of ground beef, including imports and culled dairy cattle22. Recent works 

demonstrate the need for on-farm surveillance among dairy herds, with reports of 85% (n=101) of 

Québec dairy farms sampled (feces, or manure samples) being positive for ESBL/AmpC producing 

E. coli when using selective culture media108. In the same study, without the use of selective agents, 

only 3.9% of E. coli isolated from cow or calve feces, or manure samples showed reduced 
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susceptibility towards, ceftiofur or cefoxitin108. Thus, while ESC resistant bacteria may be 

widespread among dairy farms, within sample concentration remains low.  

1.5.3 Broiler chickens 

In 2014, the Canadian poultry industry definitively banned the preventive use of antibiotics of 

high importance in human medicine, this included the use of ceftiofur which had been used in the 

past. Ceftiofur resistance in Canadian poultry has been primarily attributed to blaCMY-2 or blaCTX-

M-1
109–114. The blaCMY-2 gene is often found on IncI1 or IncA/C plasmids and is also present among 

Canadian swine and beef cattle113,115. Following the voluntary ban of ceftiofur, CIPARS observed 

a decrease in E. coli isolates resistant to ESCs collected from chicken meat (28% in 2013, to 19% 

in 2014)38,116. This trend has continued with the most up-to-date data from 2018, showing 6.7% 

and 6.9% of retail meat and on-farm samples harboring ceftriaxone resistant E. coli, respectively22. 

A similar trend was observed in non-typhoidal Salmonella isolates collected from farmed chickens. 

In 2013, 22% of chickens sampled on farm harbored Salmonella resistant to ESCs whereas in 2014 

only 12% of chickens were found to harbor Salmonella with this resistant phenotype38,116.  

In 2018, 50% of pre-harvest chicken samples collected from Canadian farms were carrying 

Salmonella spp., and 13.5% of these were resistant to ceftriaxone22. Although there are regional 

differences in the distribution of serovars among provinces, the top three serovars in Canada are 

Salmonella Heidelberg, S. Kentucky, and S. Enteritidis22.  Salmonella Heidelberg was the third 

most frequent serovar among chickens, and one of the most frequent strains found to be ESC 

resistant22,38. This is concerning, as S. Heidelberg has the potential to cause more serious illness 

than other non-Typhi serovars and the annual percentage of chicken samples contaminated with 

ceftiofur resistant S. Heidelberg has been reported to correlate with the annual incidence of human 

cases across multiple provinces 117,118.  

1.5.4 Swine 

Resistance to ESCs in E. coli collected from farms, and retail meat is infrequent, with only 2% 

and 3% of samples positive, respectively, in 201822. This data remains consistent with previous 

studies using non-selective media119,120. However, like the situation in cattle, ESC resistance 
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appears to be widespread when using enrichment methods; cecal samples taken at slaughter 

between 2015 and 2016 by CIPARS and found ESC-resistant Enterobacteriaceae in 74% of 

samples112. Following genotyping, 72.7% of ESC-resistant E. coli isolates carried blaCMY, and 

28.6% carried blaCTX-M
112.   

A 2013 collection of porcine clinical E. coli isolates from Québec has also shown a high 

prevalence of blaCMY-2 (96.5%) in ESC-resistant isolates121. Three isolates were also positive for 

blaCTX-M; but the variants of these isolates were not identified121. Similarly, blaCMY-2 has also been 

detected in various swine samples (e.g., fecal, retail meat, and cecal) collected across Canada and 

from swine finishing farms in the United States112,113,122,123. This data suggests that blaCMY-2 is 

widespread amongst E. coli in the North American swine industry.  

1.6 Understanding the Molecular Epidemiology of AMR 

1.6.1 Whole genome sequencing 

Whole genome sequencing provides researchers with comprehensive data on the genome of 

microbes. This information allows for the unique ability to measure the relatedness of the 

organisms under investigation through multilocus sequence typing (MLST), whole genome 

MLST, core genome MLST and single nucleotide polymorphism (SNP) analyses. Using these 

tools, researchers are able to analyze pathogens, and reconstruct the evolution of a bacterial 

population124. Classical MLST characterizes bacteria isolates on the basis of a limited number of 

housekeeping gene sequences (usually seven gene loci); core genome MLST looks at a set of 

conserved genome wide genes; and whole genome MLST compares variations within all the genes 

present in a taxon124,125. Since more loci are used for whole genome or core genome MLST than 

for classical MLST, these methods typically have a higher discriminatory power and a more 

accurate assessment of genetic relationships between isolates. Single nucleotide polymorphisms 

can be detected by mapping reads to a closely related reference genome and identifying base-pair 

differences between the sequences. When analyzing SNPs, a distance matrix can be made to inform 

a more detailed evolutionary analyses of closely related isolates than that obtained through 

MLST126,127; this may also be performed for core SNPs that are identified within the core genome. 
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Data obtained through WGS also allows for the identification of all the resistance determinants, 

virulence genes and their respective variants present within the genome. Online databases such as 

ResFinder or the Comprehensive Antibiotic Resistance Database are available to upload query 

sequences for the purpose of identifying resistance determinants.  

Two of the most widely used sequencing technologies include Illumina, and Oxford Nanopore. 

Oxford Nanopore technologies produce long-read sequences (average read length of 13-20 kb128, 

and longest recorded length of 2.3 Mb129) in both a cost and time efficient manner. Although the 

error rate among long-reads tends to be higher than that of short-reads, this gap is becoming 

narrower. Before sequencing begins, library preparation is necessary to attach an adapter and 

motor protein to the double stranded DNA. Led by the adapter, the motor protein unzips the 

doubled stranded DNA and maintains the speed at which the single stranded DNA is guided 

through the nanopore that spans the flow cell. An electrical current is passed across the flow cell 

and as the single stranded DNA is moved through the nanopore the electrical signal is altered130,131 

The alterations caused by individual base pairs are unique and are used by basecalling programs 

to build sequences. 

Illumina technologies use the sequencing by synthesis methodology to provide accurate short-

read sequences (<500bp). First, samples are prepared by annealing two types of adapters to either 

end of the single DNA strands. A flow cell with a lawn consisting of two types of short DNA 

sequences complementary to the adapters, is then used to perform cluster generation. During 

cluster generation, the first adapter is hybridized to its complementary sequence on the flow cell, 

a polymerase synthesizes a complementary strand which is then denatured, and the reverse strand 

is discarded. At this point bridge amplification commences, during this time the free end of the 

attached DNA strand folds over and hybridizes with its corresponding oligo on the flow cell. 

Polymerases work to synthesize the complimentary strand, producing a double stranded DNA 

“bridge”. Once denatured, two complete single DNA strands remain attached to the flow cell. This 

process is repeated resulting in clonal amplification. Following amplification, the reverse strands 

are cleaved leaving the forward strands available for sequencing. Nucleotides with fluorescence 

tags are added to the growing complimentary strand. The emission wavelength and the intensity 

of light emitted from the fluorescence tags once incorporated, indicate the base added. This 
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completes the sequencing of the forward strand. The reverse strand is sequenced in a similar 

manner with the attached DNA strand folding over to create a bridge. Polymerases complete the 

sequence, and the double stranded bridge is denatured. The forward strands are cleaved from the 

flow cell and sequencing of reverse strand begins132.  

Although short-read sequences provide a high degree of accuracy, due to the intricacies (i.e. 

repeats and insertion sequences) of bacterial genomes their short length makes it difficult to 

assemble whole chromosomes or larges plasmids without a pre-existing scaffold. Fortunately, 

long-reads can stretch over these regions and recent developments by Oxford Nanopore have made 

long-read sequencing more financially accessible.  When these platforms are combined, algorithms 

can use long-reads to produce a genomic scaffold that spans over repeated regions, then correct 

potential nucleotide errors using the more accurate short-reads.   

1.6.2 Plasmid typing 

Plasmids provide a great evolutionary advantage for bacteria by allowing them to colonize new 

environments and persist under changing conditions. With many antimicrobial resistance 

determinants being plasmid-mediated, plasmid typing, and characterization are important tools in 

helping to understand the epidemiology and transmission of AMR among bacteria, as well as the 

transmission among hosts. Traditionally, plasmids have been distinguished from each other based 

upon their incompatibility groups. As previously mentioned, plasmids are deemed incompatible if 

they cannot stably coexist within the same cell. This is dependent on their replication and 

partitioning machinery96,97. PCR-based replicon typing (PBRT) is a commonly used method to 

identify incompatibility groups as a means of plasmid classification. 

The plasmid characterization method first developed by Carattoli et al., 2005, aims to identify 

plasmids through PBRT including 18 distinct Inc groups found in Enterobacteriaceae133. This 

method of identification targets genes or regions associated with replication and partitioning (i.e., 

repA,B,C, parA-parB, and ori), counter transcript RNAI, or introns of the major plasmid 

incompatibility groups among Enterobacteriaceae for PCR amplification133,134. Since it was first 

developed, this scheme has been adapted to include additional/updated Inc-types (e.g., IncA, IncC, 
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IncU and IncR), subtypes (e,g., IncF and IncX) and plasmids found in Acinetobacter baumannii, 

Enterococcus spp., and Staphylococcus spp. strains135–142. Degenerative primer MOB typing 

(DPMT) is a more recently developed classification scheme targeting the relaxase gene in the 

mobilization region of conjugative and mobilizable plasmids143. Relaxases are mobilization 

proteins that nick the origin of transfer of plasmid DNA, making them crucial for plasmid 

mobilization and are therefore present across mobilizable and conjugative plasmids. This method 

categorizes plasmids into five main families with various subgroups143. 

Overall, PBRT and DPMT are complimentary methods for plasmid typing with both exhibiting 

their own advantages and disadvantages. Some plasmids carry multiple replicons thereby further 

complicating classification via PBRT133. DPMT has been successful at assessing deep 

phylogenetic relationships between plasmids, identifying plasmid types carried by clinical isolates 

and for the characterization of plasmid types not currently assigned to an Inc group or replicon 

type144. However, this method fails to identify non-transmissible plasmids that do not carry a 

relaxase gene. PBRT can identify plasmids belonging to well-defined Inc groups, but this method 

is only suitable for plasmids recovered from a limited number of taxa133,135,140,141. In contrast, 

DPMT covers a larger range of taxonomic groups.  

1.7 Conclusion 

The development and spread of AMR has serious consequences for both human and animal 

health. With the continuous movement of people and animals across countries and continents the 

fight against antibiotic resistance requires a global effort. Governments and health practitioners 

must take action to control the use of antimicrobials in their populations or risk re-entering the pre-

antibiotic era of medicine. Health practitioners specifically have an important role to play in 

ensuring a frugal and appropriate use of antimicrobials in both human and veterinary medicine. 

Since the use of any antibiotics has the potential to select for resistance, it is impossible to 

completely stop the development and spread of antibiotic resistance, but it can be limited. 

Evidence-based restrictions must be put in place to the control the types of antimicrobials that can 

be used and how they can be used, in order to avoid contributing to already present resistance 

reservoirs. Molecular components add a level of complexity to this by playing a heavy role in the 
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development and spread of AMR. Thus, research pertaining to the persistence and dissemination 

of AMR at the molecular level may aid significantly in making evidence-based decisions.  

There are still gaps in our knowledge pertaining to the epidemiology of AMR and the many 

factors contributing to its development and control145. Continuous surveillance programs have 

been implemented in Canada (e.g., CIPARS, the Quebec Ministry of Agriculture, Fisheries and 

Food, and the Canadian Antimicrobial Resistance Surveillance System), the United States (The 

National Antimicrobial Resistance Monitoring System) and many European countries with the aim 

of monitoring AMR in humans and production animals. Although this is a step forward, some 

countries still lack a surveillance program and those that do have one are often not well 

harmonized, making cross-country comparisons difficult. Additionally, although surveillance 

programs are beginning to utilize WGS, traditionally the focus of these programs leaned towards 

phenotypic resistance. This results in a lack of data on resistance determinants, gene variants and 

plasmids types across environments, and consequently a lack of understanding of the molecular 

epidemiology of AMR. The implementation of harmonized surveillance programs that also aim to 

understand the molecular profiles of resistance would allow for the identification and monitoring 

of emerging resistance determinants at a global level.  

Therefore, the purpose of this thesis is two-fold, first being to identify and evaluate major 

reservoirs of ESC resistance among Canadian domestic animals and assess their similarities with 

regards to their associated resistance determinants, both nationally and internationally. Second, to 

evaluate how emerging resistance determinants (i.e., blaCTX-M) and their associated mobile genetic 

elements may impact the current distribution of ESC resistance in Canada. 
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1.8 Figures 

 

Figure 1. 1 Bacterial mechanisms of resistance, including (A) active efflux, (B) target 

modification, (C) enzymatic degradation and (D) decreased cell wall permeability 
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1.9 Tables 

Table 1. 1 Beta-lactam antibiotics by group and spectrum of activity44,146 

Beta-Lactam Group Spectrum of activity Examples of antibiotics 

Penicillins Narrow- and broad-

spectrum 

Methicillin, amoxicillin, 

ampicillin 

1st Generation 

Cephalosporins 
Narrow-spectrum 

Cefadroxil, cefazolin, 

cephalexin 

2nd Generation 

Cephalosporins 
Extended-spectrum Cefaclor, cefotetan 

3rd Generation 

Cephalosporins 
Extended-spectrum 

Cefotaxime, ceftiofur, 

ceftriaxone 

4th Generation 

Cephalosporins 
Broad-spectrum 

Cefepime, cefpirome, 

cefquinome 

Carbapenems  
Broad-spectrum 

Imipenem, ertapenem, 

meropenem 

Monobactams Narrow-spectrum Aztreonam 
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Table 1. 2 Molecular and functional classification of Beta-lactamases, their active sites and 

examples of enzyme families; modified from Bush and Jacoby, 201050 

Molecular 

Classification 

(Ambler) 

Active 

Site 

Functional Classification 

(Bush and Jacoby) 

Associated major beta-

lactamase families* 

A Serine 2a blaZ (PC1) 

2b TEM, SHV 

2be CTX-M, TEM, SHV 

2br TEM, SHV 

2ber TEM 

2c CARB 

2ce CARB 

2e CepA 

2f KPC 

B Zinc 3a IMP, VIM 

3b CphA 

C Serine 1,1e CMY 

D Serine 2d,2de,2df OXA 

*beta-lactamase families found within each class are not limited to those listed 
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2.1 Abstract 

Historically, extended-spectrum cephalosporin resistance in bacteria from animals in Canada 

has been attributed to the SHV and CMY β-lactamase families. This pattern is beginning to change 

with the emergence of the blaCTX-M gene family among Escherichia coli recovered from various 

animal species. Here we analyze and compare whole genome sequences of blaCTX-M-positive E. 

coli isolates (n = 173) from dogs, chicken, swine, horses and beef cattle in Canada. Ten blaCTX-

M variants were identified with blaCTX-M-1,-14, -15, -27 and blaCTX-M-55 being identified in most animal 

species. These variants occurred across many sequence types, suggesting that mobile genetic 

elements mediate the spread of blaCTX-M. The variants blaCTX-M-14, -15, -27 and blaCTX-M-55 are 

associated with the global spread of blaCTX-M in human clinical isolates and their presence could 

be indicative of transfer between humans and animals. These variants were also the principal 

variants identified among sequence type 131 isolates, which were not associated with any other 

species than dogs. These isolates carried the same blaCTX-M variants as E. coli isolates found in 

humans. Close contact may promote the transmission of these isolates between humans and 

companion animals. 

2.2 Introduction 

Commensal Escherichia coli have been suggested as a potential reservoir for extended-

spectrum cephalosporin (ESC) resistance (Lalak et al., 2016). Due to the ability of these bacteria 

to colonize the digestive tracts of both humans and animals, their transmission through 

contaminated food or direct contact is a public health concern. ESC resistance in E. coli is most 

commonly caused by the production of β-lactamases encoded by the blaCTX-M, blaSHV, 

and blaCMY gene families. These genes are frequently found on mobile genetic elements, such as 

plasmids and transposons, aiding in their transmission and potential transfers to pathogenic strains 

(Lalak et al., 2016). 

Humans and dogs in Canada first saw the emergence of blaCTX-M in the early 2000’s (Boyd 

et al., 2004; Mulvey et al., 2004; Kashayar, 2009). ESC resistance in bacteria from Canadian farm 

animals has been attributed to the SHV and CMY β-lactamase families (Martin et al., 2012; Pouget 
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et al., 2013). More recently, blaCTX-M variants have been observed in bacterial isolates recovered 

from a wider range of animal species, such as poultry, beef cattle and swine (Cormier et al., 

2016; Chalmers et al., 2017; Zhang et al., 2018). Knowledge of strain diversity and blaCTX-

M variants among these isolates could shed light on the spread of ESC resistance in Canada. The 

objectives of this study were to use whole genome sequences to obtain and compile preliminary 

information on the current diversity of blaCTX-M-carrying E. coli and their respective gene variants 

in isolates from chicken, swine, beef cattle, horses, and dogs from Canada. 

2.3 Materials and Methods 

One hundred and seventy-three blaCTX-M-positive E. coli isolates were used in this analysis. 

The sequences from 42 isolates were from dogs (Zhang et al., 2018), 22 from swine (Zhang, 2017), 

66 from beef cattle (manuscript under review), 32 from chickens and 11 from horses. All were 

from fecal, cecal, or diagnostic samples collected between 2014 and 2017. Dog, chicken, swine 

and horse samples were collected in Ontario, and beef cattle samples were collected in Alberta. 

Isolates recovered from chicken and swine originated from cecal samples, whereas isolates from 

horses and beef cattle originated from fecal samples. Isolates from dogs originated from fecal and 

a variety of diagnostic samples. Samples from dogs, swine, chicken and cattle were cultured  using 

enrichment broth containing cefotaxime (2 μg/mL) and isolates were selected using subcultures on 

agar supplemented with ceftriaxone (1 μg/mL). Diagnostic isolates from dogs were collected 

without the use of enrichment (Zhang et al., 2018). Fecal samples from horses were collected at a 

single major racetrack over two different days. Isolates were incubated overnight in LB broth 

without antibiotics and isolates selected using CHROMID® ESBL agar (BioMérieux, Laval, QC, 

Canada). 

DNA extractions were performed using the Epicentre MasterPure DNA Purification kit 

(Epicentre, Madison, WI, USA). Sequences were obtained using MiSeq (PE300) and NextSeq 

technology (Illumina, San Diego, CA, USA; Advanced Analysis Centre) following library 

preparation using Nextera XT kits (Illumina). Whole genome sequences were assembled using the 

BioNumerics v7.6 (Applied Maths, Austin, TX, USA), SPAdes algorithm with assembly-free and 

assembly-based allele calling. Sequence types (STs) were assigned using the whole genome multi-
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locus sequence typing (wgMLST) plug-in and the E. coli/Shigella Enterobase scheme. The CTX-

M genes, their respective variants, and virulence genes were identified using the E. coli functional 

genotyping application in BioNumerics v7.6. Minimum spanning trees (MSTs) were created using 

core genome multi-locus sequencing typing (cgMLST) to observe the relatedness of the isolates. 

2.4 Results 

Ten blaCTX-M variants were identified from 173 isolates (Table 2.1). Isolates from dogs 

presented the greatest variety of blaCTX-M variants (n = 8), followed by feedlot cattle (n = 7), swine 

(n = 5), chickens (n = 4), and horses (n = 1). The blaCTX-M-1 variant was the dominant variant found 

in chicken (91%) and horse (100%) isolates. The remaining blaCTX-M variants appear to be more 

heterogeneous among E. coli isolated from cattle, swine and dogs. 

Minimum spanning trees were created using cgMLST and 1998 loci. Based on the 

distribution of branch lengths, clusters were defined as a group of three or more isolates connected 

by a branch length of less than 100 locus differences. Some clustering was observed among isolates 

from the same animal species (Fig. 2.1). In contrast, most isolates within a species were largely 

unrelated to those collected from other animal species. Nevertheless, four canine isolates were less 

than 20 locus variations apart from isolates collected from swine, chicken, and cattle (Fig. 2.1). 

They also appeared to share the same blaCTX-M variant (blaCTX-M-1,-15 and blaCTX-M-55) (Fig. 2.2). 

Sixty-two unique STs were identified among the 173 isolates using the Achtman sequence typing 

scheme (Table S2.1). The most prevalent STs in this study (ST224, and ST683) and the STs known 

to have the most clinical relevance (ST10, ST117, ST131 and ST648) are depicted in Fig. 2.3. Five 

of the six major STs were associated with a specific animal species ST117 (chicken), ST131 (dog), 

ST224 (beef cattle), ST648 (dog), and ST683 (beef cattle) (Fig. 2.1, Fig. 2.3). More than 

one blaCTX-M variant was observed in the ST10, ST131, and ST648 clusters. Sequence type 131, 

arguably the most clinically relevant in humans, was not found in any other species than dogs. STs 

224 and 683 were only identified among beef cattle isolates with either blaCTX-M-55 or blaCTX-M-65, 

respectively, with the exception of a single canine isolate that was also part of the blaCTX-M-

55 cluster. Isolates found to be ST 117, which has been commonly found among avian 

pathogenic E. coli (APEC), carried many virulence genes typically associated with 
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this pathotype (including iss, iroN, OmpT, ireA, fyuA, iutA, tsh, papC, and kpsII). Most other 

variants (blaCTX-M-1, -14, -15, and blaCTX-M-27) were found across a wide range of sequence types and 

animal sources (Fig. 2.1, Fig. 2.2 and Table S2.1). 

2.5 Discussion 

The majority of blaCTX-M variants identified in this analysis were found in E. coli from more 

than one animal species, and have been identified in humans and animals globally (Bevan et al., 

2017). The presence of the same variants across bacteria from several animal species and in 

multiple STs suggested that mobile genetic elements play an important role in the spread of blaCTX-

M. It may also allude to multiple and repeated entry of blaCTX-M-carrying strains into animal 

populations in Canada since their first appearance in the early 2000’s. Most noteworthy of these 

are the blaCTX-M-14,-15, -27, and blaCTX-M-55 variants, which have been associated with the global 

spread of blaCTX-M in humans (Bevan et al., 2017). Although found in isolates from every animal 

species investigated, blaCTX-M-1 was overwhelmingly dominant in E. coli from chickens and 

horses. This trend has also been observed in Europe (Girlich et al., 2007; Dierikx et al., 2012). It 

may suggest that the genetic elements carrying this variant result in a particular selective advantage 

in these animal species, either through colonization, metabolic adaptation to the host digestive 

tract or increased environmental stability. 

The number of blaCTX-M variants and STs observed among each animal species may be in 

part reflective of the environment in which these animals are raised. For example, most dogs live 

in a complex environment where exposure to a variety of people, animals and foods is common, 

possibly increasing the acquisition of various bacterial strains. This is a likely contributor to the 

higher diversity of blaCTX-M variants observed with this species. In contrast, production animals 

live in more confined and standardized environments. For example, swine and poultry are often 

part of integrated production lines with strict biosecurity control measures and are therefore less 

likely to see the introduction of organisms and strains from a broad variety of sources in their 

environment. The lack of blaCTX-M variant diversity seen among horse isolates may be a result of 

fecal samples being collected from a single location. However, the extensive strain diversity 

recovered from these animals would suggest either an extremely active horizontal transfer 
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of blaCTX-M-1 within strains at this location or acquisition from multiple sources. Although a larger 

collection of isolates from various regions is necessary to accurately assess the diversity of blaCTX-

M variants among E. coli from Canadian horses, our results strongly suggest that blaCTX-M-1 may 

be the dominant variant among bacterial isolates from this species. This is similar to findings from 

other groups in Europe (Dierikx et al., 2012; Lupo et al., 2018), and to another study in 

Nova Scotia, Canada where an isolate carrying blaCTX-M-1 was the only ESC-resistant isolate 

identified in horses (Timonin et al., 2016). 

Sequence type 10, ST131, and ST648 have been associated with the global spread of blaCTX-

M in humans and animals (Manges and Johnson, 2012; Pitout, 2012; Nicolas-Chanoine et al., 

2014) and may be reflective of their long-standing presence and the role of horizontal gene transfer 

in the spread of blaCTX-M. Identifying STs generally associated with humans among canine isolates, 

and not in other animal species is probably reflective of the less direct interactions between humans 

and farm animals, as opposed to the close relationships that humans have with their dogs. Sequence 

type 224 and ST683 are not as widespread as ST10, ST131, or ST648. However, they do represent 

the dominant STs found among beef cattle isolates in this study. Isolates from beef cattle were 

collected from four feedlots that carried out similar production practices and therefore the 

dominance of these STs is likely reflective of clonal expansion or similar selective pressures within 

these feedlots (manuscript under review). Escherichia coli ST117, which was the most frequent 

ST identified from chickens, has been associated with clinical infections in humans (Bergeron et 

al., 2012; Ho et al., 2012). It is also widespread among APEC isolates and has been associated 

with outbreaks of avian colibacillosis (Mora et al., 2012; Ronco et al., 2017). The ST117 isolates 

in this study, although of cecal (chicken) or fecal (dog) origin, also appear to carry virulence genes 

typically associated with APEC. The tendency of this ST to be associated with blaCTX-M-1, 

and virulence factors involved in the pathogenesis of infections in humans and poultry may be 

cause for concern, since this may lead to the spread of virulent strains resistant to third and fourth 

generation cephalosporins. When analyzed using MST, some canine isolates were found to be 

genetically similar to those from chickens, swine and cattle, whereas isolates across production 

animals did not cluster. This further supports our hypothesis that the types of environment animals 
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reside in have a significant effect on the variety of organisms that they may come in to contact 

with during their life. 

In conclusion, blaCTX-M-positive isolates from different Canadian animal species do not 

appear to be closely related. However, the same blaCTX-M variants are frequently found in more 

than one animal source. This suggests that these genes are spreading efficiently through bacterial 

populations to livestock and companion animals or that blaCTX-M-positive bacteria are entering 

production animal industries from diverse sources. Specific sequence types (ST131, ST117, ST224 

and ST683) and some gene variants (blaCTX-M-1, blaCTX-M-55, and blaCTX-M-65) were more abundant 

in some animal species than others, and may further indicate that blaCTX-M-carrying isolates are 

entering these ecological niches from sources unique to each species or industry. Additional 

isolates from a wider range of locations and sources are necessary to confirm the trends found in 

this study and fully characterize the current diversity of blaCTX-M-carrying E. coli in Canada. 

Plasmid characterization should also be pursued to further assess how blaCTX-M genes are 

spreading through Canadian livestock and companion animals. 
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2.6 Figures 

 

Figure 2. 1 Minimum spanning tree created using cgMLST, comparing 1998 loci colored by 

animal species.  

*Red arrows indicate the four canine isolates that are less than 20 locus variations apart from 

production animal isolates 

*Clusters were defined as a group of three or more isolates connected by a branch length of less 

than 100 locus differences 
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Figure 2. 2 Minimum spanning tree created using cgMLST, comparing 1998 loci colored by CTX-

M variant. 
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Figure 2. 3 Minimum spanning tree created using cgMLST, comparing 1998 loci colored by major 

sequence type of interest. 
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2.7 Tables 

Table 2. 1 The number and proportion of each CTX-M variant identified among Escherichia 

coli isolates (n = 173), from chicken (n = 32), swine (n = 22), beef cattle (n = 66), dogs (n = 42), 

and horses (n = 11). 

CTX-M variant Chicken Swine Beef cattle Dog Horse Total 

CTX-M-1 29 (91%) 9 (41%) 3 (5%) 6 (14%) 11 (100%) 58 (34%) 

CTX-M-14 1 (3%) 8 (36%) 1 (2%) 5 (12%) – 15 (9%) 

CTX-M-15 1 (3%) 2 (9%) 11 (17%) 12 (29%) – 26 (15%) 

CTX-M-27 – 2 (9%) 2 (3%) 9 (21%) – 13 (8%) 

CTX-M-32 – – 1 (2%) – – 1 (1%) 

CTX-M-55 1 (3%) – 30 (45%) 7 (17%) – 38 (21%) 

CTX-M-65 – – 18 (27%) – – 18 (10%) 

CTX-M-115 – 1 (5%) – 1 (2%) – 2 (1%) 

CTX-M-169 – – – 1 (2%) – 1 (1%) 

CTX-M-202 – – – 1 (2%) – 1 (1%) 



 

 

50 

 

References 

Bergeron, C.R., Prussing, C., Boerlin, P., Daignault, D., Dutil, L., Reid-Smith, R.J., Zhanel, G.G., 

Manges, A.R., 2012. Chicken as reservoir for extraintestinal pathogenic Escherichia coli 

in humans, Canada. Emerging Infectious Diseases 18, 415-. 

Bevan, E.R., Jones, A.M., Hawkey, P.M., 2017. Global epidemiology of CTX-M β-lactamases: 

temporal and geographical shifts in genotype. J Antimicrob Chemother 72, 2145–2155. 

doi:10.1093/jac/dkx146 

Boyd, D.A., Tyler, S., Christianson, S., McGeer, A., Muller, M.P., Willey, B.M., Bryce, E., 

Gardam, M., Nordmann, P., Mulvey, M.R., 2004. Complete Nucleotide Sequence of a 92-

Kilobase Plasmid Harboring the CTX-M-15 Extended-Spectrum Beta-Lactamase Involved 

in an Outbreak in Long-Term-Care Facilities in Toronto, Canada. Antimicrobial Agents 

and Chemotherapy 48, 3758–3764. doi:10.1128/AAC.48.10.3758-3764.2004 

Chalmers, G., Cormier, A.C., Nadeau, M., Côté, G., Reid-Smith, R.J., Boerlin, P., 2017. 

Determinants of virulence and of resistance to ceftiofur, gentamicin, and spectinomycin in 

clinical Escherichia coli from broiler chickens in Québec, Canada. Veterinary 

Microbiology 203, 149–157. doi:10.1016/j.vetmic.2017.02.005 

Cormier, A.C., Chalmers, G., McAllister, T.A., Cook, S., Zaheer, R., Scott, H.M., Booker, C., 

Read, R., Boerlin, P., 2016. Extended-Spectrum-Cephalosporin Resistance Genes in 

Escherichia coli from Beef Cattle. Antimicrob. Agents Chemother. 60, 1162–1163. 

doi:10.1128/AAC.02516-15 

Dierikx, C.M., van Duijkeren, E., Schoormans, A.H.W., van Essen-Zandbergen, A., Veldman, K., 

Kant, A., Huijsdens, X.W., van der Zwaluw, K., Wagenaar, J.A., Mevius, D.J., 2012. 

Occurrence and characteristics of extended-spectrum-β-lactamase- and AmpC-producing 

clinical isolates derived from companion animals and horses. J Antimicrob Chemother 67, 

1368–1374. doi:10.1093/jac/dks049 



 

 

51 

 

Girlich, D., Poirel, L., Carattoli, A., Kempf, I., Lartigue, M.-F., Bertini, A., Nordmann, P., 2007. 

Extended-Spectrum β-Lactamase CTX-M-1 in Escherichia coli Isolates from Healthy 

Poultry in France. Appl. Environ. Microbiol. 73, 4681–4685. doi:10.1128/AEM.02491-06 

Ho, W.S., Thong, K.-L., Yeo, C.C., 2012. Multilocus sequence typing of clinical ESBL- producing 

E. coli strains. International Journal of Infectious Diseases, 15th International Congress on 

Infectious Diseases (ICID) Abstracts 16, e416–e417. doi:10.1016/j.ijid.2012.05.573 

Kashayar, B., 2009. Antimicrobial resistance and selected β-lactam resistance genes in 

Escherichia coli from canine urinary tract infections (M.Sc.). University of Guelph 

(Canada). 

Lalak, A., Wasyl, D., Zając, M., Skarżyńska, M., Hoszowski, A., Samcik, I., Woźniakowski, G., 

Szulowski, K., 2016. Mechanisms of cephalosporin resistance in indicator Escherichia coli 

isolated from food animals. Vet. Microbiol. 194, 69–73. doi:10.1016/j.vetmic.2016.01.023 

Lupo, A., Haenni, M., Saras, E., Gradin, J., Madec, J.-Y., Börjesson, S., 2018. Is blaCTX-M-1 

Riding the Same Plasmid Among Horses in Sweden and France? Microb. Drug Resist. 

doi:10.1089/mdr.2017.0412 

Manges, A.R., Johnson, J.R., 2012. Food-Borne Origins of Escherichia coli Causing 

Extraintestinal Infections. Clin Infect Dis 55, 712–719. doi:10.1093/cid/cis502 

Martin, L.C., Weir, E.K., Poppe, C., Reid-Smith, R.J., Boerlin, P., 2012. Characterization of 

blaCMY-2 Plasmids in Salmonella and Escherichia coli Isolates from Food Animals in 

Canada. Appl. Environ. Microbiol. 78, 1285–1287. doi:10.1128/AEM.06498-11 

Mora, A., López, C., Herrera, A., Viso, S., Mamani, R., Dhabi, G., Alonso, M.P., Blanco, M., 

Blanco, J.E., Blanco, J., 2012. Emerging avian pathogenic Escherichia coli strains 

belonging to clonal groups O111:H4-D-ST2085 and O111:H4-D-ST117 with high 

virulence-gene content and zoonotic potential. Vet. Microbiol. 156, 347–352. 

doi:10.1016/j.vetmic.2011.10.033 



 

 

52 

 

Nicolas-Chanoine, M.-H., Bertrand, X., Madec, J.-Y., 2014. Escherichia coli ST131, an Intriguing 

Clonal Group. Clinical Microbiology Reviews 27, 543–574. doi:10.1128/CMR.00125-13 

Pitout, J.D.D., 2012. Extraintestinal Pathogenic Escherichia coli: A Combination of Virulence 

with Antibiotic Resistance. Front Microbiol 3, 9. doi:10.3389/fmicb.2012.00009 

Pouget, J.G., Coutinho, F.J., Reid-Smith, R.J., Boerlin, P., 2013. Characterization of blaSHV 

Genes on Plasmids from Escherichia coli and Salmonella enterica Isolates from Canadian 

Food Animals (2006-2007). Appl Environ Microbiol 79, 3864–3866. 

doi:10.1128/AEM.00355-13 

Rodriguez-Siek, K.E., Giddings, C.W., Doetkott, C., Johnson, T.J., Nolan, L.K., 2005. 

Characterizing the APEC pathotype. Vet. Res. 36, 241–256. doi:10.1051/vetres:2004057 

Ronco, T., Stegger, M., Olsen, R.H., Sekse, C., Nordstoga, A.B., Pohjanvirta, T., Lilje, B., Lyhs, 

U., Andersen, P.S., Pedersen, K., 2017. Spread of avian pathogenic Escherichia coli ST117 

O78:H4 in Nordic broiler production. BMC Genomics 18, 13. doi:10.1186/s12864-016-

3415-6 

Timonin, M. e., Poissant, J., McLoughlin, P. d., Hedlin, C. e., Rubin, J. e., 2016. A survey of the 

antimicrobial susceptibility of Escherichia coli isolated from Sable Island horses. Can. J. 

Microbiol. 63, 246–251. doi:10.1139/cjm-2016-0504 

Zhang, P.L.C., 2017. Resistance to extended-spectrum cephalosporins in Enterobacteriaceae from 

chickens, dogs, and pigs in Ontario (M.Sc.). University of Guelph (Canada). 

Zhang, P.L.C., Shen, X., Chalmers, G., Reid-Smith, R.J., Slavic, D., Dick, H., Boerlin, P., 2018. 

Prevalence and mechanisms of extended-spectrum cephalosporin resistance in clinical and 

fecal Enterobacteriaceae isolates from dogs in Ontario, Canada. Veterinary Microbiology 

213, 82–88. doi:10.1016/j.vetmic.2017.11.020 

 



 

 

53 

 

Chapter 3: The presence and diversity of blaCTX-M among Escherichia 

coli from urban wastewater and feedlot cattle, from Alberta, Canada 

 

Ashley C. Cormier,a Gabhan Chalmers,a Shaun R. Cook,b,c Rahat Zaheer,b Sherry J. Hannon,d 

Calvin W. Booker,d Ron R. Read,e Sheryl Gow,f Tim A. McAllister,b Patrick Boerlina     

  

aDepartment of Pathobiology, University of Guelph, Guelph, Ontario, Canada 

bAgriculture and Agri-food Canada, Lethbridge, Alberta, Canada 

cAlberta Agriculture and Forestry, Lethbridge, Alberta, Canada 

dFeedlot Health Management Services, Okotoks, Alberta, Canada 

eMicrobiology, Immunology and Infectious Diseases, University of Calgary, Alberta, Canada 

fDepartment of Large Animal Clinical Sciences, Western College of Veterinary Medicine, 

University of Saskatchewan, Saskatoon, Saskatchewan, Canada 

 

 

 

 

 

 

Published in the journal “Microbial Drug Resistance” 



 

 

54 

 

3.1 Abstract 

A recent preliminary study from our group found that extended-spectrum cephalosporin-

resistance determinants can be detected in the majority of composite fecal samples collected from 

Alberta feedlot cattle. Most notably, blaCTX-M genes were detected in 46.5% of samples. Further 

isolate characterization identified blaCTX-M-15 and blaCTX-M-27, which are widespread in bacteria 

from humans. We hypothesized that Escherichia coli of human and beef cattle origins share the 

same pool of blaCTX-M genes. In this study, we aimed to assess and compare the genomic profiles 

of a larger collection of blaCTX-M-positive E. coli recovered from fecal composite samples from 

Canadian beef feedlot cattle and human wastewater through whole-genome sequencing. The 

variants blaCTX-M-55, blaCTX-M-32, blaCTX-M-27, blaCTX-M-15, and blaCTX-M-14 were found in both urban 

wastewater and cattle fecal isolates. Core genome multilocus sequence typing showed little 

similarity between the fecal and wastewater isolates. Thus, if the dissemination of genes between 

urban wastewater and feedlot cattle occurs, it does not appear to be related to the expansion of 

specific clonal lineages. Further investigations are warranted to assemble and compare plasmids 

carrying these genes to better understand the modalities and directionality of transfer. 

3.2 Introduction 

Beta-lactam antibiotics continue to be the most commonly prescribed antimicrobials in 

humans in Canada.1 Among them, extended-spectrum cephalosporins (ESCs) are considered 

critically important antimicrobials in both human and veterinary medicine.2 Although they are not 

used for growth promotion in beef cattle production, ESCs are used for therapy. ESC resistance 

may also be indirectly selected for by the use of nontherapeutic antibiotics, since recent studies 

have demonstrated the potential for coselection of multiple resistance phenotypes.3–5 There is 

concern that antimicrobial resistance (AMR) genes and resistant bacteria could be transferred 

between species by ways of direct contact, the consumption of meat and raw vegetables, or through 

environmental contamination.6,7 Therefore, the state of AMR in the beef cattle industry in the 

province of Alberta is of particular interest, since in 2016 it was home to 41.6% of the national 

herd,8 which is far greater than any other province in Canada. 

https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B1
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B2
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B3%20B4%20B5
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B6
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B7
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B8
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Since 2008, the Canadian Integrated Program for Antimicrobial Resistance Surveillance 

(CIPARS) has consistently reported a very low prevalence (0–1%) of ESC resistance 

in Escherichia coli from retail beef and abattoir cecal samples across Canada.9 This is likely a 

reflection of good hygiene practices at slaughter,10 as well as the prudent use of ESCs on farm. 

Routine on-farm surveillance of resistance in bacteria from feedlot beef cattle is not conducted in 

Canada, and research on the detection and characterization of ESC-resistant bacteria from live beef 

cattle is limited.11 Current data suggest that most instances of ESC resistance among 

Enterobacteriaceae from Canadian beef cattle can be attributed to blaCMY-2, whereas blaCTX-

M variants are only detected sporadically. This parallels what has been reported in the United 

States,12–14 and contrasts with the situation in Europe where ESC resistance due to the presence 

of blaCTX-M variants is found more frequently.15,16 

In contrast to the current surveillance methodologies in Canada, which assess resistance 

prevalence among generic E. coli isolated without selective media, we recently used selective 

media and enrichment protocols for the detection of ESC-resistance determinants from fecal 

samples collected from Canadian feedlot cattle. ESC-resistance determinants (blaCMY, blaCTX-

M, and blaSHV) were detected in 90% of fecal samples from four major feedlots, demonstrating the 

widespread presence of these determinants in bacteria from beef cattle feces, and warranting 

further investigation into the bacteria recovered from these samples.17 Most notable were 

the blaCTX-M genes, which are thought to be emerging in Canadian beef cattle and were detected in 

46.5% of samples.17 

The blaCTX-M-15 and blaCTX-M-27 variants, which are known to be widely found in bacteria 

from humans in the same province18 were detected among a subset of isolates from these samples. 

We hypothesized that E. coli of human and beef cattle origins share the same pool of blaCTX-

M genes. Here, we continued this work by expanding the collection of isolates over an additional 

year and compared the genomic profiles of blaCTX-M-positive E. coli recovered from fecal samples 

from Canadian beef feedlot cattle and urban wastewater. 

https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B9
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B10
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B11
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B12%20B13%20B14
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B15
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B16
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B17
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B17
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B18
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3.3 Materials and Methods 

3.3.1 Composite fecal sample collection and enrichment of E. coli 

Eight hundred forty-six composite fecal pen samples were collected from 73 pens in 4 

major Alberta feedlots between May 2014 and April 2016. Each feedlot was sampled every 2 

months on an alternating schedule (e.g., month 1-Feedlot A & B, month 2-Feedot C & D, month 

3-Feedlot A & B, etc.). Composite pen samples were generated by sampling feces (10 g) from 20 

fresh fecal pats. Upon collection, fecal material was immediately deposited in Cary-Blair medium 

(Becton, Dickinson and Company, Sparks, MD) for transport; samples were stored for an 

estimated 24–36 hr before further processing. Composite fecal pen samples (1 g) were enriched 

using a 1 in 10 dilution in EC broth (Becton, Dickinson, and Company) with cefotaxime (2 μg/mL) 

for ∼16 hr. 

3.3.2 Urban wastewater sample collection and E. coli isolation 

Sampling and E. coli isolation were performed at two municipal wastewater treatment 

facilities in the areas surrounding the sampled feedlots. One liter of sewage-influent water was 

collected from postgrit tanks of each wastewater treatment facility. Samples were collected 

bimonthly from each plant for a total of 12 samples. At least 100 mL of the water was filtered. E. 

coli were isolated using membrane filtration, and modified membrane-thermotolerant E. coli agar 

according to US EPA Method 1603 with 1 μg/mL ceftriaxone. 

3.3.3 Detection of ESC-resistance determinants in enrichment cultures 

Aliquots (250 μL) of the fecal enrichment cultures were centrifuged for 3 min at 16,100 × g, 

and DNA extractions were performed using a QIAamp DNA Mini Kit per the manufacturer's 

instructions (QIAGEN, Valencia, CA). The resulting DNA preparation was used for real-time PCR 

(RT-PCR) with custom primer/probe TaqMan® assays for the detection of the blaCTX-M-1, blaCTX-

M-2, blaCTX-M-8, blaCTX-M-9, blaCTX-M-25, blaTEM, blaCMY, and blaSHV gene groups (Table 3.1). Real-

time PCR conditions are shown below in Table 3.1.  

https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb1
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb1
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An initial subset of 432 enrichment cultures was investigated for the presence of blaOXA-48. 

The remaining 414 enrichment cultures were investigated for the presence 

of blaNDM and blaKPC (Table 3.1). Mock-negative samples were run as controls with each 

extraction and PCR. The results of the initial subset of 432 isolates were reported by Cormier et 

al.,17 and the analysis performed here was an expansion of the former results from this previous 

study. 

3.3.4 Detection of ESC-resistance determinants in E. coli isolates 

E. coli were isolated from the fecal enrichment cultures using the protocol described in 

Cormier et al.17 This protocol was developed based upon recommendations for detecting 

cephalosporin resistance described by Aarestrup et al.19 The antibiotics selected (ceftriaxone and 

cefotaxime) provided optimal sensitivity and specificity for detection. Seven hundred twenty-eight 

isolates (1 per positive sample, where 1 could be recovered) and 95 urban wastewater isolates (up 

to 5 isolates per sample) were selected for the detection of major ESC-resistance determinants. 

Bacterial lysates were prepared by suspending a loopful of each isolate in 500 μL of sterile, 

DNA-free water, after which they were boiled at 100°C for 15 min. The resulting DNA 

preparations were centrifuged for 3 min at 16,100 × g, and the supernatant was stored at −20°C 

before PCR. Conventional PCR was used for the detection of blaCTX-M, blaCMY, and blaSHV, as 

described (Table 3.2). Based upon previous results in our laboratory, blaTEM-1 is generally the only 

variant found among the blaTEM family in farm animals in Canada. Since this variant confers 

resistance to aminopenicillins only and not ESCs, the detection of blaTEM was not pursued at the 

isolate level.  

Isolates that were blaCTX-M positive underwent additional PCR screening to differentiate 

between the blaCTX-M-1 and blaCTX-M-9 gene groups, as described (Table 3.2). Negative and positive 

PCR controls were run along with each set of lysate preparations. 

https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb1
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B17
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B17
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B19
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb2
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb2
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3.3.5 Whole-genome sequencing 

A subset of blaCTX-M-positive isolates were selected for whole-genome sequencing. An 

initial 44 fecal isolates were chosen to investigate whether the same bacterial clones were 

persisting or could be recovered repeatedly within the same pen over time. The first and last blaCTX-

M-positive isolates from the same blaCTX-M group were selected from five (Feedlots C and D) or 

six (Feedlots A and B) pens, chosen using a random number generator. Since fecal samples were 

collected from the ground of the pen, this isolate sampling strategy was performed to determine if 

a successful surviving clone in a specific pen may bias results. The pen was not found to have an 

impact on the blaCTX-M isolate recovered (data not shown), and therefore this was not accounted 

for in the remainder of the study. 

An additional 23 fecal isolates and 45 urban wastewater isolates were later selected to better 

assess the pool of blaCTX-M genes and E. coli isolates recovered from these sources. Similar 

numbers of isolates were taken from each feedlot and wastewater sample group, and distributed 

over time in an attempt to avoid bias due to clustering of data. 

DNA extractions were performed using the Epicentre MasterPure DNA Purification kit for 

cell samples, followed by the complete removal of RNA (Epicentre, Madison, WI). Sequences 

were obtained using MiSeq (PE300) or HiSeq 4000 (PE150) technology (Illumina, San Diego, 

CA; performed at the Advanced Analysis Centre, University of Guelph, ON, and McGill 

University and Génome Québec Innovation Centre, McGill University, QC) following library 

preparation using Nextera XT kits (Illumina). 

Whole-genome sequences were assembled using the BioNumerics v7.6 (Applied Maths, 

Sint-Martens-Latem, Belgium) whole-genome sequencing application with the SPAdes algorithm, 

assembly-free calling, and assembly-based allele calling (BioProject ID PRJNA523640). 

Sequence types (STs) were assigned using the BioNumerics whole-genome multilocus sequence 

typing (MLST) application with the E. coli/Shigella Enterobase scheme. Minimum spanning trees 

(MSTs) were generated using whole-genome MLST (wgMLST) and core genome MLST 
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(cgMLST). The identification of resistance genes and their respective variants was performed 

using the E. coli functional genotyping plug-in for BioNumerics. 

3.4 Results 

3.4.1 Detection of major ESC-resistance determinants in enrichment cultures and E. 

coli isolates 

All 846 fecal enrichment cultures were positive for at least one gene family of interest 

(blaTEM, blaCMY, blaCTX-M, and blaSHV); these data include both, the new ones generated here and 

those results previously described by Cormier et al. (Table 3.3). blaCMY remains the main ESC-

resistance determinant throughout the 2-year sampling period. All those tested were negative 

for blaNDM, blaKPC (n = 414), or blaOXA-48 (n = 432). Since none of the enrichment cultures tested 

were positive for blaNDM, blaKPC, or blaOXA-48, the detection of these genes was not pursued at the 

isolate level. An increase in blaCTX-M prevalence was observed between the preliminary 

data17 collected between May 2014 and April 2015, and the additional 414 enrichment cultures 

collected between May 2015 and April 2016.  

A chi-square analysis was performed, and a significant increase in blaCTX-M prevalence was 

confirmed between the two sampling periods for three of the four feedlots (Table 3.4). In addition, 

significant decreases were observed in the prevalence of blaCMY and blaSHV in Feedlots C and A, 

respectively.  

The proportion of urban wastewater isolates and fecal isolates positive for blaCTX-M-

1 group, blaCTX-M-9 group, blaCMY, and blaSHV are reported in Table 3.3. Two hundred nine 

(28.7%) fecal and 66 (69.5%) urban wastewater isolates were positive for blaCTX-M. Unlike the 

fecal enrichments and isolates, the predominant gene family identified from urban wastewater 

was blaCTX-M. 

https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb3
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B17
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb4
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb3
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3.4.2 cgMLST of blaCTX-M-positive composite fecal isolates 

Twenty-two isolate pairs (n = 44) with blaCTX-M PCR products indicative of the same CTX-

M family within each pair were chosen to assess the persistence of blaCTX-M-positive clones in the 

same feedlot pen over time. Fourteen of the 22 pairs had the same blaCTX-M variant. All pairs from 

Feedlot D had the same blaCTX-M variant (blaCTX-M-65), and no blaCTX-M variant matching pairs 

were recovered from Feedlot C; Farms A and B had pairs with both identical and different blaCTX-

M variants. Comparison of isolates with cgMLST showed that seven of the pairs with 

identical blaCTX-M variants had differences at less than five loci. 

Persistence of closely related isolates appeared most frequently when isolates were 

recovered 2–4 months apart, with four pairs differing at one locus (isolates carried blaCTX-M-

15, blaCTX-M-55, or blaCTX-M-65) or no loci (isolates carried blaCTX-M-27), and two pairs differing at 

100–150 loci (isolates carried blaCTX-M-65). Three isolate pairs collected between 5 and 10 months 

apart differed at less than five loci (isolates carried blaCTX-M-55 or blaCTX-M-65). The five remaining 

isolate pairs were collected between 11 and 20 months apart and differed at >1,650 loci (all 

carried blaCTX-M-55). 

3.4.3 Overall distribution of blaCTX-M variants recovered from composite fecal and urban 

wastewater isolates 

Seven different blaCTX-M variants were detected among the 67 fecal isolates 

sequenced: blaCTX-M-1 (n = 3; 4.5%), blaCTX-M-14 (n = 2; 3.0%), blaCTX-M-15 (n = 11; 16.4%), blaCTX-

M-27 (n = 2; 3.0%), blaCTX-M-32 (n = 1; 1.5%), blaCTX-M-55 (n = 30; 44.8%), and blaCTX-M-65 (n = 18; 

26.9%). With six of the seven variants identified, Feedlot C presented the most diverse set 

of blaCTX-M subtypes. This contrasted with Feedlot D, where only blaCTX-M-65 was identified among 

the 16 isolates recovered over a 13-month period. Up until and including the first four samplings, 

only two isolates tested positive for blaCTX-M among isolates recovered from this feedlot. From the 

fifth sampling onward, anywhere from 2 to 10 isolates from each sampling month tested positive 

for blaCTX-M. Unfortunately, no information was available regarding the management practices or 
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the sources and origins of animals for the different feedlots to explain these differences. Table 

3.5 shows the number of each blaCTX-M variant identified in each feedlot.  

Four different blaCTX-M variants were detected among the wastewater isolates sequenced 

(n = 45): blaCTX-M-14, blaCTX-M-15, blaCTX-M-27, and blaCTX-M-55 (Table 3.5). The majority of these 

isolates carried either blaCTX-M-14 (n = 14; 31.1%) or blaCTX-M-15 (n = 23; 51.1%). 

3.4.4 Variation of STs among composite fecal and urban wastewater isolates 

Forty different STs were identified from the fecal and urban wastewater isolates, and only 

ST69 was shared between both sources (Supplementary Table S3.1). The most common STs were 

ST224 (n = 19), ST683 (n = 16), and ST10 (n = 10), all of which were recovered only from beef 

cattle feces. Isolates identified as ST224 and ST683 carried only blaCTX-M-55 and blaCTX-M-65, 

respectively, whereas ST10 isolates carried variants blaCTX-M-15 (n = 5), blaCTX-M-55 (n = 3), blaCTX-

M-1 (n = 1), or blaCTX-M-32 (n = 1). ST131 isolates (n = 5) were recovered from urban wastewater 

only and carried either blaCTX-M-15 (n = 4) or blaCTX-M-14 (n = 1). Supplementary Table 

S3.1 describes all STs identified among wastewater and fecal isolates, as well as their 

respective blaCTX-M variants. 

3.4.5 Multidrug resistance among composite fecal and urban wastewater isolates 

For the purpose of this article, multidrug-resistant isolates were defined as having 

resistance determinants for three or more antimicrobial classes. Multidrug resistance genotypes 

were observed among 64/67 sequenced fecal isolates and 38/45 urban wastewater isolates. 

Including ESCs, the genes detected cover resistance to eight antibiotic classes (Table 3.6); the most 

common of these resistances being aminoglycosides, sulfonamide/trimethoprim, and tetracyclines. 

The antibiotic resistance phenotypes extrapolated from the genome sequences for fecal and urban 

wastewater isolates can be found in Supplementary Tables S3.2 and S3.3, respectively. Studies 

have demonstrated that whole-genome sequencing can adequately predict resistance phenotypes 

for resistance determinants typically associated with mobile genetic elements, such as those 

frequently identified in this study.20,21 Therefore, antimicrobial susceptibility testing was not 

performed to confirm multidrug resistance. 

https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb5
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb5
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#tb5
https://www.liebertpub.com/doi/suppl/10.1089/mdr.2019.0112/suppl_file/Supp_Table1.pdf
https://www.liebertpub.com/doi/suppl/10.1089/mdr.2019.0112/suppl_file/Supp_Table1.pdf
https://www.liebertpub.com/doi/suppl/10.1089/mdr.2019.0112/suppl_file/Supp_Table1.pdf
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3.4.6 Genomic comparison of composite fecal and urban wastewater isolates 

A MST for categorical data was created using cgMLST with bootstrapping ( × 1,000), and 

showed that fecal and urban wastewater isolates lacked similarity (Fig. 3.1a, b).  

wgMLST was chosen to assess relationships between isolates within feedlots for increased 

discrimination in comparison with cgMLST. Two main clusters of isolates were identified, with 

isolates differing on average by 83 loci within each cluster (Fig. 3.2a). For the first of these clusters, 

all but one isolate carried blaCTX-M-65 (n = 18) and all but three were recovered from Feedlot D. All 

showed close genetic similarity suggestive of clonal spread as the primary method of dissemination 

of blaCTX-M-65 within this feedlot (Fig. 3.2a, b). The second cluster consisted of a group of closely 

related isolates from Feedlots A, B, and C, all belonging to ST224 and carrying blaCTX-M-55. 

However, several blaCTX-M-55-positive isolates from the same feedlots were found at other locations 

within the tree and belonged to unrelated STs (Fig. 3.2a, b). This suggests that contrary to blaCTX-

M-65, both clonal spread and horizontal gene transfer (HGT) may play a role in the spread of blaCTX-

M-55. 

The blaCTX-M-15 gene is also found in unrelated isolates in the tree and in different feedlots 

but with only minor clusters of related isolates within feedlots (for instance, in Feedlot B). 

Finally, blaCTX-M-1 was found in only one feedlot, but in three genetically unrelated isolates, 

suggesting that HGT is a major pathway for the dissemination of this gene. 

cgMLST was first performed on the urban wastewater isolates to identify potential clonal 

clusters (Fig. 3.3). Three broad clusters were identified with STs ST38, ST131, and ST405. Further 

analysis using wgMLST showed that the isolates in these clusters were not closely related. 

3.5 Discussion 

The data presented in this study contrast with the consistently low prevalence of ESC-

resistant bacteria among Canadian beef cattle reported by CIPARS. This is certainly to be 

accounted for by the increased detection sensitivity provided by the use of pooled samples 

combined with enrichment cultures and RT-PCR. Our results are also not directly comparable with 
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those from CIPARS since, in this study, the denominator for prevalence estimates is the gram of 

pooled fecal sample used for enrichment, while for CIPARS it is a single generic bacterial isolate 

per sample. Thus, coupled with the CIPARS results, our results strongly suggest that the within-

sample concentration of ESC-resistant bacteria may be too low to detect consistently through 

direct, nonselective plating. 

The prevalence of ESC resistance found within the feedlots investigated demonstrates that 

these resistant bacteria reside in this environment, and that use of ESCs in feedlot cattle could 

enhance selection for ESC-resistant bacteria. This observation emphasizes the need for prudent 

use of beta-lactam antibiotics in the feedlot cattle production systems. 

The enrichment culture data reported here remain consistent with our preliminary findings, 

in that ESC-resistance determinants are common in feedlot cattle feces.17 However, statistically 

significant increases in the prevalence of blaCTX-M within three feedlots were observed between 

the data from the first year reported earlier and the additional enrichment cultures from the 

following year. The increase in blaCTX-M during our second sampling period is likely reflective of 

an ongoing spread of blaCTX-M within these feedlots over time. Depending on 

farm, blaCMY and blaSHV prevalences were either unchanged or decreasing. This may be suggestive 

of a stable long-term persistence within the bacterial population of these cattle or of the 

replacement of these resistance determinants by others such as blaCTX-M. Alternatively, this change 

may also be a result of variation in the source and management practices of cattle entering the 

feedlot, or of environmental selective pressures. 

There is evidence for the role of HGT in the spread of blaCTX-M to and in feedlot cattle in 

Canada. This is supported by the presence of genetically unrelated isolates carrying the 

same blaCTX-M variant within the same feedlot (i.e., blaCTX-M-1, blaCTX-M-15, and blaCTX-M-55). There 

is, at the same time, evidence to support the role of clonal expansion in the spread of blaCTX-M; for 

instance, with the blaCTX-M-65 variant, which is found exclusively in ST683. The same is visible to 

a lesser degree with blaCTX-M-55, which is found mainly in ST224. The prevalence of these two 

latter blaCTX-M subtypes and their association with major clonal lineages in feces from beef cattle 

may be the effect of these genes “hitchhiking” on two clones that exhibit increased fitness in the 
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feedlot environment and cattle. Alternatively, isolates from these two clones may be associated 

with single point sources such as single cow–calf operations from which the feedlots under study 

purchase animals. Since both blaCTX-M-55 and blaCTX-M-65 are relative newcomers in North 

America,22,23 their association with specific genetic clusters may be indicative of an initial clonal 

spread of blaCTX-M before HGT allows them to spread among a larger variety of clonal lineages. 

Further studies are warranted to test these two hypotheses. 

Similar to what has been reported by others in bacterial isolates recovered from beef cattle 

and wastewater,24–27 95.5% of sequenced CTX-M-positive fecal isolates and 84% of urban 

wastewater isolates were multidrug resistant. Tetracyclines are commonly injected and included 

in the feed of beef cattle for preventive therapy,28 as are sulfonamides and 

trimethoprim.29 Resistance determinants for these antimicrobials were also repeatedly identified 

within sequenced isolates from both fecal and urban wastewater samples. This is most likely the 

result of the long-term use of these antibiotics in both human and veterinary medicine, promoting 

widespread resistance. As a result of multidrug resistance, the use of antibiotics of lower relevance 

to human medicine in feedlot cattle may have the potential to inadvertently coselect for bacteria 

resistant to critically important antibiotics, such as ESCs or aminoglycosides, which has been 

demonstrated by various research groups.30–32 

The short reads obtained through MiSeq and HiSeq sequencing for this study do not allow 

us to obtain reliable and consistent assembly of the plasmid sequences on which the blaCTX-M genes 

detected reside. Therefore, we are unable to comment on the potential colocation of resistance 

determinants on single mobile genetic elements within these isolates. However, various 

combinations of genes conferring resistance to sulfonamide/trimethoprim, tetracyclines, 

phenicols, and gentamicin have been found on blaCTX-M-15 plasmids.33–35 

Plasmids carrying the variants -55 and -65 have also been found alongside aminoglycoside 

and sulfonamide resistance determinants in isolates from cattle and chickens.36,37 Despite the high 

prevalence of ESBL genes among pooled fecal samples, each feedlot reported only the sporadic 

use of cephalosporins over the sampling years (data not shown). Further studies on antimicrobial 

use (i.e., tetracyclines, sulfonamides, and trimethoprim) as risk factors for the presence of blaCTX-

https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B22
https://www.liebertpub.com/doi/full/10.1089/mdr.2019.0112#B23
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M and on the colocation of resistance genes on plasmids using sequencing technologies allowing 

the assembly of plasmids are therefore warranted. 

Our results show that there is a common genetic pool of blaCTX-M genes shared by both 

urban wastewater and beef cattle. However, the homology is not perfect since some genes are 

found almost exclusively in cattle (e.g., blaCTX-M-65), suggesting that if there is an exchange 

between these two compartments it would be relatively slow and complex. 

The main blaCTX-M variants observed among urban wastewater isolates (blaCTX-M-14, -15, -27) 

were those that are mostly associated with human clinical isolates in the area.18,38,39 The three 

major STs detected among isolates carrying these variants (ST131, ST38, and ST405) are also 

associated with E. coli in humans,40,41 supporting the hypothesis that humans are likely the major 

source of AMR in urban wastewater bacteria. Despite this, when the same blaCTX-M variants were 

identified in both urban wastewater and cattle feces (e.g., blaCTX-M-14, -15, -27, -55), the isolates were 

of different clonal lineages, thus speaking for HGT as a major component and complex network 

of interactions in global long-term spread of blaCTX-M. 

In conclusion, this study confirmed the wide distribution of ESC-resistant E. coli in feces 

from feedlot cattle. It showed that blaCMY is still the main determinant of ESC resistance in these 

bacteria, but that blaCTX-M may be increasing in E. coli populations. Statistical models should be 

built to determine risk factors for the occurrence of blaCTX-M, including factors such as bacterial 

fitness in the feedlot environment, antimicrobial use, the source of animals, and the feedlot of 

residence. Although genetically dissimilar, fecal isolates from beef cattle and from human 

wastewater share many of the same blaCTX-M variants, supporting the role of HGT and indirect 

transmission in the spread of AMR in humans and beef cattle. Further characterization of blaCTX-

M plasmids should be performed to better understand the dynamics of horizontal transfer of blaCTX-

M among bacteria from feedlot cattle. 
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3.6 Figures 

Figure 3. 1 MSTs using cgMLST comparisons of 2,410 genes comparing urban wastewater isolates and fecal isolates, colored by 

source (a) and CTX-M variant (b). cgMLST, core genome MLST; MST, minimum spanning tree.  
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2000	locus	
variations



 

 

67 

 

Figure 3. 2 MSTs using wgMLST comparisons comprising at least 2,365 genes showing fecal 

isolates colored by feedlot (a) of origin and CTX-M variant (b). wgMLST, whole-genome MLST.
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 Figure 3. 3 MST using cgMLST comparisons of 2,669 genes showing urban wastewater isolates 

colored by clonal cluster. 
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3.7 Tables 

Table 3. 1 Primer/probe combinations for real-time PCR reactions used to characterize enriched 

fecal cultures 

Target Sequence Probe 

Group blaCTX-M-1 F: ACGTTAAACACCGCCATTCC    R: 

CCATTGCCCGAGGTGAAGT 

CGATCCGCGTGATAC 

Group blaCTX-M-2 F: GCGCAGACCCTGAAAAATCT 

R: TGTGCCCGCTGAGTTTCC 

ACGCTGGGTAAAGC 

Group blaCTX-M-8 F: GACGTTGGGCAGTGCCTTA 

R: TGCCTTTCAGCCACGTTACC 

CTCAGCGTGCGCAAC 

Group blaCTX-M-9 F: GGAGGCGTGACGGCTTT 

R: TTCAGTGCGATCCAGACGAA 

ATCGGCGATGAGACG 

Group blaCTX-M-25 F: GCCCAGGCGAACGATGT 

R: TCGTCCCCCGCTGCTT 

CAACAAAAGCTCGCGGC 

blaCMY F: GCGATCCGGTCACGAAATA 

R: CGGATACCCTGCCACTGTTT 

TGGCCAGAACTGAC 
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Preincubation for one cycle at 95°C for 10 min; amplification for 40 cycles at 95°C for 15 sec and 

60°C for 1 min; cooling for one cycle at 40°C for 10 sec using a LightCycler 480 II (Roche, Basel, 

Switzerland). The reaction used 1 μL 20 × TaqMan® Custom Gene Expression Assay (Applied 

Biosystems, Foster City, CA), 10 μL Gene Expression Master Mix (Applied Biosystems), 5 μL 

DNA-grade H2O, and 4 μL of template DNA (1–100 ng/μL) for a reaction total of 20 μL. 

blaSHV F: CCAGATCGGCGACAACGT 

R: GCCTCATTCAGTTCCGTTTCC 

ACCCGCCTTGACCG 

blaTEM F: GTGCGGTATTATCCCGTGTTG 

R: GTATGCGGCGACCGAGTT 

CGCCGGGCAAGAG 

blaKPC-1 F: GCAGGCCGGCTTGCT 

R: CGGAACCAGCGCATTTTT 

CACACCCATCCGTTACG 

blaNDM-1 F: TGCATGCCCGGTGAAATC 

R: GTCGCCAGTTTCCATTTGCT 

CCCGACGATTGGC 

blaOXA-48 F: GGGCGAACCAAGCATTTTT 

R: GCGATCAAGCTATTGGGAATTT 

CCCGCATCTACCTTT 
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Table 3. 2 Primers and amplicon sizes for PCR reactions used to characterize ESC-resistant isolates 

 

Target Primer sequences Amplicon size (bp) References 

blaCTX-M F: ATGTGCAGYACCAGTAARGTKATGGC 593 (42) 

 R: TGGGTRAARTARGTSACCAGAAYCAGCGG   

Group blaCTX-M-1 F: ATGGTTAAAAAATCACTGCG 876 (43) 

 R: TTACAAACCGTCGGTGAC   

Group blaCTX-M-9 F: TGGTGACAAAGAGAGTGCAACG 875 (43) 

 R: TCACAGGCCCTTCGGCGAT   

blaCMY F: GACAGCCTCTTTCTCCACA 1000 (44) 

 R: TGGACACGAAGGCTACGTA   
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blaSHV F: AGGATTGACTGCCTTTTTG 393 (44) 

 R: ATTTGCTGATTTCGCTCG   

blaTEM F: TTCTTGAAGACGAAAGGGC 1150 (45) 

 R: ACGCTCAGTGGAACGAAAAC   
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Table 3. 3 The proportion of enriched fecal cultures (n=846), fecal isolates (n=764) and urban wastewater isolates (n=95) positive for 

the gene families and groups of interest 

 

Gene Family % Positive enriched fecal composite cultures % Positive fecal isolates % Positive wastewater isolates 

blaCMY 86.2 65.8 26.3 

blaSHV 17.3 1.4 3.2 

blaTEM 63.2 N/A N/A 

blaCTX-M-1 47.8 20.9 42.1 

blaCTX-M-2 1.4 0.0 0.0 

blaCTX-M-8 0.1 N/A N/A 

blaCTX-M-9 22.2 8.0 29.5 



 

 

74 

 

blaCTX-M-25 0.0 N/A N/A 

All blaCTX-M 58.6 28.7 69.5 

blaOXA-48 0.0a N/A N/A 

blaNDM 0.0a N/A N/A 

blaKPC 0.0a N/A N/A 

 

a The initial subset of 432 enriched fecal cultures were tested for blaOXA-48 only, and the remaining 414 cultures were tested for blaNDM 

and blaKPC only 

N/A, not applicable. 



 

 

75 

 

Table 3. 4 Statistical significance of the difference of blaCTX-M, blaCMY, and blaSHV prevalence observed among enriched fecal cultures 

between the first and second sampling year performed using a chi-square test 

 

Farm Gene family %Positive for first year %Positive for second year p-value 

A 

blaCTX-M 61.2 

(n=111) 

87.2 

(n=117) 

< 0.0001 

blaCMY 84.7 81.2 0.484481 

blaSHV 12.6 2.7 0.003888 

B 

blaCTX-M 24.5 

(n=106) 

77.3 

(n=88) 

< 0.0001 

blaCMY 85.8 86.4 0.091789 

blaSHV 0 9.1 * 

C 

blaCTX-M 44.5 

(n=110) 

55.3 

(n=114) 

0.108753 

blaCMY 93.6 83.3 0.016098 

blaSHV 37.3 49.1 0.073551 

D 

blaCTX-M 52.4 

(n=105) 

67.4 

(n=95) 

0.020762 

blaCMY 86.7 88.4 0.707932 

blaSHV 16.2 7.4 0.055206  
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Numbers in parenthesis represent the number of pooled fecal samples tested and the p-values indicate the significance of the difference 

of prevalence observed between the first and second sampling year 

* A p-value was unable to be calculated due to a cell value of zero 
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Table 3. 5 Number of blaCTX-M variants identified among sequenced fecal isolates (n=67) and urban wastewater isolates (n=45) 

 

Source blaCTX-M-1 blaCTX-M-14 blaCTX-M-15 blaCTX-M-27 blaCTX-M-32 blaCTX-M-55 blaCTX-M-65 Total 

Feedlot A - - 4 - - 14 - 18 

Feedlot B - - 6 2 - 9 - 17 

Feedlot C 3 2 1 - 1 7 2 16 

Feedlot D - - - - - - 16 16 

Wastewater - 14 23 5 - 3 - 45 
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Table 3. 6 Number of sequenced blaCTX-M-positive isolates from each farm and urban wastewater with predicted antimicrobial resistance 

phenotypes  

 

Source ESC Bltm+In Tet Sul Tmp Phn Flq Amg Rif Lic Mac 

Feedlot A 18 - 18 17 17 14 8 17 4 3 3 

Feedlot B 17 - 17 13 10 9 5 13 - - 1 

Feedlot C 16 - 15 16 10 11 2 15 1 - 5 

Feedlot D 16 2 15 3 15 16 13 16 14 1 1 

Feedlot total - 2 65 49 52 50 38 61 19 4 10 

Urban Wastewater 45 1 30 34 30 13 15 40 1 1 20 

 

Amg, aminoglycoside; Bltm+In, beta-lactam plus inhibitor; ESC, extended-spectrum cephalosporin; Flq, fluoroquinolone; Lic, 

lincosamide; Mac, macrolide; Phn, phenicol; Rif, rifampin; Sul, sulfonamide; Tet, tetracycline; Tmp, trimethoprim. 
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4.1 Abstract 

Conserved IncI1 and IncHI1 plasmids carrying blaCTX-M-1 have been found circulating in 

chickens and horses from continental Europe, respectively. In Canada, blaCTX-M-1 is 

overwhelmingly the most common blaCTX-M variant found in Escherichia coli from chicken and 

horses and can be recovered at lower frequencies in pigs, cattle, and dogs. Whole-genome 

sequencing has identified a large genetic diversity of isolates carrying this variant, warranting 

further investigations into the plasmids carrying this gene. Therefore, the objective of this study 

was to describe the genetic profiles of blaCTX-M-1 plasmids circulating in E. coli from Canadian 

domestic animals and compare them to those recovered in animals in Europe. Fifty-one blaCTX-M-

1 positive E. coli isolates from chicken (n=14), horses (racetrack horses n=11; community horses 

n=3), swine (n=7), turkey (n=6), dogs (n=5), beef cattle (n=3), and dairy cattle (n=2) were selected 

for plasmid characterization. Sequences were obtained through both Illumina and Oxford 

Nanopore technologies. Genomes were assembled using either Unicycler hybrid assembly or Flye 

with polishing performed using Pilon. blaCTX-M-1 was found residing on a plasmid in 45 isolates 

and chromosomally located in six isolates. A conserved IncI1/ST3 plasmid was identified among 

chicken (n=12), turkey (n=4), swine (n=6), dog (n=2), and beef cattle (n=2) isolates. When 

compared against publicly available data, these plasmids showed a high degree of similarity to 

those identified in isolates from poultry and swine in Europe. These results suggest that an 

epidemic IncI1/ST3 plasmid similar to the one found in Europe is contributing to the spread of 

blaCTX-M-1 in Canada. A conserved IncHI1/FIA(HI1)/ST2 plasmid was also recovered from nearly 

all racetrack horse isolates (n=10). Although IncHI1/ST2 plasmids have been reported among 

European horse isolates, IncHI1/ST9 plasmids appear to be more widespread. Further studies are 

necessary to understand the factors contributing to these plasmids’ success in their respective 

populations. 
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4.2 Introduction 

Since the early 2000s, the Canadian Integrated Program for Antimicrobial Resistance 

Surveillance (CIPARS), has reported extended-spectrum cephalosporin (ESC) resistance among 

Escherichia coli from beef cattle, swine, chicken, and turkey (1–4). Other studies have also 

demonstrated ESC resistance among E. coli from horses (5,6) and dogs (7) in Canada. When 

available, genotypic analysis of ESC-resistant E. coli from these animal species has identified 

blaCMY-2 as the major ESC resistance determinant and has documented the emergence of the 

blaCTX-M family in Canada (7–12). 

After having been detected globally for several years (13–17), blaCTX-M variants were first 

detected in humans and companion animals in Canada in the early 2000s (18–20). The wide 

dispersion and success of these resistance genes have been attributed to their association with 

epidemic strains and with mobile genetic elements (MGEs) such as plasmids, integrons, 

transposons, and insertion sequences (21). These MGEs have allowed blaCTX-M to move 

extensively within and between bacteria, and have provided the tools necessary for persistence in 

the absence of β-lactams through the co-location of multiple resistance determinants and co-

selection by other antibiotics (22,23).  

Following blaCTX-M’s emergence in Canada, variants blaCTX-M-14, -15, -27, and blaCTX-M-55 have 

become those most frequently identified among Enterobacterales from both humans and animal 

species (24,25). This contrasts with blaCTX-M-1, which is rarely identified in humans in Canada (25) 

but widespread in bacteria from pigs, cattle, and dogs and overwhelmingly the most common 

variant in bacteria from chicken and horses (6,24). This also contrasts with what has been reported 

in Europe where blaCTX-M-1 has been regularly found among human isolates (26–29) and is the 

most common variant recovered from various production animals (30,31). Studies in Europe and 

Canada have demonstrated a large genetic diversity among isolates carrying blaCTX-M-1, suggesting 

that clonal spread may not be the major or only driver in the spread of this variant (24,30,32,33).  

Using a variety of molecular techniques, researchers have identified related incompatibility 

(Inc) group HI1 plasmids circulating within European horse populations (34,35). Similarly, related 
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IncI1 plasmids were observed in European chicken populations (32,36), and in various food animal 

samples (29,30). IncI1 plasmids have been well characterized and are frequently found to carry 

antimicrobial resistance determinants, apart from blaCTX-M-1 (37).  These plasmids have four 

conserved regions, encoding replication (e.g., inc, repY, repZ), stability (e.g., parA, parB), leading 

(e.g., ardA, psiA) and conjugative transfer (e.g., traA-Y) (37).  

The appearance of conserved IncI1 and IncHI1 plasmids across Europe raises two 

questions: First, are there also conserved blaCTX-M-1-carrying plasmids circulating in bacteria from 

domestic animals in Canada? Second, if this is true, are they the same as those recently recovered 

across Europe? Therefore, the objective of this study was to investigate and describe the genetic 

profiles of blaCTX-M-1 plasmids circulating in bacteria from Canadian domestic animals. For this 

purpose, we used the Illumina and Oxford Nanopore platforms and hybrid assembly approaches 

to assemble and subsequently compare blaCTX-M-1 plasmid sequences of recent E. coli isolates from 

chicken, turkeys, pigs, dairy cattle, beef cattle, horses, and dogs from Canada. 

4.3 Materials and Methods 

4.3.1 Isolate Selection 

Fifty-one blaCTX-M-1-positive E. coli isolates from various commodities and sources were 

selected for this study (Table 4.1). Isolates from chicken, turkey, swine, beef cattle, racetrack 

horses, and dogs were selected from previous studies based upon the detection of blaCTX-M-1. The 

Ontario Veterinary College (OVC) horse and dairy cattle isolates were from a larger collection of 

blaCTX-M group-1 positive isolates collected by the Dr. J. Scott Weese laboratory, OVC. Briefly, 

samples of 200 mg of feces taken from horses entering the OVC large animal clinic and dairy 

cattle from a single farm in Ontario, Canada were incubated for 18-24 hrs at 37 ºC in LB broth 

(Becton, Dickinson and Company, Sparks, MD, USA) (9 ml) without antibiotics. The resulting 

cultures were plated (10 µl) on CHROMID® ESBL agar (BioMérieux, Laval, QC, Canada) and 

incubated for 18-24 hrs at 37 ºC. Putative E. coli isolates were frozen for later use. Susceptibility 

testing was used to confirm the extended-spectrum beta-lactamase (ESBL) producers’ phenotype 

in accordance with the guidelines of the Clinical Laboratory Standards Institute (CLSI) (38) 
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All or up to a maximum of 14 blaCTX-M-1-positive isolates were selected from each animal 

species source. In instances where more than 14 isolates were available from an animal species, 

isolates were selected using a random number generator. If several isolates were available from 

the same sample, a random number generator was also used to select one isolate from this sample. 

4.3.2 Whole Genome Sequencing and Assembly 

DNA extractions for short- and long-read sequencing were performed using the Lucigen 

MasterPure DNA Purification kit with complete removal of RNA, according to manufacturer’s 

instructions (Lucigen, Middleton, WI, USA). Short-read sequences were obtained using MiSeq 

(PE300), HiSeq (PE100), or NextSeq (PE150) technology (Illumina, San Diego, CA, USA) after 

library preparation using Nextera XT kits (Illumina). Sequencing was performed at the Advanced 

Analysis Centre, University of Guelph, ON, Canada; McGill University and Génome Québec 

Innovation Centre, McGill University, QC, Canada; and at the National Microbiology Laboratory 

of Canada, MB, Canada. Long-read genome sequencing and assembly were performed on all 

isolates except those from turkey since these were performed in a previous study (11). Long-read 

sequences were obtained in-house using the Oxford Nanopore MinION (Oxford Nanopore 

Technologies, Oxford, UK) with FLO-MIN106D flow cells, following library preparation using 

the Ligation Sequencing Kit (SQK-LSK109), Native Barcoding Kit (EXP-NDB104 and EXP-

NBD114) as per manufacturer instructions.  

Basecalling and demultiplexing were performed using MinKNOW v1.4.2 (Oxford 

Nanopore Technologies), and Porechop v.0.2.4, respectively (39), or Guppy Basecaller v3.3 

(Oxford Nanopore Technologies). Genomes were assembled using Unicycler v0.4.4 hybrid 

assembly (40) and Flye v2.6 (41) with five rounds of Pilon polishing v1.25 (42). Pilon was used 

to correct potential errors in the long-reads using short-reads. Polished Flye assemblies were 

manually circularized by mapping short- and long-reads against the original circularized Flye 

assembly to determine the correct sequence of nucleotides necessary to close the plasmid. 

Frequently, both polished Flye and Unicycler outputs yielded similar results for each plasmid of 

interest. To determine which assembly would be used in the final analyses, a series of quality 

control measures were taken. First, ARIBA v2.14.1 (43) and ABRicate v0.9.8 (44,45) were used 
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to confirm that genes were not lost in assembly compared to short-read assemblies. Socru v2.2.4 

(46) was used to identify large-scale misassemblies in the entire genome by the arrangement of 

ribosomal operons. Long and short reads were then mapped to the final plasmid assemblies to 

determine if there were any noticeable gaps in coverage that may indicate a misassembly. Finally, 

if both assemblies remained comparable in quality until this point, Snippy v4.4.5 (47) was used to 

determine the number of short nucleotide variations (SNVs) between the short-reads and the long-

read/hybrid plasmid assemblies. The plasmid assembly with fewer SNVs was selected for further 

analyses.  

Following genome assembly, Achtman sequence types were confirmed using PubMLST 

(https://pubmlst.org/), phylotypes and serotypes were determined using EZClermont (48,49) and 

ECTyper (50), respectively.  

4.3.3 Plasmid alignment and gene annotation  

The resulting blaCTX-M-1 plasmids were compared using Easyfig (51) to identify conserved 

plasmids. Comparisons were made between plasmids recovered in Canada, continental Europe and 

with the IncI1 plasmid, R64 (Bioproject: PRJNA224116). Gene identification was performed 

using ResFinder v3.1.0 (45), PlasmidFinder v2.0.1 (52), and ISE Scan (53). Plasmid multilocus 

sequence typing (pMLST) was performed with PubMLST (https://pubmlst.org/). When necessary, 

mapping of short-reads was used to confirm STs. Reference mapping was also used to look for the 

presence of the fos operon, as well as for the pemK, ccdA/B, relE/B, parD/E, vagC/D, hok/sok, 

pndA/C, and srnB/C addiction systems on all ESC resistance plasmids.  

4.3.4 Validation of Predicted Antimicrobial Susceptibilities 

To validate the predicted antimicrobial susceptibilities of the blaCTX-M-1-carrying plasmids 

characterized in this study, a subset of 14 plasmids were assessed by antimicrobial susceptibility 

testing (AST) using the disk diffusion method. A single plasmid from each resistance profile within 

each Inc group (Table S4.1) was chosen at random for transformation and AST. Plasmid 

preparations were made using the QIAGEN® Plasmid Purification Mini Kit, as per manufacturer 

instructions (QIAGEN, Valencia, CA, USA). Plasmids were transformed via electroporation into 
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E. coli ElectroMAX™ DH10B™ (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA, USA) 

and transconjugants selected on LB agar containing 1 mg/L ceftriaxone (Sigma-Aldrich, St. Louis, 

MO, USA). Polymerase chain reaction amplification of blaCTX-M (54), plasmid preparations, and 

gel electrophoresis were performed on transformants to confirm the presence of a single blaCTX-M-

1-carrying plasmid. Once confirmed, AST was performed according to the CLSI guidelines (38) 

using the following antimicrobials: cefotaxime, trimethoprim, spectinomycin, tetracycline, 

chloramphenicol, ciprofloxacin, gentamicin, kanamycin (BD, Sparks, MD, USA), and 

sulfonamides (Oxoid Ltd, Hampshire UK). For this study, those isolates that fell into the 

intermediate zone of inhibition were considered resistant. Susceptibility testing for streptomycin 

was not performed due to the presence of natural resistance to this antimicrobial in E. coli DH10B.  

4.3.5 SNP analyses of IncI1/ST3 and IncHI1 plasmids 

A single representative plasmid (pAC112.1 and pAC1185-1-1) was selected from the 

IncI1/ST3 and IncHI1/ST2 plasmid groups based on assembly quality; those with the highest depth 

of coverage and the fewest SNVs were selected. Using these plasmids, a selection of publicly 

available plasmids with the same pMLST and/or Inc-type were identified by the Nucleotide Basic 

Local Alignment Search Tool (BLASTN) (55), available through NCBI. These included five 

IncI1/ST3 plasmids from various food animals, as well as one IncHI1/ST2 and eight IncHI1/ST9 

plasmids from horses (Table 4.2); all plasmids carried blaCTX-M-1. 

Prokka v1.14.6 (59) was first used to annotate the plasmid sequences of interest. Roary 

v3.13.0 (60) was then used on IncHI1 and IncI1/ST3 plasmids separately, to identify core and 

accessory genes among international and Canadian plasmids. For this analysis, core genes were 

defined as those present in 80% of plasmids with a minimum identity of 95%. Pairwise comparison 

of single nucleotide polymorphisms (SNPs) was then performed through snp-dist v0.7.0 (61).  
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4.4 Results  

4.4.1 Assemblies, incompatibility groups and pMLST 

A combination of Unicycler and polished Flye assemblies was selected for analysis. Hybrid 

assembly showed that blaCTX-M-1 was located on 45 plasmids and on six occasions on 

chromosomes. Chromosomal blaCTX-M-1 was identified in isolates from all animal species. Plasmid 

were recovered from 27 different Achtman STs. 

PlasmidFinder identified six Inc types among the plasmids. Two Inc-type markers were 

identified on 13/45 plasmids (Table S4.1). Plasmids with multiple Inc types all carried at least one 

IncF marker. The most common Inc-type reported was IncI1 (n=28), with plasmids originating 

from chicken (n=12), turkey (n=5), swine (n=6), beef cattle (n=2), and dog isolates (n=3). The 

second most common Inc-type was from a group of plasmids identified as IncHI1/FIA(HI1) 

(n=11); all but one of the plasmids from this group were recovered from racetrack horse isolates. 

The remaining plasmid from this group was from a dog isolate. Four IncN plasmids from cattle 

isolates (dairy and beef; n=3) and an OVC horse, as well as two IncFIB/FII plasmids from horses 

(racetrack and OVC), were also recovered. Plasmids varied in size, however, remained relatively 

consistent within incompatibility groups (Table S4.1). The median plasmid size for the major 

incompatibility types IncI1 and IncHI1 plasmids were 107,168bp and 213,856bp, respectively. 

Plasmid multi-locus sequence typing identified ST3 as the most common (26/28) among 

IncI1 plasmids, ST2 (10/11) among IncHI1/FIA(HI1) plasmids, and ST1 among IncN plasmids 

(4/4). 

4.4.2 Antimicrobial resistance genes and predicted susceptibility  

For this study, multi-drug resistance plasmids were defined as having resistance 

determinants to three or more antimicrobial classes. A total of 41 out of 45 plasmids encoded 

multi-drug resistance (Table 4.3). Two plasmids carried determinants for two antimicrobial classes 

and four plasmids carried β-lactam resistance determinants only (i.e., blaCTX-M-1). Predicted 

resistance phenotypes of 14 plasmids were successfully confirmed through AST as per CLSI 
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guidelines (Table S4.1). The most common resistance genes co-located on the same plasmid as 

blaCTX-M-1 were to sulfonamides (n=41) and tetracyclines (n=32), followed by streptomycin 

(n=18), spectinomycin (n=17), trimethoprim (n=15), gentamicin (n=15), chloramphenicol (n=11), 

and kanamycin (n=4). Aminoglycoside resistance determinants were the most numerous on 

plasmids recovered from horse isolates, except for a single IncHI1/FIA(HI1)/ST9 plasmid from a 

dog isolate. Sulfonamide and/or tetracycline resistance determinants were identified on all but one 

IncI1 plasmid; 22/28 of these plasmids carried resistance determinants to both (Table S4.1). 

4.4.3 Identification of elements or genes associated with the persistence and mobilization of 

blaCTXM-1 

Following gene annotation of all plasmid assemblies, the fos operon was found only on a 

single IncHI1/FIA(HI1)/ST9 plasmid from a dog isolate. The pndA/C addiction system was present 

on all IncI1 plasmids and the relE/B addiction system was present on all IncHI1 plasmids. None 

of the addiction systems investigated were found on the IncN or IncFIB/FII plasmids. 

The blaCTX-M-1 gene was present downstream of the insertion sequence (IS) ISEcp1 on all 

IncI1 plasmids (n=28) and 4/6 chromosomes. In two of these chromosomes (Isolates 76-2-1 and 

446-1), the epidemic IncI1/ST3 plasmid appears to have been integrated. The isolates possessing 

chromosomally encoded blaCTX-M-1 were each of a different Achtman ST and the insertion site was 

different for each one. On most IncI1 plasmids (n=23) ISEcp1 was the only insertion sequence 

upstream of blaCTX-M-1 and was inserted within the shufflon region. However, in five plasmids, an 

additional IS element (i.e., IS1, IS4, or IS5) had inserted between blaCTX-M-1 and ISEcp1, 

effectively truncating ISEcp1 in four instances. In contrast, ISEcp1 was not found on IncN, 

IncHI1/FIA(HI1), or IncFIB/FII plasmids. Instead, blaCTX-M-1 was located in regions heavily 

populated with a variety of IS families (e.g., IS1, IS3, IS4, and IS6) and other resistance 

determinants on IncHI1/FIA(HI1) and IncFIB/FII plasmids. On IncN plasmids, blaCTX-M-1 was 

surrounded by one to three insertion sequences from either the IS1, IS3, or IS6 families. The 

orientation of the IS in these regions was not always consistent and at times differed between 

plasmids of the same Inc-type. 



Cormier 

 

94 

 

4.4.4 Confirmation of conserved plasmids 

Based on Easyfig alignments, conserved plasmids were found in multiple isolates from a 

single host species, as well as in isolates from several different animal species. These include 

conserved IncI1/ST3 plasmids (Fig S4.1) among chicken (n=12), turkey (n=4), swine (n=6), dogs 

(n=2), and beef cattle (n=2). Conserved IncHI1/ST2 plasmids (Fig S4.2) were also identified 

among racetrack horses (n=10), IncN/ST1 plasmids among a community horse isolate (n=1), beef 

cattle (n=1) and dairy cattle (n=2), and IncFIB/FII plasmids in racetrack (n=1) and community 

horse isolates (n=1). Only the two major groups of conserved plasmids were explored further (i.e., 

IncI1/ST3 and IncHI1/FIA(HI1)/ST2).  

When a random selection of IncI1/ST3 plasmids was compared to the prototype plasmid 

R64, an approximately 20kbp section of the R64 plasmid was missing among the IncI1 plasmid 

recovered in this study. The genes identified in this section include those encoding IS elements 

and various resistances (i.e., arsenic, tetracyclines, and aminoglycosides; Fig 4.1). The chicken 

plasmid pAC1185-1-1 was selected as a representative for the IncI1/ST3 plasmid population and 

was processed through NCBI BLASTN® to search for similar plasmids. A selection of five 

IncI1/ST3 plasmids was retrieved for further comparison (Table 4.2). Three-hundred and seventy-

one different genes were identified from the IncI1/ST3 plasmids recovered in this study and those 

listed in Table 4.2, out of which 89 were identified as core genes. The core genes represent 

approximately 63% of the median length of IncI1/ST3 plasmids recovered in this study. Pairwise 

SNP comparisons of core gene showed ten Canadian plasmids with less than 50 SNPs when 

compared to all five European plasmids listed in Table 4.2 (Table S4.2). An additional seven 

Canadian plasmids had only 10-50 SNPs when compared against multiple European plasmids 

selected for this analysis. Plasmids with less than 50 SNPs when compared to European plasmids 

were from chicken, turkey, swine, beef cattle and dog isolates; five of which were recovered from 

E. coli ST10 and three from ST117 (Tables S4.1 and S4.2).  

Five hundred and twenty-one different genes were identified from the IncHI1 plasmids, 

out of which 216 were identified as core genes. The core genes represent approximately 77% of 

the median length of IncHI1 plasmids recovered in this study. When compared with representative 
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plasmids from Europe (Table 4.2) using pairwise SNP analyses, European horse plasmid p10068 

(ST2) was distinct from IncHI1/ST2 horse plasmids recovered in this study, whereas Canadian 

dog plasmid pAC48-1-1 showed few SNPs when compared to European horse plasmids of the 

same ST (Table S4.3).   

4.5 Discussion 

A group of conserved IncI1/ST3 plasmids was found among a variety of poultry, swine, 

dog, and cattle isolates from Canada. When compared against assemblies available through NCBI, 

these plasmids showed a high structural similarity to those identified in isolates from poultry and 

swine in Europe. Core gene SNP analysis confirmed this similarity, therefore, providing evidence 

that blaCTXM-1 among E. coli from major production animals in Canada is being mobilized by the 

same epidemic plasmid previously identified in European isolates. Canadian plasmids exhibiting 

less than 50 SNPs (n=17) when compared to plasmids with international origins were recovered 

from a diversity of animals and E. coli STs. However, 47% of plasmids were recovered from either 

E. coli ST10 or ST117. These results suggest that a widespread epidemic IncI1/ST3 plasmid is 

associated with the global dissemination of blaCTXM-1, but that it’s spread by conjugation is also 

supported by the expansion of highly successful bacterial clones.  

The IncI1 plasmids from this study were, in general, multidrug resistance plasmids (median 

resistance to two classes of antimicrobial in addition to β-lactams). Sulfonamide and/or 

tetracycline resistance determinants were identified on almost all conserved IncI1/ST3 plasmids. 

Fortunately, critically important resistances (e.g. to aminoglycosides) were rarely encoded on these 

plasmids. In recent years, the Canadian government and production animal industries have taken 

steps to limit the use of medically important antimicrobials for preventive medicine (62,63). 

However, based upon the most recently available data as of 2018, tetracyclines and sulfonamides 

remained some of the most heavily used antimicrobials in food animals in Canada (1). Therefore, 

the continued use of these less important antimicrobials has the potential to reduce the efficacy of 

restrictions on the use of critically important antimicrobials such as ESCs through co-selection of 

these multi-drug resistant plasmids. These results warrant further in vivo investigations to assess 
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whether the on-farm use of tetracyclines and/or sulfonamides does indeed influence the persistence 

of ESC resistance plasmids through co-selection.  

The lower prevalence of blaCTX-M-1 among E. coli from other animal species in Canada (24) 

may be indicative that this conserved IncI1 plasmid has first emerged in chickens and is just 

starting to spread in these animal species, and in time may become more evenly distributed across 

animal species. It should also be noted that the chicken isolates used in this study were collected 

from samples acquired between 2015 and 2016, only one to two years after the cessation of 

ceftiofur use by the poultry industry (63). The presence of this plasmid may have been driven by 

the previous use of ceftiofur in chicken, and subsequentially maintained by factors such as 

addiction systems (e.g. pndA/C), plasmid transmissibility, an unknown metabolic advantage 

provided by the plasmid, or co-selection. Previously, blaCMY-2 was the main resistance determinant 

responsible for ESC resistance in poultry populations in Canada (10,12). Infrequently, these 

plasmids carried resistance determinants to other classes of antibiotics when originating from 

poultry (64). In contrast, the epidemic IncI1/ST3/CTX-M-1 plasmid recovered in this study 

encodes resistance to several antibiotics commonly used in Canada. As a result, over time, and if 

co-selection or other fitness factors are indeed acting upon these plasmids, blaCTX-M-1 may become 

the major ESC resistance determinant among Canadian poultry. Further monitoring in animal 

populations and in vivo studies are warranted to test this hypothesis. 

Consistent with what has been reported by Irrgang et al., 2018 (30), the ISEcp1 mobile 

element encompassing the blaCTX-M-1 was inserted between the PilV protein gene responsible for 

conjugation, and the shufflon-specific recombinase of our IncI1/ST3 plasmids. These authors 

demonstrated that in vitro conjugation was not interrupted by the insertion of the gene cassette in 

this region (30). The broad genomic diversity of isolates carrying these plasmids in our study (24) 

suggest that this is the same under field conditions. The IncI1/ST3 plasmid is the most frequently 

recovered plasmid in this study and was always carrying ISEcp1 in association with blaCTX-M-1. 

The association of blaCTX-M-1 with ISEcp1 and the IncI1 shufflon is not unique to this study and 

has been widely reported (32,37). The presence of this IS and plasmid-associated blaCTX-M-1 on the 

chromosome of several of our isolates highlights again the important role that these mobile genetic 

elements play in the spread of blaCTX-M-1, as with other CTX-M variants. 
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Conserved IncHI1/FIA(HI1)/ST2 plasmids were identified among all but one racetrack 

horse isolate from this study, but not in other horses from the local population served by the OVC 

large animal clinic which showed more diversity in plasmid type. These IncHI1/FIA(HI1)/ST2 

plasmids were found in seven different E. coli STs, suggesting that clonal expansion was not the 

major driver in the spread of this plasmid within the racetrack. The racetrack sampled in this study 

frequently boards horses of international origins. In contrast, horses entering the OVC large animal 

clinic are more likely to be from the local Ontario community. This could explain the difference 

in the types of plasmids recovered from each source. The racetrack represents an environment with 

fewer opportunities for interference from outside sources when compared to community farms that 

may be more heavily influenced by other animals and humans. Highly similar IncHI1 plasmids 

are circulating in E. coli from horses in European countries (34,35). Although the dominant 

plasmid sequence type detected in European horses has been ST9, ST2 has also been reported (35). 

When comparing the plasmids recovered in this study to those identified in Europe, the racetrack 

horse plasmids (ST2) show a higher degree of genetic diversity than the European isolates (mainly 

ST9) within their core genes. Additionally, a representative IncHI1/ST2 plasmid (p10068) from 

the Czech Republic is no more or less similar to other IncHI1/ST2 plasmids recovered in this study 

than they are to ST9 plasmids from Europe. Additionally, the lack of diversity among IncHI1/ST9 

plasmids in comparison to IncHI1/ST2 plasmids may suggest that IncHI1/ST9 plasmids may have 

emerged more recently than the IncHI1/ST2 plasmids.  

Lastly, differences seen between the various horse populations explored (community vs. 

racetrack) may also be the result of the racetrack representing an environment with fewer 

opportunities for interference from environmental and human sources.  It should be noted that the 

availability of community-derived horse samples was limited in comparison to those from the 

racetrack horses described in this study. Therefore, the results obtained here may not have fully 

captured the diversity of blaCTX-M-1 plasmids circulating the Ontario horse population or the 

presence of a conserved plasmid population similar to the one found in the racetrack horses. 

Many factors could be contributing to the dominance of this large IncHI1/FIA(HI1)/ST2 

plasmid among racetrack horse isolates. First, these plasmids provide resistance to a large number 

of antibiotics. To our knowledge, there has been no data on antimicrobial use in horses in Canada 



Cormier 

 

98 

 

reported recently. However, discussions with veterinary practitioners suggest that penicillin, 

gentamicin, and trimethoprim-sulfonamide combinations are among the first-line antimicrobials 

administered through the OVC (personal communication: Dr. Luis Arroyo Castro, OVC), falling 

in line with what had been reported in the early 2000s (65). Frequent use of these antimicrobials 

would provide the opportunity for direct selection and co-selection of ESC resistance, and 

potentially support their persistence. Similar to the IncI1 plasmids recovered in this study, an 

addiction system was also found on the conserved IncHI1/FIA(HI1) plasmids. In the absence of 

antimicrobial use, this system would help to maintain this particularly large plasmid within the 

population. The lack of diversity in plasmids recovered from the racetrack isolates may also be the 

result of the racetrack representing an environment with fewer opportunities for interference from 

environmental and human sources. Lastly, these plasmids may provide a yet unknown additional 

fitness advantage for the bacterium, other than that afforded by the fos operon. 

The fos operon involved in short-chain fructooligosaccharide metabolism is suspected to 

contribute to the success of the strains carrying IncHI1 plasmids in the equine intestinal tract (66). 

Despite their presence in a variety of genetically unrelated isolates and widespread presence in the 

racetrack horses, none of the IncHI1/ST2 plasmids recovered in this study carried the fos operon. 

The single IncHI1/ST9 plasmid recovered from a dog isolate was the only one in this study to 

possess this carbon utilization system. These results mirror that of Valcek et al., 2021 (35) who 

found that IncHI/ST2 plasmids did not carry the fos operon, whereas IncHI1/ST9 plasmids did. 

Therefore, one can wonder whether there are additional characteristics of IncHI1 plasmids other 

than the fos operon that could also be contributing to their success in horse populations. Based on 

the findings from Valcek et al., 2021 (35) it is possible that the fos operon provides some advantage 

for IncHI1/ST9 plasmids, over IncHI1/ST2. However, IncHI1/ST9 plasmids may have yet to 

appear in the racetrack surveyed in this study, thereby limiting any comparisons that can be made 

between the success of IncHI1/ST9 vs. IncHI1/ST2 plasmids in this horse population. 

4.6 Conclusions 

Our observations show that similar to what has been observed in animals in Europe, a 

conserved epidemic IncI1/ST3 plasmid is predominantly responsible for the dissemination of 
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blaCTX-M-1 across a variety of animal species in Canada. More extensive studies comparing blaCTX-

M-1 plasmids from a diverse set of geographical regions are warranted to further clarify the 

relationships between international IncI1/ST3 plasmids and their transmission pathways. Due to 

the diversity of isolates often found carrying the conserved blaCTX-M-1 plasmids, and based upon 

results from previous conjugation studies (67), we hypothesize that the success of blaCTX-M-1 in 

chicken may, in part, be the result of enhanced conjugative abilities of these plasmids.  

Isolates from racetrack horses carried mostly IncHI1/FIA(HI1) plasmids. Based on 

pairwise SNP comparisons this is likely the result of the intercontinental movement of horses. The 

blaCTX-M-1 plasmids circulating in the bacteria from this racehorse population seem to differ from 

those found in the local Canadian horse population and also differ from the more conserved main 

ST9 plasmids found in European horses. 

The dominant presence of two conserved blaCTX-M-1 plasmids in chicken and racehorses, 

respectively, warrants further investigations on the mechanisms and plasmid characteristics that 

are contributing to the overwhelming success of these plasmids. The absence of the fos operon in 

the plasmids of this study suggests that additional factors and host adaptations may be involved in 

this success. Explanations for the lack of penetration of these plasmids in bacterial pathogens from 

humans in Canada are also needed. 
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4.7 Tables 

Table 4. 1 Sampling characteristics of E. coli isolates selected for analyses 

Animal 

Species 

Number 

of isolates 

Sampling 

location 

Sample 

type 

Sample 

year(s) 
Reference 

Chicken 14 Ontario cecal 2015-2016 (12) 

Turkey 6 Canada fecal 2016-2017 (11) 

Beef cattle 3 Alberta fecal 2014-2015 (8) 

Dairy cattle 2 Ontario fecal 2017 This study 

*Horse 

11 
Ontario 

(racetrack) 
fecal 2017 (24) 

3 Ontario (OVC) fecal 2018 This study 

Swine 7 Ontario cecal 2015-2016 (12) 

Dog 5 Ontario fecal 2016 (7) 

Total 51     

* Horse isolates were collected from two different studies conducted in Ontario, at the Ontario 

Veterinary College (OVC) large animal clinic and at a racetrack. 
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Table 4. 2 Publicly available plasmid sequences retrieved through NCBI BLASTN for 

phylogenetic comparison with plasmids recovered in this study  

Plasmid 
Accession 

number 
Inc-type ST Animal Origin Reference 

p14019095 MK181557 I1 3 Chicken Denmark (56) 

pHV292 KM377239 I1 3 Chicken Switzerland (33) 

pCOV33 MG649046.1 I1 3 Chicken France (57) 

p15090172 MK181562 I1 3 Swine Denmark (56) 

unnamed CP009580.1 I1 3 Swine Netherlands (58) 

p15S04714-1 MT586601.1 HI1 9 Horse Netherlands (35) 

p15S04779-4 MT586602.1 HI1 9 Horse Netherlands (35) 

p15S04829-4 MT586603.1 HI1 9 Horse Netherlands (35) 

p97974-2T MT586605.1 HI1 9 Horse Czech Republic (35) 

p99063 MT586606.1 HI1 9 Horse Czech Republic (35) 

p99783-3T MT586607.1 HI1 9 Horse Czech Republic (35) 

p99975-2 MT586608.1 HI1 9 Horse Czech Republic (35) 

p100063-3 MT586609.1 HI1 9 Horse Czech Republic (35) 

p10068 MT586604.1 HI1 2 Horse Czech Republic (35) 
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Table 4. 3 The number of plasmids from each animal species with the corresponding predicted 

resistance phenotype 

* S-Swine; C-Chicken; T-Turkey; D-Dog; Bc-Beef cattle; Dc-Dairy cattle; HOVC- OVC horse; 

HRT-Racetrack horse 

** CTX-Cefotaxime; SUL-Sulfonamide; TET-Tetracycline; STR-Streptomycin; SPT-

Spectinomycin; GEN-Gentamicin; KAN-Kanamycin; TMP-Trimethoprim; CHL-

Chloramphenicol

*Animal Species (#) **CTX SUL TET STR SPT GEN KAN TMP CHL 

D(1), Bc(1), Dc(2) R         

S(1), T(1) R R        

Bc(2), S(3), D(2), C(11), 

T(3) 
R R R       

S(2), C(1) R R  R R   R  

HOVC(2), HRT(1) R R  R R R  R  

HRT(1) R R  R R R R  R 

T(1) R R R R R R R   

D(1) R R R R  R R  R 

HRT(8) R R R R R R  R R 

HRT(1) R R R R R R R R R 

Total plasmids with 

predicted phenotype 
45 41 32 18 17 15 4 15 11 
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4.8 Figures 

 

Figure 4. 1 Easyfig alignment of representative IncI1/ST3 plasmids from chicken, turkey, swine, 

dogs and beef cattle, and R64. 
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5.1 Abstract 

IncI1/ST3/CTX-M-1 plasmids are frequently detected among bacteria from chickens, 

globally. The success of these plasmids begs the question whether it provides a fitness advantage 

in vivo, and how this compares to IncI1/ST12/CMY-2 plasmids frequently detected in poultry from 

North America. Therefore, the objective of this study was to evaluate the effects of widespread 

IncI1/ST3/CTX-M-1 and IncI1/ST12/CMY-2 plasmids on the in vivo persistence of S. Heidelberg 

in chickens, in the presence and absence of antimicrobial selective pressure. Three strains only 

differing in plasmid carriage were used, a parent strain with no plasmid (SH-P), this parent strain 

with an IncI1/ST3/CTX-M-1 plasmid (SH-CTX) and the same parent strain with an 

IncI1/ST12/CMY plasmid (SH-CMY). Three-hundred and twenty chicks were divided into five 

study groups (n=64): a saline control group, and four groups inoculated orally with SH-P, SH-

CMY, SH-CTX, or SH-CTX with tetracycline treatment. Chicks were inoculated on day six of life 

with 1x10^8 CFUs of the designated strains. On days 7, 14, 28, and 42 of life, subsets of chicks 

were culled from each group. Their ceca were removed and cultured to assess strain prevalence 

and persistence over time. The widespread IncI1/ST3/CTX-M-1 plasmid had a minor positive 

impact on the persistence of S. Heidelberg, whereas IncI1/ST12/CMY-2 had a negative effect. 

Regardless of plasmid carriage strain, prevalence decreased dramatically by day 28. Tetracycline 

treatment did not influence the persistence of strain SH-CTX, despite the tetracycline resistance 

encoded by the plasmid. In conclusion, IncI1/ST3/CTX-M-1 plasmids may provide a minor 

advantage for persistence in vivo; however, the carriage of this plasmid appears to come at a fitness 

cost in S. Heidelberg.  

5.2 Introduction 

The increasing prevalence of bacteria resistant to critically important antimicrobials is a 

global concern. It has been widely accepted that to combat this growing threat a one heath 

approach must be considered since the microbiomes of humans, animals, and the environment 

can significantly impact one another [1,2]. The use of any antimicrobial has the potential to 

contribute to the maintenance or even expansion of resistant bacterial populations. For example, 

it has been suggested that antimicrobial use among food animals for the prevention of disease 
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produces a reservoir of resistant bacteria, prompting concerns for human and animal welfare [3]. 

Therefore, it is imperative that antimicrobial use practices be evidence-based to limit the effects 

of selective pressure on the microbial community. Additionally, understanding how mobile 

genetic elements carrying resistance determinants influence bacterial persistence in a population 

may be a key factor in informing decisions to mitigate the dissemination of antimicrobial 

resistance (AMR).  

In Canada, extended spectrum cephalosporin (ESC) resistance in animals has been 

predominantly associated with blaCMY-2 and is often plasmid-mediated [4–7]. Since the early 

2000’s, studies have highlighted the emergence of plasmid-borne blaCTX-M variants in humans 

and animals [8–10]. Recent works have shown the wide spread of the blaCTX-M-1 variant among 

bacteria from domestic animals in Canada and its dominance among blaCTX-M positive 

Escherichia coli from chicken [11]. Whole genome sequencing (WGS) revealed that a multidrug 

resistant epidemic IncI1/ST3 plasmid, also identified from European chicken isolates, was in part 

responsible for its spread (Cormier et al. 2022, accepted for publication). The global reach of this 

plasmid in unrelated bacterial isolates in chickens begs the questions whether it provides a fitness 

advantage for the bacteria? And in a Canadian context, how will this epidemic plasmid persist in 

comparison to blaCMY-2-carrying plasmids typically found in Canada? 

Salmonella Heidelberg is one of the most common non-typhoidal Salmonella serovars 

recovered from poultry and humans in Canada [12]. Human infections range from mild to severe 

and are typically more invasive when compared to other serotypes [13]. Thus, factors potentially 

contributing to resistance towards clinically important antimicrobials (i.e., ESCs) and fitness of 

this Salmonella serovar are of particular interest to public health. The Canadian government and 

agri-food sectors have introduced policies to limit the use of medically important antimicrobials. 

Most notably, in 2014 the poultry industry voluntarily ceased use of ceftiofur [14]. However, due 

to multidrug resistance the potential for co-selection could threaten the effectiveness of these 

initiatives. Therefore, our objective was to evaluate the impact of widespread IncI1/ST3/CTX-

M-1 and IncI1/ST12/CMY-2 plasmids on the in vivo persistence and fitness of S. Heidelberg in 

chickens, in the presence and absence of antibiotic selective pressure (i.e., tetracycline).  
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5.3 Materials and Methods 

Animal experiments were conducted at the University of Guelph, central animal facility 

following approval by the local animal care committee (Animal use protocols: 3916 and 4468).  

5.3.1 Strain generation and antimicrobial susceptibility  

 A pan-susceptible S. Heidelberg strain closely related to those typically found in chicken 

carrying blaCMY-2 in Canada was provided by the National Microbiology Laboratory of Canada 

(BioSample: SAMN06278998). This strain was subjected to gradually increasing concentrations 

of nalidixic acid [(NAL; 0.5, 1, 2, 4, 8, 16 and 64 µg/mL in LB broth (Becton, Dickinson and 

Company, NJ, United States of America)] over a period of eight days. Each day cultures were 

diluted using a 1:1 ratio in fresh LB broth with NAL. Six milliliters of overnight culture were 

pelleted and resuspend in 50 µL of fresh LB broth, then plated onto LB agar (Becton, Dickinson 

and Company, NJ, United States of America) with 64 µg/mL of NAL. Resistant isolates were 

retained for further study. To limit the number of unwanted mutations, isolates presenting 

resistance at 64 µg/mL of NAL prior to day eight were also selected. Antimicrobial susceptibility 

testing was performed on all resistant mutants as per CLSI guidelines for the following 

antibiotics: gentamicin, kanamycin, chloramphenicol, trimethoprim, cefotaxime, spectinomycin, 

streptomycin, sulphonamides and ciprofloxacin [15]. A nalidixic acid-resistant mutant that 

remained susceptible to the antibiotics tested was retained and will be referred to as SH-P from 

here-after.  

5.3.2 Generation of transconjugants 

 The blaCTX-M-1-carrying plasmid used (pAC1185-1-1) was selected from a previously 

published study where it was identified as being from a conserved group of IncI1/ST3 plasmids 

associated with the global spread of blaCTX-M-1 (Bioproject: PRJNA777610). pAC1185-1-1 was 

selected because it was a typical representative from this group. The IncI1/ST12/CMY-2 (p60C) 

plasmid used was provided by the National Microbiology Laboratory of Canada and was 

selected because it has been frequently identified from poultry samples in Canada. 
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A modified version of the conjugation protocol presented by Brown, 2016 was used [16]. 

Briefly, donor (blaCTX-M-1- and blaCMY-2-carrying E. coli from chicken in Canada) and the 

recipient strain (i.e., SH-P) were used to inoculate LB broth with 1 µg/mL CRO and LB broth 

with 32 µg/mL of NAL, respectively. The resulting three cultures were incubated for 16 hr at 37 

˚C. Equal portions of the donor and recipient cultures were then mixed, pelleted, and 

resuspended in 20 µL of LB broth. Suspensions were pipetted onto sterile one-inch square 

sections of FisherbrandTM P4 filter paper on LB agar, and incubated overnight at 37 ˚C. Each 

filter was placed into LB broth and bacteria were resuspended by vortexing. The resulting 

suspensions were plated onto LB agar with 1 µg/mL CRO and 32 µg/mL NAL. Isolates from 

each donor-recipient combination were selected for further analyses. Antimicrobial susceptibility 

testing was performed as described above. Minimum inhibitory concentrations were determined 

in broth for NAL, CRO, and TET, as per CLSI guidelines [15]. Transconjugants fitting the 

expected combined phenotypes of their respective plasmids and recipient strain were retained. 

5.3.3 In vitro growth curves 

 Optical density (OD) was used to evaluate the growth of our transconjugants over a 12-hr 

period. Growth curves were performed in biological duplicates on different days, with three 

technical replicates for each transconjugant and SH-P. Broth cultures were created by inoculating 

5 mL of Mueller-Hinton (MH) broth (Oxoid, Nepean, ON, Canada) containing 1 µg/mL CRO 

and incubating overnight at 37˚C. Cultures were then diluted to an OD of 0.1, further diluted to 

1/200 in MH broth and incubated at 41˚C with shaking. Optical densities were recorded every 15 

minutes for 12 hrs.   

5.3.4 Whole genome sequencing of transconjugants and SH-P 

 Whole genome sequencing and assembly were performed to confirm the transconjugants 

remained isogenic and to ensure that plasmids did not go through recombination events during 

conjugation. 

DNA extractions for short- and long-read sequencing were performed using the Epicentre 

MasterPure DNA Purification kit (Epicentre, Madison, WI, USA). Short-read sequences were 
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obtained using MiSeq technology (Illumina, San Diego, CA, USA) after library preparation 

using Nextera XT kits (Illumina). Sequencing was performed at the National Microbiology 

Laboratory of Canada, MB, Canada. Long-read sequences were obtained in-house using the 

Oxford Nanopore MinION (Oxford Nanopore Technologies, Oxford, UK) with Flow Cell R10.4, 

following library preparation using the Ligation Sequencing Kit (SQK-LSK109), Native 

Barcoding Kit (EXP-NBD104) and the Library Loading Bead Kit (EXP-LLB001; Oxford 

Nanopore Technologies). 

Genome assembly and analyses were performed as described in Cormier et al, 2022 

(Accepted for publication). Roary v3.13.0 [17] core genome alignment was used to identify 

potential SNPs. Short reads were mapped to the genome in Geneious v9.1.8 to confirm the 

presence of true SNPs.  

SH-P transconjugants selected for this study are described in Table 5.1. From here-after, 

SH-P transconjugant carrying pAC1185-1-1 will be referred to as SH-CTX, and SH-P 

transconjugant carrying p60C will be referred to as SH-CMY. 

5.3.5 Specimen source 

Preliminary trials were conducted to confirm non-colonization of Salmonella spp., ESC- 

and NAL resistances in chicks from the available provider.  

Three sets of 20 one-day old leghorn chicks were received from the Canadian Food 

Inspection Agency (CFIA) at least one week apart. The ceca of five chicks were pooled per flask 

with 20 mL of buffered peptone water (BPW; Oxoid, Nepean, ON, Canada). Following 

overnight incubation, the resulting culture was plated (10 µL) onto MacConkey agar (Becton, 

Dickinson and Company, NJ, United States of America) with NAL (64 µg/mL), in duplicate. 

BPW cultures (0.5 mL) were enriched for Salmonella spp. and ESC resistance using a 1/10 

dilution in Tetrathionate broth (TTB; Oxoid, Nepean, ON, Canada), and in EC broth (Oxoid, 

Nepean, ON, Canada) with CTX (2 µg/mL), respectively. Enrichments were incubated overnight 

at 37˚C with shaking. Following incubation, 10 µL of TTB culture was plated onto brilliant 
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green agar (BGA; Becton, Dickinson and Company, NJ, United States of America), and EC 

broth culture (10 µL) was plated onto LB with CRO (1 µg/mL) [18]. 

5.3.6 Inoculum preparation and dosage optimization 

Growth curves were performed on SH-P, SH-CTX and SH-CMY to estimate a 

relationship between the CFU/mL and OD for future dosing. Data was collected for six 

biological replicates for each strain, over three days. Cultures were grown in either LB broth 

(i.e., SH-P), or LB broth with 2 µg/mL CTX (i.e., SH-CTX and SH-CMY) and plated on BG 

agar. Using Microsoft Excel (version 2012), a trend line was fit to the data. 

Prior to the persistence study described below it was necessary to determine the optimal 

dosage of SH-P that would result in approximately 50% colonization of our chicks by day 14 of 

life; this trial is summarized in Figure 5.1. A flock colonization of 50% was chosen since it 

would best allow for the possible positive or negative impacts of pAC1185-1-1 and p60C on 

fitness to be demonstrated. 

One-hundred and seventy-five, one-day old leghorn chicks were obtained from CFIA. 

Sixteen chicks were culled upon arrival and checked for non-colonization of Salmonella 

enterica, nalidixic acid resistant Enterobacterales and ESC resistant Enterobacterales (see 

‘Specimen source’ for methodology). Chicks were housed at the University of Guelph isolation 

unit, on-floor with wood chips and fed standard chick feed. Both male and female chicks were 

used and randomly allocated to each room; sex was not expected to impact the results. Due to 

availability, layers were used instead of broiler chickens. This was not expected to alter the 

results of this study. Sixty-three to 64 chicks were allocated to each room and let acclimatize for 

five days. On day six of life, challenged chicks were administered approximately 1x107 or 1x108 

CFUs in 200 µL of LB broth, via oral gavage (Figure 5.1). Colony counts of each dosage culture 

was performed immediately before and after inoculation of the birds by plating serial dilutions 

on to BGA to confirm dosage. A subset of chicks from each challenged group were culled on 

days 7, 14, 28, and 41 of life to look for the presence of SH-P (Figure 5.1). Ceca were 

immediately removed, opened, and incubated in 20 mL of BPW overnight at 37˚C with shaking. 

BPW cultures (500 µL) were then enriched for SH-P in 5 mL TTB. Following overnight 
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incubation, 10 µL of TTB culture was plated onto BGA with NAL (64 µg/mL); 

presence/absence of SH-P were recorded for each bird. 

Thirty-two chicks were also placed in a sixth room for controls, however one chick died 

prior to dosing from unknown causes. Thirty-one chicks were used for a control group and 

received 200 µL of a 0.12% saline solution on day six of life. Sixteen chicks were culled on day 

22, and 15 chicks on day 41 (Figure 5.1). Cultures were then plated and enriched using 

methodology previously described to check for non-colonization of Salmonella enterica., 

nalidixic acid resistance and ESC resistance (see ‘Specimen source’). 

5.3.7 Persistence of SH-P, SH-CTX and SH-CMY in vivo 

 For the purpose of this study, persistence was assessed by the ability to detect the inoculated 

S. Heidelberg strains in the ceca of culled birds over a six-week period. Strain fitness (in vivo) was 

assessed by the prevalence of birds colonized by the inoculated strain at a given time point.  

Three-hundred and twenty, one-day old leghorn chicks were divided into five groups (64 

birds each) for the trial summarized in Figure 5.2. Chicks were housed at the University of Guelph 

isolation unit on-floor with wood chips and fed standard chick feed, unless otherwise stated. Both 

male and female chicks were used and randomly allocated to each room; sex was not expected to 

impact the results. On day six of life three groups received 200 µL oral inoculums of either 0.12% 

saline (control group), 1x108 CFUs of SH-P (group G-P), or SH-CMY (group G-CMY); the 

remaining two groups received a 200 µL oral inoculum of 1x108 CFUs of SH-CTX (groups G-

CTX and G-CTX-TET). Colony counts of each dosage culture was performed before and after 

inoculation by plating serial dilutions onto either BGA (G-P) or BGA with 1 µg/mL CRO (G-

CMY, G-CTX, and G-CTX-TET). A subset of chicks from each group were culled on days 7, 14, 

28 and 42 of life to check for the presence or absence of the inoculated strain (Figure 5.2). Ceca 

were removed immediately and enriched in 20 mL of BPW overnight at 37 ˚C; samples were 

processed as described in Figure 5.3. After culling on day 14, the remaining birds of the G-CTX-

TET group received in-feed Chlor100 (220 mg/kg) for 14 days to mimic a typical on-farm 

treatment with tetracycline. This treatment regimen was determined after reviewing publicly 
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available recommendations by the Canadian government [19], and after consultation with local 

poultry veterinarians.  

BPW (0.5 mL) cultures from the control group were plated onto MAC with NAL (64 

ug/mL), and MAC with TET (8 µg/mL) and CRO (1 µg/mL), for the identification of TET and 

CRO resistance among background bacteria (Figure 5.3). BPW cultures (0.5 mL) from the control 

group were enriched using a 1/10 dilution in EC broth with CTX (2 µg/mL) and a 1/10 dilution in 

TTB. Enrichments were incubated overnight at 37˚C with shaking. Following incubation, EC broth 

cultures were plated on LB with CRO (1 µg/mL), and TTB cultures were plated on BGA (Figure 

5.3), to check for the non-colonization of ESC resistant Enterobacterales and of Salmonella 

enterica (Figure 5.3). When detected, one ESC resistant colony of each morphology from each 

culture was isolated and PCR was performed for the presence of the major ESC resistance gene 

families blaCTX-M, blaCMY, and blaSHV [20,21]. 

BPW cultures (0.5 mL) from all groups inoculated with S. Heidelberg strains were enriched 

overnight at 37 ˚C using a 1/10 dilution in TTB (Figure 5.3). The resulting cultures from G-P were 

plated onto BGA with NAL (64 µg/mL), while cultures from G-CMY, G-CTX, and G-CTX-TET 

were plated onto BGA with NAL (64 µg/mL) and CRO (1 µg/mL), for the detection of the 

inoculated strains.  

BPW cultures from G-CMY were plated onto MAC with CRO (1 µg/mL), and G-CTX, 

and G-CTX-TET were plated onto MAC with TET (8 µg/mL) and CRO (1 µg/mL), to look for 

plasmid transfer between S. Heidelberg and commensal E. coli (Figure 5.3). Lactose fermenting 

colonies were isolated and PCR for blaCTX-M and blaCMY was used to confirm the presence of the 

plasmids of interest [20,21]. Matrix-Assisted laser Desorption/Ionization-Time of Flight (MALDI-

TOF) mass spectrometry was used to confirm bacterial species. Lastly, BPW from G-CMY, G-

CTX and G-CTX-TET were plated onto BGA with NAL (64 µg/mL) to assess for plasmid loss 

but persistence of the S. Heidelberg strain. 

 

5.3.8 Statistical analysis  

A linear regression model and ANOVA were built using R to assess the effect of strain 

type on the in vivo persistence over time. 
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5.4 Results 

5.4.1 Generation of nalidixic acid resistant S. Heidelberg and transconjugants 

 Strain resistance profiles are as follows, SH-P was resistant to NAL, SH-CMY to NAL 

and ESCs, and SH-CTX to NAL, ESCs, TET and sulfonamides. Whole genome sequencing and 

SNP analyses did not show any recombination events or unwanted mutations following 

mutagenesis or conjugation (data not shown). 

5.4.2 Determination of S. Heidelberg dosage required for colonization 

A decrease in flock prevalence was observed in both dosage groups over a six-week 

period (Figure 5.5). Fifty percent of the chicken in the group administered 1x108 CFUs of SH-P 

were colonized at day 14 of life and this dosage was therefore used for the final persistence 

study. 

5.4.3 Population controls for dosage optimization and persistence studies 

All control birds were negative for Salmonella enterica, CRO- plus TET-, and NAL-

resistant Enterobacterales. Twenty-three control birds from the persistence study were positive 

for ESC resistant bacteria. Thirteen of them were confirmed to carry blaCMY, but blaCTX-M was 

not detected. The mechanisms of ESC resistance could not be determined for 10 isolates.  

5.4.4 Impact of CTX-M-1 and CMY-2 plasmids on fitness and persistence of S. Heidelberg 

A quadratic trend line was fit to the data in a linear regression model. This model showed 

that the study group did not have a statistically significant effect on in vivo persistence (Table 

5.2). This was further confirmed by ANOVA, where p-value for the study group was estimated 

at p=0.246. A QQ-plot of residuals did not show any signs of violation of the gaussian 

assumption (data not shown).  

In vitro growth curves showed a minor fitness loss for strains SH-CTX and SH-CMY 

when compared to SH-P (Figure 5.4). Despite this, plasmid pAC1185-1-1 had a minor positive 

impact on the persistence of S. Heidelberg in vivo (Figure 5.5), when compared to G-P and G-

CMY. Consistent with in vitro growth experiments, plasmid p60C had a negative impact on in 
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vivo persistence. Regardless of plasmid carriage, strain prevalence decreased on average by 60% 

by day 28. On day 42, the inoculated strains could not be detected in any group except G-CTX. 

  Strain prevalence in G-CTX-TET was no greater than in G-CTX and tetracycline 

treatment did not appear to influence the persistence or fitness of strain SH-CTX (see G-CTX vs. 

G-CTX-TET in Figure 5.2).  

5.4.5 Plasmid transfer and loss 

In vivo plasmid transmission of pAC1185-1-1 to E. coli was observed in eight birds, 

however plasmid transmission and/or persistence was not detected in birds negative for strain 

SH-CTX. Plasmid transmission between strain SH-CMY and commensal E. coli could not be 

confirmed without WGS due to the presence of blaCMY in the original uninoculated chicken 

population. 

Samples negative for SH-CTX and SH-CMY were also negative for CRO-susceptible 

Salmonella, indicating that strain persistence following plasmid loss was not observed. 

5.5 Discussion 

Despite administering an inoculum of 1x108 CFUs and using enrichment cultures to 

increase the sensitivity of detection, neither strain SH-P, SH-CMY, or SH-CTX could be 

consistently recovered by day 28 of life (21 days post inoculation). A decline in prevalence was 

observed earlier in plasmid containing strains (approximately 50% by day 14 of life). Plasmid 

loss was not detected and is therefore unlikely to be a major contributing factor. This supports 

results from in vitro growth curves demonstrating a minor fitness loss compared to the parent 

strain, SH-P. The rapid decline in prevalence of ESC plasmid carrying strains by day 14 and in 

most cases the complete disappearance by day 28 complements what has been observed on 

Canadian poultry farms following the cessation of ceftiofur use in 2014 [12,14]. Without direct 

selective pressure, ESC resistance in the field in S. Heidelberg and E. coli among chickens 

significantly decreased. In Canada, multiple studies have identified blaCMY-2 as the main 

resistance determinant responsible for ESC-resistance in E. coli and Salmonella from poultry 

[4,22–24]. These data suggests that the maintenance of blaCMY-2 and blaCTX-M-1 within the poultry 
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population may rely on direct selective pressure (e.g., ceftiofur use) and/or a consistent incoming 

source of resistant bacteria which would need to be identified. 

The presence of plasmid pAC1185-1-1 resulted in a fitness loss but seemed to provide a 

minor advantage to persistence in vivo, allowing for the continual detection of SH-CTX for up to 

four weeks longer in our birds than the SH-P parent strain or the SH-CMY strain. These results 

suggest that the success of internationally widespread IncI1/ST3/CTX-M-1 plasmids could be 

attributed to unidentified factors aiding in its persistence in the gut that cannot be observed using 

in vitro experiments. For example, these may include factors related to colonization, or 

synergistic interactions within the gut microbiota. A similar hypothesis has been suggested for 

IncHI1/ST9 plasmids circulating in bacteria from horses [25,26]. IncHI1/ST9 plasmids carrying 

blaCTX-M-1 possess the fos operon involved in short-chain fructooligosaccharide metabolism. 

These fructooligosaccharides are given as a prebiotic to equine and are proven to improve animal 

gut health [27,28]. It is suspected that the fos operon contributes to the success of the strains 

carrying IncHI1 plasmids in the equine intestinal tract. Alternatively, plasmid promiscuity and 

high rates of transmission have been suggested to contribute to the global success of this 

conserved plasmid [29]. Our results do not support this latter hypothesis. Although plasmid 

transmission from S. Heidelberg to resident E. coli was observed in our birds, pAC1185-1-1 

could not be recovered from cecal samples after the inoculated S. Heidelberg carrier strain had 

disappeared. Thus, plasmid transmission was not intensive enough to sustain the persistence of 

pAC1185-1-1 in the microbial population from our birds in the absence of ESC selection.  

The use of in-feed tetracycline did not appear to affect the maintenance of plasmid 

pAC1185-1-1 within the study population. It should be noted that the tetracycline treatment 

selected (220 mg/kg) was chosen to represent a typical on-farm treatment for synovitis and not 

one typically used for preventative treatment (110 mg/kg) [19]. This choice was made to 

represent on-farm treatment protocols in Canada that seek to limit the preventative use of 

medically important antimicrobials in poultry [30]. Consequentially, the concentration of 

tetracycline used for treatment, compared to that typically administered for prevention, may be 

too high to affect the maintenance of the plasmid (i.e., the MIC provided by tet(A) may have 

been roughly equivalent to the concentration of tetracycline in the gut). Finally, the outcome of 
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the tetracycline treatment may have been different if the treatment had been initiated earlier 

when within sample concentrations of SH-CTX were presumably higher. These results warrant 

further experiments to assess the effects of other treatment modalities and other antimicrobials 

(i.e., ESCs, aminopenicillins and sulfonamides) on the maintenance of the widespread 

IncI1/ST3/CTX-M-1 plasmid. 

In conclusion, widespread IncI1/ST3/CTX-M-1 plasmids may provide a minor advantage 

for persistence in vivo; however, this the factor(s) contributing to this effect were not enough to 

significantly impact the fitness of S. Heidelberg within the gut microbiome. Future studies would 

benefit from a quantitative approach evaluating the numbers of Salmonella cells in the gut to 

better assess the variability of colonization between birds.  
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5.7 Tables 

Table 5. 1 Study groups and strain characteristics  

  Study group 

 G-P G-CMY G-CTX G-CTX-TET 

Strain name SH-P SH-CMY SH-CTX SH-CTX 

Plasmid None p60C pAC1185-1-1 pAC1185-1-1 

Plasmid 

mediated 

resistance 

determinants 

None blaCMY-2 
blaCTX-M, 

tet(A), sul(2) 

blaCTX-M, 

tet(A), sul(2) 

Treatment None None None 

Infeed 

OXYTET 

220mg/kg for 

14 days 
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Table 5. 2 Linear regression model estimating the effect of group type on the percentage of 

colonized birds  

 Coefficient p-value 

G-P 0.106 0.175 

G-CTX 0.156 0.056 

G-CTX-TET 0.094 0.225 

*G-CMY set as the referent  



Cormier 

 

128 

 

5.8 Figures 

 

Figure 5. 1 Protocol to determine an appropriate dosage of Salmonella Heidelberg to obtain 

50% flock colonization by day 14 of life 

*64 chicks were administered 1x107 CFUs and 63 chicks were administered 1x108 CFUs  
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Figure 5.2 Protocol to assess the impact of widespread IncI1/ST3/CTX-M-1 and 

IncI1/ST12/CMY-2 plasmids on the persistence of Salmonella Heidelberg over a six-week 

period in vivo 

*Due to human error additional birds were culled from G-P on day 28 and G-CMY on day 14 

**Only 16 samples were used for microbiological analyses due to material limitations  
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Figure 5. 3 Microbiological processing of cecal samples to assess strain persistence (purple), 

plasmid transfer (orange), plasmid loss (black), and negative controls (grey).  
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Figure 5. 4 Growth curves of SH-P, SH-CMY and SH-CTX, performed in duplicate (i.e., -A 

and -B). Optical density was recorded every 15 minutes over 12 hours.  
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Figure 5. 5 The percentage of birds colonized with Salmonella Heidelberg on days 7, 14, 28, 

and 42 of life, following inoculation with 1x107 or 1x108 CFUs.  

Day 7 Day 14 Day 28 Day 42

1x10^7 94% 25% 0% 6%

1x10^8 88% 50% 6% 13%
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Figure 5. 6 The percentage of birds colonized with Salmonella Heidelberg on days 7, 14, 28, 

and 42 of life after inoculation with 1x108 CFUs of either SH-P, SH-CMY, or SH-CTX. 

 

 

 

  

Day 7 Day 14 Day 28 Day 42

G-P 56% 63% 11% 0%

G-CMY 63% 25% 0% 0%

G-CTX 88% 38% 19% 6%
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Chapter 6: General discussion 

Extended spectrum cephalosporins (ESCs) are clinically important antibiotics used to 

treat various types of infections in humans and animals. Due to an increase in global resistance to 

medically important antimicrobials there is a need to identify major resistance reservoirs to help 

mitigate this growing problem. Therefore, this thesis set out to investigate and characterize 

reservoirs of ESC-resistant Enterobacterales among Canadian domestic animals (poultry, cattle, 

swine, horses, and dogs) and explore how blaCTX-M resistance genes that emerged in Canada in 

the early 2000s and their associated mobile genetic elements behave in vivo in comparison to 

commonly recovered ESC resistance genes circulating in Canada (i.e., blaCMY). 

6.1 Distribution of blaCTX-M in Canada 

 The most widely recovered blaCTX-M variants from Canadian domestic animals in these 

studies included blaCTX-M-1,14,15 -27 and -55. The presence of these variants from domestic animals 

is not unlike what has already been reported globally1–6. Variants blaCTX-M-14, -15, and -27 have also 

been consistently detected in Enterobacterales from humans in Canada and around the world7–9. 

The identification of the same blaCTX-M variants across humans and animals globally, stresses the 

need to identify pathways of transmission. When comparing beef cattle isolates to those from 

local urban wastewater in Chapter 3, although the blaCTX-M variants were the same, whole 

genome sequencing (WGS) revealed that the isolates were genetically dissimilar using core 

genome multilocus sequence typing. Similarly, a Canadian study looking at extended-spectrum 

beta-lactamase-producing (ESBL) bacteria (including but not limited to blaCTX-M, blaCMY, blaSHV 

variants) found limited evidence of direct mixing between human-sourced isolates and cattle 

isolates from the same communities when using whole genome multilocus sequence typing10. 

However, this study also presented connections between areas of the one health network by 

identifying the same plasmid incompatibility types across bacteria from humans, animals, and 

the environment. These data showcase the important roles that horizontal gene transfer (HGT) 

plays in the movement of ESBLs.  

 The spectrum and prevalence of blaCTX-M variants in our studies differed between animal 

species. This is likely a result of number and types of transmission routes feeding into the farm 
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from the surrounding environment. Animals subjected to stricter biosecurity measures have 

fewer opportunities for exposure than animals raised outside or that interact directly with humans 

and other animal species, as is the case for companion animals. For example, eight variants were 

identified from 42 dog isolates; five variants (-1, -14, -15, -27, and -55) made up 94% of these 

isolates. Whereas four variants were identified from chicken, but 91% of those recovered were 

found to be blaCTX-M-1 (Chapter 2). In-house pets with access to the outdoors, such as cats and 

dogs likely act as a bridge between ecological niches. We found a dog isolate with the same core 

genome as an isolate from chicken (Chapter 2). Along with the identification of Escherichia coli 

ST 131, 62% of the variants (-14, -15, -27) identified in bacteria from dogs are also associated 

with human infections7,11–13. Although the transmission of AMR from agri-food animals to 

humans is often stressed, our data shows that dogs can not only provide a pathway for 

transmission between humans, animals, and the environment but also have the potential to act as 

a mixing pot for the HGT of community AMR determinants.  

The same variants have been observed within and between animal species. Evidence of 

the clonal spread of specific variants is apparent (e.g., ST117 with blaCTX-M-1 in chicken, and 

ST683 with blaCTX-M-65 in beef cattle) but does not outweigh the effects of HGT (Chapters 2 and 

3). The identification of the same variants in genetically dissimilar E. coli may be the result of 

repeated entry of resistant bacteria into farms, feedlots, or animals, and/or the relatively active 

HGT of mobile elements carrying blaCTX-M.  

6.2 Epidemic plasmids and the success of blaCTX-M-1 

Like what has been reported across Europe, chicken and horses mostly carried blaCTX-M-1 

in E. coli isolates5,14–19 (Chapter 2).  

Among horse isolates we identified highly conserved IncHI1/ST2 plasmids (Chapter 4). 

The isolates used in this study were from a single racetrack which may bring into question how 

representative this sample is of the general horse population. However, de Lagarde et al., have 

recently reported blaCTX-M-1 as the predominant ESBL gene among E. coli (n=43/74) recovered 

from Québec horses, with no other blaCTX-M variants identified20. Plasmid characterization was 

not performed and therefore we cannot comment on whether the same plasmid is also circulating 
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in E. coli from horses in Québec. The spread of blaCTX-M-1 among horses in Europe has been 

mostly attributed to a conserved IncHI1/ST9 plasmid and to a lesser degree IncHI1/ST2. Unlike 

IncHI1/ST2, IncHI1/ST9 carries the fos operon, which is believed to provide a fitness advantage 

for the bacterial host in the horse gut16. IncHI1/ST9 was not identified in isolates from horses 

within our study. Therefore, we could not make inferences on whether the fos operon truly 

provides an advantage for ST9 over ST2 in the equine gut, since this plasmid may have never 

been introduced into the investigated racetrack population. Using a pairwise comparison of 

short-nucleotide polymorphisms (SNPs) we found that the highly similar IncHI1/ST2 plasmids 

recovered in Chapter 4, were relatively “diverse” and no more or less similar to IncHI1/ST2 and 

IncHI1/ST9 plasmids circulating European horses. In contrast, IncHI1/ST9 plasmids from 

Europe differed by significantly fewer SNPs when compared amongst each other. Thus, 

suggesting that this conserved IncHI1/ST2 plasmid has been circulating the racetrack for a length 

of time while IncHI1/ST9 may have appeared more recently and has not had time to diversify. 

Further work is necessary to characterize the plasmid of blaCTX-M-1 present in horses from 

Québec and compare the success of IncHI1/ST2 and IncHI1/ST9 plasmids in the same 

population.  

  We recovered a conserved IncI1/ST3 plasmid carrying blaCTX-M-1 in isolates from poultry, 

swine, dogs, and cattle. This plasmid was genetically similar to IncI1/ST3/CTX-M-1 plasmids 

circulating European animal isolates (Chapter 4). The global success of this plasmid in poultry 

warranted the in vivo persistence study performed in Chapter 5 to assess if, like what has been 

suggested of IncHI1/ST9 plasmids in horses, this plasmid provides a fitness advantage to its 

bacterial host in chickens. A minor fitness advantage towards persistence was observed among 

Salmonella Heidelberg carrying IncI1/ST3/CTX-M-1 when compared to the plasmid-free parent 

strain or S. Heidelberg carrying widespread blaCMY-2 plasmid. A comprehensive sequence 

comparison between IncI1/ST3/CTX-M-1 and less successful IncI1 plasmids is now warranted 

to identify potential genes contributing to peresistence within the poultry gut.  

Although a minor advantage was observed, it was not sufficient to maintain a high 

prevelence of S. Heidelberg positive birds in the flock over a six-week period. It should be noted 

that much of what has been reported globally with regards to the widespread IncI1/ST3/CTX-M-
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1 plasmid used in our study has been reported in E. coli from on-farm animals or retail meat5,21–

23. Differential expression of the same core genes has been observed in E. coli and Salmonella 

enterica serovar Typhimurium24. Not unexpectedly, expression also differed with changing 

environment (i.e., in vitro versus in vivo) These data beg the questions whether the potential 

advantage provided by this plasmid in S. Heidelberg would have been enhanced if expressed in 

E. coli or if exposed to on-farm factors that were not mimicked in our study (i.e., animal density, 

feed, treatment regimens, etc.). However, the latter is less likely, considering that the widespread 

success of this plasmid would suggest such a factor or combination of factors would need to be 

conserved across farms globally. Future proteomics work and in vivo persistence studies are 

necessary to evaluate and quantify gene expression using E. coli.  

It has also been suggested that the success of this plasmid may be due to conjugation 

maintaining the plasmid in the population25, however this was not observed in our study. Reports 

have shown that ISEcp1-blaCTX-M-1 is often inserted within the shufflon of the pilus-encoding 

region of IncI1/ST326. Since the orientation of the shufflon directly affects the formation of the 

pilus tip, this could theoretically alter the conjugation frequency27. If high conjugation rates are 

truly responsible for the maintenance of IncI1/ST3/CTX-M-1, it’s possible that the shufflon 

orientation of pAC1185-1-1 made this plasmid less successful than plasmids from the same 

conserved group. Additional studies are necessary to explore the impact of shufflon orientation 

on the conjugation rate and maintenance of IncI1/ST3/CTX-M-1 plasmids. 

6.3 The future of ESC resistance in Canada 

The repeated recovery of blaCTX-M and blaCMY carrying bacteria from Canadian poultry 

warrants further research into the pathways and maintenance of these resistance determinants 

within animal populations. More specifically, blaCTX-M-1 and blaCMY-2 are the most recovered 

ESC-resistant genes among Canadian poultry28–30, yet we have shown that S. Heidelberg 

containing widespread plasmids associated with these variants do not persist at detectable levels 

(when using standard enrichment and detection methods) within a chicken flock over a six-week 

periods without direct selective pressure by ESC use. Similar results showing a gradual decrease 

in the prevalence of ESC resistance over 35 days on both conventional and antibiotic free (ABF) 
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poultry farms in E. coli has been observed30. These data suggest that the repeated recovery of 

ESC resistance may be due to either a continuous influx of resistant bacteria from an unknown 

source or factors maintaining these resistance reservoirs. It should be noted that due to logistical 

limitations the in vivo poultry study performed in this thesis took a qualitative approach when 

quantitative methods may have been necessary to fully capture the impact of these plasmids on 

dynamics of bacteria within the gut. Alternatively, previous antimicrobial use practices may have 

led to the creation of a reservoir of ESC-resistance in the farm environment, consequentially 

resulting in continual circulation of these resistant determinants between animals and their 

environment. Prior to the voluntary cessation of ceftiofur by the poultry industry in Canada, 

ceftiofur was extensively used, leading to high recovery rates of ESC-resistant bacteria31. 

Although, data has shown a dramatic decrease in ESC resistance in the years following32, 

reservoirs may have been established, that are now self-maintaining.  Despite a decrease in ESC-

resistance, ESC-resistant bacteria could still be persisting at levels not detectable using standard 

detection methods. This hypothesis is further supported by the same study performed by 

collaborators in our laboratory30. The enrichment and detection methods described in Chapter 3 

were used to compare the prevalence of ESC resistance among conventional and antibiotic-free 

(ABF) poultry farms in Ontario. Their results showed that despite the cessation of ceftiofur two 

years prior to sampling, the prevalence of ESC resistant E. coli was similar in both conventional 

(95%) and ABF (90%) farms. Other researchers have suggested that even though antimicrobial 

resistance plasmids often carrying a fitness cost, conjugation-assisted persistence supports the 

long-term persistence of a plasmid in a population, even without direct selective pressure33. This 

could explain the lack of disparity in ESC resistance between conventional and ABF poultry 

farms. Transmission of plasmid IncI1/ST3/CTX-M-1 in the absence of the donor S. Heidelberg 

strain was not detected in Chapter 5. However, these studies suggest that the plasmid was in fact 

circulating but the bacterial load was not yet significant enough to be detected with the methods 

used. It would be of interest to repeat this study after multiple generations or with more sensitive 

methods (e.g., qPCR following enrichment, technical replicates) to re-assess the possibility of 

conjugation-assisted persistence. The lack of disparity between ABF and conventional farms in 

the study presented by Chalmers et al., could also be explained by the use of non-ESCs on 

conventional farms. While we did not explore the impact of direct selective pressure of ESC use 
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on the persistence of our strains, we found that a typical on-farm tetracycline treatment did not 

affect the maintenance of our strain or plasmid in the chicken flock. This suggests that indirect 

selective pressure does not maintain IncI1/ST3/CTX-M-1 plasmids that are commonly 

responsible for ESC resistance on poultry farms. 

Ultimately, in an ideal scenario, policies would be implemented that would lead to the 

complete eradication of ESC resistance. However, this is not logistically or economically 

realistic in most cases. As previously suggested, it is likely that ESC-resistant bacteria will or 

have become endemic within the surrounding microbial communities and the goal has now 

become to limit their concentration to impede transmission. What we have reported and observed 

within Canadian beef cattle feedlots provides insight into what could be considered as the “best-

case scenario” for the future of ESC resistance in Canadian agri-food production. The Canadian 

Integrative Program for Antimicrobial Resistance Surveillance has consistently reported very 

low prevalence’s (0-2%) of ESC resistance on-farm, abattoir and in retail meat from cattle using 

non-selective methodology34. This data was also supported by external surveillance studies 

reporting similar results35,36. However, with the use of enrichment cultures and highly sensitive 

detection methods, we found that ESC-resistance determinants were present in 90% of samples. 

Thus, ESC-resistance has probably been widespread among cattle for many years but without the 

appropriate environmental triggers, the concentration of resistant bacteria has remained too low 

to detect using standard methods. Under certain environmental triggers (i.e., antimicrobial use), 

these resistant bacteria could proliferate. This stresses the need for continual vigilance of 

antimicrobial use even in the perceived absence of antimicrobial resistance.  

6.4 Conclusions 

The blaCTX-M variants detected among Canadian domestic animals are not unlike those of 

the global population and in some cases are the same as those that have previously emerged in 

humans. The spread and success of certain variants over others is being supported by epidemic 

plasmids such as IncI1/ST3. Along with HGT, clonal spread of common E. coli STs has been 

detected, further supporting that these resistant bacteria are now endemic in the microbial 

community and the goal has now becomes to impede transmission. How ever this may be 
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accomplished, whether through limiting bacterial concentration or stricter biosecurity measures, 

it is critical that unified policies and practices are implemented across human, animal, and 

environmental sectors due to the global interconnectedness of society.   
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APPENDIX ONE SUPPLEMENTARY DATA FOR CHAPTER 2 

Table S2. 1 Sequence types identified from Escherichia coli from horses, beef cattle, chicken, swine, and dogs, and the CTX-M variant 

carried    

Sequence 

Type 

Animal 

Species 

CTX-

M-1 

CTX-M-

14 

CTX-M-

15 

CTX-M-

27 

CTX-M-

32 

CTX-M-

55 

CTX-M-

65 

CTX-M-

115 

CTX-M-

169 

CTX-M-

202 

ST10 

(n=20) 

Horse 3 - - - - - - - - - 

Beef Cattle 1 - 5 - 1 3 - - - - 

Chicken 3 - - - - - - - - - 

Swine 2 - 1 - - - - - - - 

Dog - - 1 - - - - - - - 

ST23 (n=2) 

Chicken 1 - - - - - - - - - 

Swine 1 - - - - - - - - - 

ST25 (n=1) Chicken 1 - - - - - - - - - 
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ST38 (n=3) Dog - 2 - 1 - - - - - - 

ST44 (n=1) Dog - - 1 - - - - - - - 

ST46 (n=2) 

Beef Cattle - - 1 - - - - - - - 

Chicken 1 - - - - - - - - - 

ST48 (n=2) Chicken 2 - - - - - - - - - 

ST56 (n=1) Beef Cattle - - 1 - - - - - - - 

ST57 (n=1) Chicken 1 - - - - - - - - - 

ST58 (n=7) 

Beef Cattle 1 - - - - 3 - - - - 

Chicken 1 1 - - - - - - - - 

 Dog - - - - - 1 - - - - 

ST68 (n=1) Dog - - - - - 1 - - - - 
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ST69 (n=5) 

Beef Cattle - - 3 - - - - - - - 

Dog - 1 1 - - - - - - - 

ST86 (n=2) Horse 2 - - - - - - - - - 

ST88 (n=1) Swine - - - 1 - - - - - - 

ST93 (n=1) Chicken 1 - - - - - - - - - 

ST95 (n=1) Beef Cattle - - 1 - - - - - - - 

ST101 

(n=3) 

Chicken 2 - - - - - - - - - 

Swine - 1 - - - - - - - - 

ST115 

(n=1) 
Chicken 1 - - - - - - - - - 

ST117 

(n=7) 

Chicken 

 

6 - - - - - - - - - 

Dog - - 1 - - - - - - - 
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ST131 

(n=13) 
Dog - 1 5 6 - - - - - 1 

ST155 

(n=1) 
Chicken 1 - - - - - - - - - 

ST162 

(n=1) 
Swine 1 - - - - - - - - - 

ST189 

(n=1) 
Swine 1 - - - - - - - - - 

ST224 

(n=21) 

Beef Cattle - - - - - 20 - - - - 

Dog - - - - - 1 - - - - 

ST345 

(n=1) 
Chicken 1 - - - - - - - - - 

ST349 

(n=2) 
Chicken 2 - - - - - - - - - 



Cormier 

 

154 

 

ST354 

(n=1) 
Dog - - - 1 - - - - - - 

ST367 

(n=1) 
Swine - - - 1 - - - - - - 

ST372 

(n=1) 
Dog 1 - - - - - - - - - 

ST393 

(n=1) 
Dog - - - 1 - - - - - - 

ST398 

(n=3) 
Swine - 3 - - - - - - - - 

ST453 

(n=2) 
Swine 1 1 - - - - - - - - 

ST457 

(n=1) 
Dog - - - - - 1 - - - - 

ST515 

(n=1) 
Beef Cattle - - - - - 1 - - - - 
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ST641 

(n=2) 
Swine 2 - - - - - - - - - 

ST648 

(n=8) 

Chicken 1 - - - - - - - - - 

Swine - - - - - - - 1 - - 

Dog 3 1 1 - - - - 1 - - 

ST683 

(n=17) 
Beef Cattle - - - - - - 17 - - - 

ST774 

(n=4) 

Beef Cattle - 1 - - - - - - - - 

Swine - 3 - - - - - - - - 

ST1049 

(n=1) 
Beef Cattle - - - - - 1 - - - - 

ST1081 

(n=1) 
Horse 1 - - - - - - - - - 
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ST1193 

(n=1) 
Dog - - - - - 1 - - - - 

ST1250 

(n=1) 
Horse 1 - - - - - - - - - 

ST1288 

(n=1) 
Chicken - - 1 - - - - - - - 

ST1406 

(n=1) 
Beef Cattle - - - - - 1 - - - - 

ST1611 

(n=1) 
Chicken 1 - - - - - - - - - 

ST1640 

(n=1) 
Beef Cattle 1 - - - - - - - - - 

ST1730 

(n=3) 

Horse 2 - - - - - - - - - 

Dog 1 - - - - - - - - - 
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ST1844 

(n=1) 
Chicken 1 - - - - - - - - - 

ST1914 

(n=1) 
Chicken 1 - - - - - - - - - 

ST2008 

(n=1) 
Horse 1 - - - - - - - - - 

ST2628 

(n=1) 
Swine 1 - - - - - - - - - 

ST3107 

(n=1) 
Chicken 1 - - - - - - - - - 

ST3764 

(n=1) 
Chicken - - - - - 1 - - - - 

ST4110 

(n=1) 
Dog 1 - - - - - - - - - 

ST4527 

(n=1) 
Horse 1 - - - - - - - - - 
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ST4891 

(n=2) 

Swine - - 1 - - - - - - - 

Dog - - 1 - - - - - - - 

ST5612 

(n=2) 
Dog - - - - - 2 - - - - 

ST6470 

(n=1) 
Beef Cattle - - - - - - 1 - - - 

ST6471 

(n=1) 
Beef Cattle - - - - - 1 - - - - 

ST6477 

(n=2) 
Beef Cattle - - - 2 - - - - - - 

ST6478 

(n=1) 
Dog - - - - - - - - 1 - 

ST8189 

(n=1) 
Dog - - 1 - - - - - - - 
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APPENDIX TWO SUPPLEMENTARY DATA FOR CHAPTER 3 

Table S3. 1 Number of sequenced isolates from each source with the specified sequence type and the respective blaCTX-M variant 

Sequence Type Source blaCTX-M-1 blaCTX-M-14 blaCTX-M-15 blaCTX-M-27 blaCTX-M-32 blaCTX-M-55 blaCTX-M-65 Total 

ST10 (n=10) 

Fecal  1 - 5 - 1 3 - 10 

Wastewater - - - - - - - - 

ST38 (n=7) 

Fecal  - - - - - - - - 

Wastewater - 7 - - - - - 7 

ST44 (n=2) 

Fecal  - - - - - - - - 

Wastewater - - 2 - - - - 2 

ST46 (n=1) 

Fecal  - - 1 - - - - 1 

Wastewater - - - - - - - - 
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ST56 (n=1) 

Fecal  - - 1 - - - - 1 

Wastewater - - - - - - - - 

ST58 (n=4) 

Fecal  1 - - - - 3 - 4 

Wastewater - - - - - - - - 

ST69 (n=4) 

Fecal  - - 3 - - - - 3 

Wastewater - - - 1 - - - 1 

ST90 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST95 (n=1) 

Fecal  - - 1 - - - - 1 

Wastewater - - - - - - - - 

ST131 (n=11) Fecal  - - - - - - - - 
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Wastewater - 2 6 3 - - - 11 

ST155 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST205 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST224 (n=19) 

Fecal  - - - - - 19 - 19 

Wastewater - - - - - - - - 

ST295 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST405 (n=4) 

Fecal  - - - - - - - - 

Wastewater - 2 2 - - - - 4 
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ST410 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST470 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - - - - - 1 1 

ST471 (n=1) 

Fecal  - - - - - 1 - 1 

Wastewater - - - - - - - - 

ST501 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST515 (n=1) 

Fecal  - - - - - 1 - 1 

Wastewater - - - - - - - - 

ST519 (n=1) Fecal  - - - - - - - - 
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Wastewater - - 1 - - - - 1 

ST540 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST649 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST683 (n=16) 

Fecal  - - - - - - 16 16 

Wastewater - - - - - - - - 

ST694 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST744 (n=2) 

Fecal  - 2 - - - - - 2 

Wastewater - - - - - - - - 
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ST1049 (n=1) 

Fecal  - - - - - 1 - 1 

Wastewater - - - - - - - - 

ST1125 (n=2) 

Fecal  - - - - - - - - 

Wastewater - 2 - - - - - 2 

ST1163 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - - - - 1 - 1 

ST1193 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - - 1 - - - 1 

ST1196 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST1421 (n=1) Fecal  - - - - - - - - 
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Wastewater - - 1 - - - - 1 

ST1640 (n=1) 

Fecal  1 - - - - - - 1 

Wastewater - - - - - - - - 

ST2020 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST2659 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - - - - 1 - 1 

ST4380 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 

ST4385 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - - - - 1 - 1 
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ST6215 (n=1) 

Fecal  - - - - - - - - 

Wastewater - 1 - - - - - 1 

ST6477 (n=2) 

Fecal  - - - 2 - - - 2 

Wastewater - - - - - - - - 

ST6519 (n=1) 

Fecal  - - - - - - - - 

Wastewater - - 1 - - - - 1 
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Table S3. 2 Predicted antimicrobial resistance profiles among sequenced composite fecal isolates 

Feedlot  
No. of isolates with 

genotype 
ESC  Bltm+In TET SLF TMP FLR/CHL FLQ STR SPT KAN GEN RIF LC MC 

A 

3 X   X X X X X X X X X X X X 

1 X  X  X X X X X   X    

8 X  X X X X  X X       

1 X  X X  X  X X       

1 X  X X X   X X       

3 X  X X X  X X        

1 X   X X X X X               

B 

1 X  X X X X  X X     X 

4 X  X X X X  X X       

4 X  X X  X  X X       

4 X  X X X  X X        

1 X  X  X  X         

3 X   X                      

C 1 X  X X X X  X X     X 
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2 X  X X X   X X     X 

1 X  X X    X X     X 

1 X   X    X      X 

1 X  X X X X X X X X  X    

1 X  X X X X X X X       

1 X  X X X X  X  X      

4 X  X X X X  X X       

3 X  X X  X  X X       

1 X   X X                    

D 

1 X   X X X X X X X X X X X X 

1 X X X X X X X X X   X    

1 X X X  X X X X X   X    

6 X  X  X X X X X   X    

1 X    X X X X X   X    

1 X  X   X X X X   X    

2 X  X  X X X X X   X    
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1 X  X  X X  X X   X    

1 X  X  X X  X X       

1 X   X X X X   X X           

Bltm+In, beta-lactam inhibitor; ESC, extended-spectrum cephalosporin; FLQ, fluoroquinolone; FLR/CHL, 

florfenicol/chloramphenicol; GEN, gentamicin; KAN, kanamycin; LC, lincosamide; MC, macrolide; RIF, rifampin; SLF, sulfonamide; 

SPT, spectinomycin; STR, streptomycin; TET, tetracycline; TMP, trimethoprim. 
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Table S3. 3 Predicted antimicrobial resistance profiles among sequenced urban wastewater isolates 

No. of isolates 

with genotype 
ESC  

Inhibitor 

resistance 
SLF TET TMP STR SPT GEN AMK KAN MC FLR/CHL FLQ LC RIF 

1 X  X X X X X  X    X  X 

1 X  X X X X X X  X  X  X  

1 X  X X X X X    X  X   

1 X X X X X X       X   

1 X  X X X X       X   

1 X  X  X X       X   

1 X  X X  X       X   

1 X            X   

2 X  X X X X X X X  X X X   
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1 X   X    X X  X X X   

1 X  X X X X X  X  X X X   

1 X  X X X X X X X   X X   

2 X   X    X X   X X   

1 X  X X X X   X   X X   

1 X  X X  X X X   X X    

1 X  X X  X X X    X    

1 X  X X X X X X  X  X    

1 X  X X X X X X    X    

2 X  X X X X X X   X     

2 X  X  X X X X   X     
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1 X  X  X   X   X     

6 X  X X X X X    X     

2 X  X  X X X    X     

1 X          X     

1 X  X  X X X X        

2 X       X        

3 X  X X X X X         

1 X   X  X          

1 X  X   X          

3 X               
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AMK, amikacin; Bltm+In, beta-lactam inhibitor; ESC, extended-spectrum cephalosporin; FLQ, fluoroquinolone; FLR/CHL, 

florfenicol/chloramphenicol; GEN, gentamicin; KAN, kanamycin; LC, lincosamide; MAC, macrolide; RIF, rifampin; SLF, 

sulfonamide; SPT, spectinomycin; STR, streptomycin; TET, tetracycline; TMP, trimethoprim. 
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APPENDIX THREE SUPPLEMENTARY DATA FOR CHAPTER 4 

Table S4. 1Genotypic characteristics of blaCTX-M-1 plasmids recovered from Escherichia coli isolated from 

Canadian domestic animals 

Isolate characteristics 

Isolate Animal Species 
Achtman 

MLST 
Phylotype Serotype 

247-1 Swine 453 B1 O86:H10 

911-1 Swine 641 B1 0121:H10 

190-2 Chicken 10 A O128:H2 

174 Beef Cattle 58 B1 O9:H25 

553 Beef Cattle 1640 E O124/O164:H25 

1212-1-1 Swine 10 A O89:H10 

1213-1-1 Swine 23 C O8:H9 

1214-1-1 Swine 10 A O89:H10 

159-1-1 Dog 4110 B2 O13/O135:H4 

210-3-1 Dog 648 F O153:H2 

118-1-1 Chicken 349 D O86:H2 

167-1-1 Chicken 1611 B1 O125:H19 

345-1 Chicken 10 A O154:H4 

473-1 Chicken 1914 D O86:H11 

565-2 Chicken 25 B1 O125:- 

1058-1 Chicken 117 G -:H4 

1088-4-1 Chicken 23 C O8:H9 

1176-2-1 Chicken 117 G O114:H4 

1178-3-1 Chicken 345 B1 O9/O160:H11 

1185-1-1 Chicken 48 A O154:H32 

1189-2-1 Chicken 10 Unidentifiable O16:H48 

56.2 Turkey 117 G -:H4 

248.3 Turkey 115 D O102:H6 

181.1 Turkey 117 G -:H4 

1156-5 Swine 189 A O80:H26 

276.2 Turkey 117 G -:H4 

81.1 Turkey 3258 G O157:H43 

119-1-1 Dog 1730 B1 -:H10 

C15 Horse (OVC) 1277 A O42/O28:H37 

178 Beef Cattle 10 A O89:H9 

87.2 Dairy Cattle 206 A -H5 
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7493 Dairy Cattle 1722 F O21:H15 

109.1 Horse (racetrack) 10 A O2/O50:H4 

C10 Horse (OVC) 1277 A -:H28 

30.1 Horse (racetrack) 4527 B1 - 

48-1-1 Dog 648 F O45:H42 

86.2 Horse (racetrack) 1250 B1 O19:H27 

101.1 Horse (racetrack) 86 B1 O4:H10 

112.1 Horse (racetrack) 86 B1 O4:H10 

26.1 Horse (racetrack) 10 A O109:H32 

87.1 Horse (racetrack) 2008 B1 -H2 

6.1 Horse (racetrack) 10 A -:H39 

113.1 Horse (racetrack) 10 A O42/O28:H37 

43.1 Horse (racetrack) 1730 B1 -:H10 

52.1 Horse (racetrack) 1081 B1 O8:H14 

 

* pMLST could not be confirmed, however the closest ST, based upon mapping short re ads to the genes 

of interest, has been listed 
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Plasmid characteristics 

Plasmid Inc Type(s) pMLST 
Plasmid size 

(bp) 

Addiction 

system 

fos operon 

(yes/no) 

pAC247-1 I1 3 108,600 pndA/C no 

pAC911-1 I1 *3 111,115 pndA/C no 

pAC190-2 I1 3 112,340 pndA/C no 

pAC174 I1 3 106,638 pndA/C no 

pAC553 I1 3 108,763 pndA/C no 

pAC1212-1-1 I1 3 106,798 pndA/C no 

pAC1213-1-1 I1 3 106,738 pndA/C no 

pAC1214-1-1 I1 3 106,811 pndA/C no 

pAC159-1-1 I1 3 110,912 pndA/C no 

pAC210-3-1 I1 3 106,756 pndA/C no 

pAC118-1-1 I1 *3 104,779 pndA/C no 

pAC167-1-1 I1 3 110,589 pndA/C no 

pAC345-1 I1 3 110,550 pndA/C no 

pAC473-1 I1 *3 106,572 pndA/C no 

pAC565-2 I1 3 105,453 pndA/C no 

pAC1058-1 I1 3 107,618 pndA/C no 

pAC1088-4-1 I1 3 105,446 pndA/C no 

pAC1176-2-1 I1 3 105,451 pndA/C no 

pAC1178-3-1 I1 *3 110,274 pndA/C no 

pAC1185-1-1 I1 3 105,105 pndA/C no 

pAC1189-2-1 I1 3 105,443 pndA/C no 

p56.2 I1 3 107,524 pndA/C no 

p248.3 I1 3 110,215 pndA/C no 

p181.1 I1 3 111,912 pndA/C no 

pAC1156-5 I1 3 100,881 pndA/C no 

p276.2 I1 3 110,461 pndA/C no 

p81.1 I1 New 122,124 pndA/C no 

pAC119-1-1 I1 49 90,566 pndA/C no 

pACC15 N 1 57,137 N/A no 

pAC178 N 1 42,662 N/A no 

pAC87.2 N 1 42,512 N/A no 

pAC7493 N 1 42,593 N/A no 

pAC109.1 FIB, FII F2:A-:B67 164,330 N/A no 

pACC10 FIB, FII F2:A-:B1 160,192 N/A no 

pAC30.1 HI1, FIA(HI1) 2 248,199 relE/B no 

pAC48-1-1 HI1, FIA(HI1) 9 223,338 relE/B yes 
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pAC86.2 HI1, FIA(HI1) 2 228,872 relE/B no 

pAC101.1 HI1, FIA(HI1) 2 213,918 relE/B no 

pAC112.1 HI1, FIA(HI1) 2 213,921 relE/B no 

pAC26.1 HI1, FIA(HI1) 2 213,821 relE/B no 

pAC87.1 HI1, FIA(HI1) 2 213,856 relE/B no 

pAC6.1 HI1, FIA(HI1) 2 213,834 relE/B no 

pAC113.1 HI1, FIA(HI1) 2 211,441 relE/B no 

pAC43.1 HI1, FIA(HI1) 2 212,181 relE/B no 

pAC52.1 HI1, FIA(HI1) 2 211,397 relE/B no 
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Plasmid characteristics 

Plasmid bla CTX-M-1 tet(A) tet(B) sul1 

pAC247-1 X    

pAC911-1 X    

pAC190-2 X    

pAC174 X X   

pAC553 X X   

pAC1212-1-1 X X   

pAC1213-1-1 X X   

pAC1214-1-1 X X   

pAC159-1-1 X X   

pAC210-3-1 X X   

pAC118-1-1 X X   

pAC167-1-1 X X   

pAC345-1 X X   

pAC473-1 X X   

pAC565-2 X X   

pAC1058-1 X X   

pAC1088-4-1 X X   

pAC1176-2-1 X X   

pAC1178-3-1 X X   

pAC1185-1-1 X X   

pAC1189-2-1 X X   

p56.2 X X   

p248.3 X X   

p181.1 X X   

pAC1156-5 X    

p276.2 X    

p81.1 X X  X 

pAC119-1-1 X    

pACC15 X   X 

pAC178 X    

pAC87.2 X    

pAC7493 X    

pAC109.1 X   X 

pACC10 X   X 

pAC30.1 X  X  

pAC48-1-1 X  X  
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pAC86.2 X    

pAC101.1 X  X  

pAC112.1 X  X  

pAC26.1 X  X  

pAC87.1 X  X  

pAC6.1 X X 

pAC113.1 X X 

pAC43.1 X X 

pAC52.1 X X 
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Plasmid characteristics 

Plasmid sul2 acc(6')-Ib-cr acc(3)-Iia 

pAC247-1 X   

pAC911-1 X   

pAC190-2 X   

pAC174 X   

pAC553 X   

pAC1212-1-1 X   

pAC1213-1-1 X   

pAC1214-1-1 X   

pAC159-1-1 X   

pAC210-3-1 X   

pAC118-1-1 X   

pAC167-1-1 X   

pAC345-1 X   

pAC473-1 X   

pAC565-2 X   

pAC1058-1 X   

pAC1088-4-1 X   

pAC1176-2-1 X   

pAC1178-3-1 X   

pAC1185-1-1 X   

pAC1189-2-1 X   

p56.2 X   

p248.3 X   

p181.1 X   

pAC1156-5 X   

p276.2 X   

p81.1    

pAC119-1-1    

pACC15  X X 

pAC178    

pAC87.2    

pAC7493    

pAC109.1 X   

pACC10 X   

pAC30.1 X   

pAC48-1-1 X   
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pAC86.2 X   

pAC101.1 X   

pAC112.1 X   

pAC26.1 X   

pAC87.1 X   

pAC6.1 X 

pAC113.1 X 

pAC43.1 X 

pAC52.1 X 
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Plasmid characteristics 

Plasmid aac(3)-Via acc(3)-IId aadA1 aadA5 

pAC247-1    X 

pAC911-1    X 

pAC190-2    X 

pAC174     

pAC553     

pAC1212-1-1     

pAC1213-1-1     

pAC1214-1-1     

pAC159-1-1     

pAC210-3-1     

pAC118-1-1     

pAC167-1-1     

pAC345-1     

pAC473-1     

pAC565-2     

pAC1058-1     

pAC1088-4-1     

pAC1176-2-1     

pAC1178-3-1     

pAC1185-1-1     

pAC1189-2-1     

p56.2     

p248.3     

p181.1     

pAC1156-5     

p276.2     

p81.1 X  X  

pAC119-1-1     

pACC15     

pAC178     

pAC87.2     

pAC7493     

pAC109.1  X  X 

pACC10  X  X 

pAC30.1  X  X 

pAC48-1-1  X   
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pAC86.2  X  X 

pAC101.1  X  X 

pAC112.1  X  X 

pAC26.1  X  X 

pAC87.1  X  X 

pAC6.1 X X 

pAC113.1 X X 

pAC43.1 X X 

pAC52.1 X X 
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Plasmid characteristics 

Plasmid aadA16 aada24 dfrA5 dfra17 

pAC247-1    X 

pAC911-1    X 

pAC190-2    X 

pAC174     

pAC553     

pAC1212-1-1     

pAC1213-1-1     

pAC1214-1-1     

pAC159-1-1     

pAC210-3-1     

pAC118-1-1     

pAC167-1-1     

pAC345-1     

pAC473-1     

pAC565-2     

pAC1058-1     

pAC1088-4-1     

pAC1176-2-1     

pAC1178-3-1     

pAC1185-1-1     

pAC1189-2-1     

p56.2     

p248.3     

p181.1     

pAC1156-5     

p276.2     

p81.1     

pAC119-1-1     

pACC15 X    

pAC178     

pAC87.2     

pAC7493     

pAC109.1   X X 

pACC10   X X 

pAC30.1    X 

pAC48-1-1     
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pAC86.2     

pAC101.1    X 

pAC112.1    X 

pAC26.1    X 

pAC87.1    X 

pAC6.1 X 

pAC113.1 X 

pAC43.1 X 

pAC52.1 X 
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Plasmid characteristics 

Plasmid dfra27 catA1 aph(3')-Ia 

pAC247-1    

pAC911-1    

pAC190-2    

pAC174    

pAC553    

pAC1212-1-1    

pAC1213-1-1    

pAC1214-1-1    

pAC159-1-1    

pAC210-3-1    

pAC118-1-1    

pAC167-1-1    

pAC345-1    

pAC473-1    

pAC565-2    

pAC1058-1    

pAC1088-4-1    

pAC1176-2-1    

pAC1178-3-1    

pAC1185-1-1    

pAC1189-2-1    

p56.2    

p248.3    

p181.1    

pAC1156-5    

p276.2    

p81.1    

pAC119-1-1    

pACC15 X   

pAC178    

pAC87.2    

pAC7493    

pAC109.1    

pACC10    

pAC30.1  X X 

pAC48-1-1  X X 
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pAC86.2  X X 

pAC101.1  X  

pAC112.1  X  

pAC26.1  X  

pAC87.1  X  

pAC6.1 X 

pAC113.1 X 

pAC43.1 X 

pAC52.1 X 
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Plasmid Characteristics 

Plasmid aph(3'')-Ib aph(6)-Id TEM-1 mph(A) 

pAC247-1     

pAC911-1     

pAC190-2    
 

pAC174     

pAC553     

pAC1212-1-1     

pAC1213-1-1     

pAC1214-1-1     

pAC159-1-1     

pAC210-3-1     

pAC118-1-1    
 

pAC167-1-1    
 

pAC345-1    
 

pAC473-1    
 

pAC565-2    
 

pAC1058-1    
 

pAC1088-4-1    
 

pAC1176-2-1    
 

pAC1178-3-1    
 

pAC1185-1-1    
 

pAC1189-2-1    
 

p56.2     

p248.3     

p181.1     

pAC1156-5     

p276.2     

p81.1     

pAC119-1-1     

pACC15   X X 

pAC178    X 

pAC87.2     

pAC7493     

pAC109.1  X  X 

pACC10  X  X 

pAC30.1 X X  X 

pAC48-1-1 X X  X 

pAC86.2 X X   
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pAC101.1 X X  X 

pAC112.1 X X  X 

pAC26.1 X X  X 

pAC87.1 X X  X 

pAC6.1 X X  X 

pAC113.1 X X   
pAC43.1 X X   
pAC52.1 X X   
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Phenotypes of select plasmids 

Plasmid Gentamicin Kanamycin Tetracycline Chloramphenicol 

pAC247-1  

pAC911-1  

pAC190-2  

pAC174 

pAC553 

pAC1212-1-1 

pAC1213-1-1 

pAC1214-1-1 

pAC159-1-1 

pAC210-3-1 

pAC118-1-1 

pAC167-1-1 

pAC345-1 

pAC473-1 

pAC565-2 

pAC1058-1 

pAC1088-4-1 

pAC1176-2-1 

pAC1178-3-1 

pAC1185-1-1 R 

pAC1189-2-1  

p56.2 

p248.3 

p181.1 

pAC1156-5 

p276.2     

p81.1 R R R  

pAC119-1-1     

pACC15 R    

pAC178     

pAC87.2     

pAC7493  

pAC109.1 

pACC10 R    

pAC30.1 R R R R 

pAC48-1-1 R  R R 
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pAC86.2 R R R R 

pAC101.1  

pAC112.1 

pAC26.1 

pAC87.1 

pAC6.1 R R R 

pAC113.1  

pAC43.1  

pAC52.1 R R R 
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Phenotypes of select plasmids 

Plasmid Trimethoprim Cefotaxime Spectinomycin Sulphonamides 

pAC247-1     

pAC911-1 R R R R 

pAC190-2     

pAC174     

pAC553     

pAC1212-1-1     

pAC1213-1-1     

pAC1214-1-1     

pAC159-1-1     

pAC210-3-1     

pAC118-1-1     

pAC167-1-1     

pAC345-1     

pAC473-1     

pAC565-2     

pAC1058-1     

pAC1088-4-1     

pAC1176-2-1     

pAC1178-3-1     

pAC1185-1-1  R  R 

pAC1189-2-1     

p56.2     

p248.3     

p181.1     

pAC1156-5     

p276.2  R  R 

p81.1  R R R 

pAC119-1-1  R   

pACC15 R R R R 

pAC178  R   

pAC87.2  R   

pAC7493     

pAC109.1     

pACC10 R R R R 

pAC30.1 R R R R 

pAC48-1-1  R  R 
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pAC86.2 R R R R 

pAC101.1     

pAC112.1     

pAC26.1     

pAC87.1     

pAC6.1 R R R R 

pAC113.1     

pAC43.1     

pAC52.1  R R R 
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Phenotypes of select plasmids 

Plasmid Ciprofloxacin 

pAC247-1  

pAC911-1  

pAC190-2  

pAC174  

pAC553  

pAC1212-1-1  

pAC1213-1-1  

pAC1214-1-1  

pAC159-1-1  

pAC210-3-1  

pAC118-1-1  

pAC167-1-1  

pAC345-1  

pAC473-1  

pAC565-2  

pAC1058-1  

pAC1088-4-1  

pAC1176-2-1  

pAC1178-3-1  

pAC1185-1-1  

pAC1189-2-1  

p56.2  

p248.3  

p181.1  

pAC1156-5  

p276.2  

p81.1  

pAC119-1-1  

pACC15  

pAC178  

pAC87.2  

pAC7493  

pAC109.1  

pACC10  

pAC30.1  

pAC48-1-1  
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pAC86.2  

pAC101.1  

pAC112.1  

pAC26.1  

pAC87.1  

pAC6.1 

pAC113.1  

pAC43.1  

pAC52.1 
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Table S4. 2 A heatmap showing a pairwise SNP comparison of IncI1/ST3/CTX-M-1 plasmids from bacteria isolated from European 

and Canadian domestic animals. The data presented represent the number of SNP differences between the plasmids in comparison. 

Plasmid names are colour-coded by the animal species from which they were recovered. 
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pAC174 157 0 245 144 169 212 210 203 202 155 157 99 84 70 167 155 169 163 

pAC1213-1-1 273 245 0 122 205 197 185 176 168 163 161 154 149 152 150 135 131 134 

pAC118-1-1 261 144 122 0 202 165 183 162 129 87 155 117 113 143 136 141 129 122 

pAC473-1 194 169 205 202 0 166 156 153 124 131 131 110 107 120 110 99 103 106 

pAC911-1 107 212 197 165 166 0 160 138 128 92 124 126 122 105 112 103 109 106 

pAC1178-3-1 219 210 185 183 156 160 0 129 131 67 107 90 96 96 93 92 81 81 

pAC1185-1-1 230 203 176 162 153 138 129 0 94 120 87 102 100 77 97 97 51 93 

pAC1058-1 224 202 168 129 124 128 131 94 0 69 83 89 95 72 87 77 73 65 

p15090172_ 

Denmark 197 155 163 87 131 92 67 120 69 0 43 31 33 72 71 67 58 56 

pHV292_ 

Switzerland 155 157 161 155 131 124 107 87 83 43 0 65 67 68 27 65 56 51 

pAC210-3-1 190 99 154 117 110 126 90 102 89 31 65 0 52 54 61 61 48 48 

pAC553 179 84 149 113 107 122 96 100 95 33 67 52 0 48 61 55 37 49 
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pAC565-2 172 169 131 129 103 109 81 51 73 58 56 48 37 34 36 22 0 28 

pAC159-1-1 172 163 134 122 106 106 81 93 65 56 51 48 49 45 43 39 28 0 

p14019095_ 

Denmark 155 156 121 118 94 105 79 79 71 54 13 48 35 43 41 37 29 26 
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pCOV33_ 

France 158 159 121 118 94 98 67 76 72 42 40 36 35 31 29 25 16 14 

unnamed_ 

Netherlands 154 158 123 116 94 95 69 64 71 44 2 38 26 21 
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p181.1 155 158 29 158 158 165 159 158 161 159 160 158 154 

pAC174 156 159 146 160 160 160 160 159 158 159 159 159 158 

pAC1213-1-1 121 121 121 122 121 63 122 121 126 122 123 121 123 

pAC118-1-1 118 118 118 119 85 65 119 118 124 120 118 118 116 

pAC473-1 94 94 89 95 95 98 95 94 100 95 91 94 94 

pAC911-1 105 98 76 99 91 99 99 98 85 98 100 98 95 

pAC1178-3-1 79 67 67 68 68 73 68 67 73 69 67 67 69 

pAC1185-1-1 79 80 79 81 71 84 81 80 77 82 69 76 64 

pAC1058-1 71 73 63 73 65 75 74 73 76 75 63 72 71 

p15090172_ 
Denmark 54 42 42 43 43 49 43 42 48 43 44 42 44 

pHV292_ 
Switzerland 13 40 40 41 41 47 41 40 7 42 41 40 2 

pAC210-3-1 48 36 33 37 31 42 36 36 42 38 38 36 38 

pAC553 35 35 34 35 34 39 36 35 41 37 36 35 26 

p276.2 43 31 30 31 31 38 32 31 32 32 22 31 21 

pAC247-1 41 29 28 30 30 35 30 29 35 30 21 29 31 

pAC1088-4-1 37 25 25 26 26 32 26 25 31 27 27 25 27 

pAC565-2 29 18 13 18 18 23 19 18 21 20 20 16 16 

pAC159-1-1 26 14 14 15 15 21 15 14 20 16 15 14 16 

p14019095_ 
Denmark 0 12 12 13 13 19 13 12 18 13 14 12 12 

p248.3 12 0 0 1 1 7 1 0 6 2 2 0 2 

pAC1156-5 12 0 0 1 1 7 1 0 2 1 2 0 2 

pAC1176-2-1 13 1 1 0 2 8 2 1 7 3 3 1 3 

pAC1189-2-1 13 1 1 2 0 8 2 1 6 3 3 1 3 

pAC1212-1-1 19 7 7 8 8 0 8 7 13 9 7 7 9 
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pAC1214-1-1 13 1 1 2 2 8 0 1 7 3 3 1 3 

pAC167-1-1 12 0 0 1 1 7 1 0 6 2 2 0 2 

pAC190-2 18 6 2 7 6 13 7 6 0 7 8 6 8 

pAC345-1 13 2 1 3 3 9 3 2 7 0 4 2 3 

p56.2 14 2 2 3 3 7 3 2 8 4 0 1 4 

pCOV33_ 
France 12 0 0 1 1 7 1 0 6 2 1 0 2 

unnamed_ 
Netherlands 12 2 2 3 3 9 3 2 8 3 4 2 0 

Legend 

Animal Colour 

Chicken Orange 

Turkey Yellow 

Swine Blue 

Beef cattle Purple 

Dog Green 
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Table S4. 3 A heatmap showing a pairwise SNP comparison of IncHI1/CTX-M-1 plasmids from bacteria isolated from European and 

Canadian domestic animals. The data presented represent the number of SNP differences between the plasmids in comparison. Plasmid 

names are colour-coded by the animal species from which they were recovered. 
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pAC87.1 2 302 213 216 0 219 163 131 150 177 122 110 
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pAC101.1 2 245 189 179 163 228 0 92 108 137 89 72 
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Figure S4. 1 Easyfig alignment of IncI1/ST3/CTX-M-1 plasmids from Escherichia coli isolated 

from Canadian domestic animals  
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Figure S4. 2 Easyfig alignment of IncHI1/ST2/CTX-M-1 plasmids from Escherichia coli isolated 

from Canadian racetrack horses 

 


