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ABSTRACT 

Use of ceftiofur for the treatment and prevention of disease in livestock has been 

thought to contribute to the emergence of resistance to this drug and other beta-lactams such as 

cefoxitin. Isolates of Salmonella enterica serovar Heidelberg from human, abattoir poultry and 

retail poultry samples have been found with resistance to both ceftiofur and cefoxitin. This 

resistance is often due to plasmid-mediated AmpC beta-lactamases, of which the most frequently 

isolated is CMY-2. This study characterized S. Heidelberg from human, abattoir poultry and 

retail poultry isolates to examine the molecular relationships of cefoxitin resistance between 

these groups. 

All isolates were collected as part of the Canadian Integrated Program for 

Antimicrobial Resistance Surveillance (CIPARS). Antimicrobial susceptibility testing (AST) 

using broth microdilution was conducted on all isolates. Genomic characterization included 

polymerase chain reaction (PCR) for CMY-2, pulsed-field gel electrophoresis (PFGE) and whole 

genome sequencing (WGS). CMY-2 plasmid characterization included restriction fragment 

length polymorphism (pRFLP) and polymerase chain reaction (PCR)-based replicon typing.  

A total of 147 S. Heidelberg (70 cefoxitin-resistant and 77 cefoxitin-susceptible) 

isolates from humans (n=52), abattoir poultry (n=8) and retail poultry (n=60) from Québec in 

2012 were studied. Abattoir isolates from the neighbouring provinces of Ontario and New 

Brunswick from 2011 and 2012 (n=10) and human isolates from a national outbreak in 2003 

(n=17) were also examined. All cefoxitin-resistant isolates were also resistant to amoxicillin-

clavulanic acid, ampicillin, ceftiofur and ceftriaxone, and all contained the CMY-2 gene. PFGE 

typing illustrated that 138/147 (93.9%) isolates clustered together with ≥ 90% similarity. WGS 
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was performed on 131 isolates, and core genome analysis identified 12 small clusters of isolates 

with zero to four single nucleotide variations (SNVs). These clusters consisted of cefoxitin-

resistant and -susceptible human, abattoir poultry and retail poultry isolates. In total, there was a 

maximum distance of 147 SNVs between all isolates. Analysis of CMY-2 plasmids from 

cefoxitin-resistant isolates revealed all belonged to incompatibility group I1, and RFLP on 18 

isolates identified three groups of plasmids of human and retail poultry origin that clustered with 

100% similarity. Analysis of plasmid sequences using WGS revealed high identity (95-99%) to a 

previously described plasmid (pCVM29188_101) found in Salmonella Kentucky. When 

compared to pCVM29188_101, all sequenced cefoxitin-resistant isolates were found to carry one 

of ten possible variant plasmids. 

Not surprisingly, WGS showed significantly higher discriminatory power compared to 

PFGE. The discovery of several clusters of isolates from different sources with zero to four 

SNVs suggests that transmission between human, abattoir poultry and retail poultry sources may 

be occurring. The classification of newly sequenced plasmids into one of ten sequence variant 

types of the previously described pCVM29188_101 suggests transmission of a common CMY-2 

plasmid amongst S. Heidelberg with variable genetic backgrounds. 
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1. INTRODUCTION 

1.1 Salmonella 

Salmonella was first discovered in pigs in 1884 and is named after the American 

scientist, Daniel E. Salmon, who’s lab initially isolated the organism (1). Salmonella are Gram-

negative bacteria that belong to the phylum Proteobacteria and family Enterobacteriaceae. They 

are rod-shaped, non-spore forming, flagellated, motile, facultative anaerobes (2,3). The genus, as 

a whole, is capable of infecting and causing disease in humans, animals and plants. In humans 

and animals, it primarily causes gastroenteritis and systemic infections. In plants, infection with 

Salmonella can result in rapid wilting, chlorosis and reduced growth (4). 

1.1.1 Nomenclature 

The Salmonella nomenclature currently utilized and employed worldwide is the 

Kauffmann-White scheme, where there are only two species within the Salmonella genus and 

multiple subspecies and serovars within the species (5) (Table 1). The two species, Salmonella 

enterica and Salmonella bongori, are 95-99% genetically identical (6). S. enterica is the type 

species and consists of six subspecies that differ by their biochemical properties and genomic 

relatedness. The subspecies are as follows: I, S. enterica subsp. enterica; II, S. enterica subsp. 

salamae; IIIa, S. enterica subsp. arizonae; IIIb, S. enterica subsp. diarizonae; IV, S. enterica 

subsp. houtenae; and VI, S. enterica subsp. indica (5). Within each subspecies are a myriad of 

serovars of which, collectively, over 2,500 have been discovered to date (7). Salmonella enterica 

subsp. enterica (subspecies I), is found in warm-blooded animals and account for over 99% of 

Salmonella infections that occur in humans (5,8). The remaining subspecies (II, IIIa, IIIb, IV, VI) 

and S. bongori are found in cold-blooded animals and the environment (5).  
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TABLE 1. Classification of various Salmonella species and subspecies, as per the Kauffman-

White scheme (modified from reference 5). 

 

 

 

  

 Subspecies Normal habitat 

S. enterica   

 I: enterica Warm-blooded animals 

 II: salamae Cold-blooded animals; environment 

 IIIa: arizonae Cold-blooded animals; environment 

 IIIb: diarizonae Cold-blooded animals; environment 

 IV: houtenae Cold-blooded animals; environment 

 VI: indica Cold-blooded animals; environment 

S. bongori  Cold-blooded animals; environment 
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1.1.1.1 Salmonella serotyping 

Classification of Salmonella isolates is based foremost on serotyping, the 

immunoreactivity of cell surface antigens to specific antisera. These include oligosaccharides 

found on cell wall lipopolysaccharides (O antigen) and flagellar antigens (H antigen) (9). 

Currently, 46 O and 114 H antigen variants exist (7,10). An isolate may simultaneously express 

multiple O antigens on its cell surface; however, for the H antigen, there are two copies of the 

flagellar protein gene of which only one may be expressed at a time. The antigenic formula of a 

strain is consequently described as ‘subspecies O antigen:phase 1 H antigen:phase 2 H antigen (if 

existing)’ (9).  

1.1.2 Clinical indications 

Human infection with Salmonella occurs largely through the fecal-oral route by 

consumption of food or water that is contaminated with the organism. Contaminated food may 

be either food contaminated with the feces of an infected individual, or farm animals infected 

with pathogenic Salmonella (11). In humans, this organism can be broadly categorized according 

to the type of infection it causes: typhoidal Salmonella, which causes typhoid fever; or non-

typhoidal Salmonella (NTS), which causes gastroenteritis. Typhoid fever is a systemic disease 

that results in a fever, headache, abdominal cramps and malaise (2,3). Typical symptoms of NTS 

gastroenteritis include diarrhea, nausea, vomiting, abdominal cramps, chills and fever (8). In a 

small subset of individuals, NTS infections may proceed to systemic infections including 

bacteremia and focal infections such as pneumonia, endocarditis, osteomyelitis, and meningitis 

(8,12). 
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1.1.2.1 Infection at the cellular level 

After the bacterium is ingested, it must survive the gastric acid barrier of the stomach to 

be able to infiltrate and initiate an infection within the small intestine (11). The bacterium 

invades the epithelial cells of the small intestine by associating with Peyer’s patches and, 

specifically, microfold cells (M cells) (Figure 1). Peyer’s patches are dome-like lymphoid 

follicles covered with antigen sampling M cells. Once entry into M cells occurs, the organism 

will form Salmonella-containing vacuoles (SCV) to enhance its survival. The SCV will then 

enter the lamina propria of the intestine to infect phagocytes, primarily macrophages, found 

under Peyer’s patches (6). Salmonella entry into epithelial cells occurs through active 

modification of the host cell’s actin cytoskeleton, whereas entry into phagocytes occurs through 

passive uptake (13). In gastroenteritis, the organism is usually cleared without treatment and will 

not advance further in the body. However, in typhoid fever and systemic cases of NTS these 

phagocytes will continue on to travel to the circulatory system, consequently gaining access to 

the spleen, liver, bone marrow and gall bladder (11).  
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FIGURE 1. Salmonella route of cellular infection in humans. SPI1- Salmonella pathogenicity 

island 1; SPI2- Salmonella pathogenicity island 2; BF- B cell follicles (reproduced with 

permission from reference 14). 
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1.1.3 Pathogenesis  

The Salmonella genome encodes numerous mechanisms that aid in its pathogenicity and 

virulence. This section will focus on Salmonella pathogenicity islands, fimbriae and flagella. 

1.1.3.1 Pathogenicity islands  

Salmonella pathogenicity islands (SPI) consist of groups of genes found dispersed over 

the bacterial chromosome and are believed to have arisen through horizontal gene transfer from 

other organisms. There are five major SPIs within the chromosome, labeled SPI-1 to SPI-5 (15). 

SPI-1 is found in all Salmonella serovars and encodes for a type III secretion system (T3SS) that 

aids in bacterial entry into epithelial cells. SPI-2 encodes for a T3SS that is necessary for the 

survival of Salmonella in the host cell and allows for systemic infection (6). SPI-3 is required for 

the organism to replicate inside macrophages; SPI-4 encodes for a type I secretion system 

implicated in the release of toxins; and SPI-5 is prevalent in enteric infections (15).  

1.1.3.1.1 Type III secretion system 

There are two T3SS found in Salmonella enterica species, known as T3SS1 and T3SS2. 

These systems take the shape of a syringe and are used to inject effector proteins from the 

cytosol of the bacteria into the target host cell (16) (Figure 2).  

  



 

 
8 

FIGURE 2. The structure of type III secretion systems (T3SS) (reproduced with permission 

from reference 16). 
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The effector proteins act to manipulate host cell functions to guarantee survival of the 

pathogen. T3SS1 is encoded by SPI-1 and is important to the early stages of infection, such as 

bacterial entry into intestinal epithelial cells and the formation of SCV. Specifically, SPI-1- 

encoded effector proteins are responsible for activating the T3SS1 complex, rearranging 

epithelial cell actin filaments to allow for bacterial internalization and preventing apoptosis of 

the cell to allow for generation of SCV (13). T3SS2 is induced following the formation of SCV 

by T3SS1. T3SS2 is encoded on SPI-2 and is vital to the latter stages of infection. After 

activation of this complex, effector proteins released are translocated across the SCV membrane 

and are responsible for bacterial invasion into macrophages and, consequently, systemic spread 

of the organism (13).  

1.1.3.2 Fimbriae and flagella 

Fimbriae are small filamentous appendages involved in adherence and colonization of the 

bacterium to host cells. They are also believed to contribute to biofilm formation by allowing 

bacterial cells to adhere to each other (15). Flagella, conversely, are large filaments responsible 

for bestowing motility to bacteria and thus enable the organism to move freely during an 

infection (15). 

1.1.4 Treatment  

For typhoid fever, treatment with antimicrobials is imperative. Infected individuals will 

be administered drugs such as ampicillin, third-generation cephalosporins or fluoroquinolones 

(12). In contrast, treatment with antimicrobials for acute gastroenteritis in otherwise healthy 

individuals is not recommended as the disease typically resolves within a few days. Primary care 

in this situation involves replenishing fluids and electrolytes in the body to prevent dehydration. 
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Antimicrobials may be considered for individuals who appear to be at risk for progression to 

bacteremia. If advancement to systemic infection occurs, antibiotic therapy is vital. Common 

antimicrobials used in these cases include ampicillin, third-generation cephalosporins, 

fluoroquinolones or trimethoprim-sulfamethoxazole. For infections of both typhoidal and non-

typhoidal Salmonella, determination of which antibiotic to employ in adults depends on the 

infection and the antibiotic susceptibility of the organism (8). Children, however, are generally 

treated with cephalosporins as fluoroquinolones are not approved for use in this demographic 

(17). 

1.2 Antibiotics 

Antibiotics are undoubtedly one of the greatest discoveries of modern medicine. 

Antibiotics are compounds that specifically act to inhibit the growth of or kill bacteria. 

Following the discovery of the first antibiotic, penicillin, in 1928, several other naturally 

occurring antibiotics have been discovered. Over the years the field of antibiotic research has 

progressed to the point where antibiotics can also be synthesized in the laboratory (18). This 

thesis will focus on the beta-lactam class of antibiotics, with an emphasis on cephalosporins. 

1.2.1 Beta-lactams 

Beta-lactam antibiotics are a large family and encompass penicillins, cephalosporins, 

monobactams and carbapenems (Table 2). Penicillins, cephalosporins and carbapenems all 

inhibit Gram-positive and Gram-negative bacteria, while monobactams are capable of inhibiting 

only aerobic Gram-negatives. Carbapenems are an important group of antibiotics as they are 

often used as the last line of defense against multidrug-resistant organisms (19).  
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TABLE 2. Classes and characteristics of beta-lactam antibiotics. 

 

 

 

 
a Successive generations of cephalosporins have increasing activity against Gram-negatives 
b N/A, not applicable 

 

 

 

 

 

  

Beta-lactam class Inhibits 

Cephalosporin 

activity against 

Gram-negativesa,b 

Examples 

Penicillins 
Gram-positives;  

Gram-negatives 
N/A Ampicillin, amoxicillin 

Cephalosporins    

1st generation  + Cefazolin, cephalexin 

2nd generation 

            + cephamycins 

Gram-positives;  

Gram-negatives 
++ Cefoxitin, cefotetan 

3rd generation  +++ Ceftriaxone, ceftiofur 

4th generation  ++++ Cefepime 

Carbapenems 
Gram-positives;  

Gram-negatives 
N/A Imipenem, meropenem 

Monobactams Gram-negatives N/A Aztreonam 
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Although each class has an overall different configuration, the core of their chemical 

structures is based on a characteristic four-membered beta-lactam ring (Figure 3). The basic 

penicillin structure consists of the beta-lactam ring attached to a five-membered ring, with a 

carboxyl group found at C3; whereas cephalosporins have a six-membered ring attached to the 

beta-lactam ring with a carboxyl group at C4. Carbapenems also contain a five-membered ring 

fused to the beta-lactam ring; whereas monobactams consist of the single four-membered beta-

lactam ring with an attached sulfonic acid group (19).  

In general, the mechanism of action for beta-lactams is to prevent synthesis of the 

bacterial cell wall by binding to and inhibiting penicillin-binding proteins (PBPs) (20). 

Peptidoglycan, a polymer found in the cell wall of all bacteria, allows for microorganisms to 

contain the high osmotic pressure found within the cell and is composed of strands of glycan 

cross-linked with a peptide chain. The glycan strands have alternating carbohydrate molecules N-

acetylglucosamine and N-acetylmuramic acid. The peptide chain is bound to N-acetylmuramic 

acid and consists of five amino acids of which the terminal residues are D-alanine-D-alanine. 

PBPs are responsible for cross-linking the peptide strands by acting as a transpeptidase. Beta-

lactam antibiotics inhibit cell wall synthesis by mimicking the D-alanine-D-alanine structure, 

allowing the antibiotic to bind to PBPs to form a complex that results in the acylation of a serine 

residue at an active site (21). This acylation is irreversible and prevents the transpeptidation 

activity of PBPs. Consequently, the bacterial cell wall becomes unstable and the cell will lyse 

(20). 
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FIGURE 3. Core structures of the four different classes of beta-lactam antibiotics. A, penicillins; 

B, cephalosporins; C, monobactams; D, carbapenems. Numbers refer to atom positions; and ‘R’ 

indicates side chains (reproduced with permission from reference 19). 
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1.2.1.1 Cephalosporins 

Following penicillins, cephalosporin antibiotics were the next beta-lactam class to be 

discovered. In 1945, Giuseppe Brotzu discovered that the fungus Cephalosporium acremonium 

released an antibacterial substance. This substance was later identified as cephalosporin C and 

was found to only weakly inhibit bacteria. Through modification of this naturally occurring 

antibiotic, other cephalosporins have been generated that confer greater antibacterial activity than 

the original biologically-derived cephalosporin C (18).  

Cephalosporins are divided into four generations (labelled as first, second, third and 

fourth generation) depending on their antibacterial activity in vitro. First-generation 

cephalosporins have the most bactericidal activity against Gram-positive organisms, and each 

successive generation has increased activity against Gram-negatives (18).  

1.2.1.1.1 Cefoxitin  

Second-generation cephalosporins contain a group known as cephamycins, which 

includes the semi-synthetic drug cefoxitin (22). This antibiotic was derived from cephamycin C, 

a compound isolated from Streptomyces lactamdurans. Cefoxitin is broad-spectrum and is 

therefore bactericidal against both Gram-positive and Gram-negative bacteria. This drug is 

employed only in humans and is administered intravenously. It is effective against many aerobic 

and anaerobic microbes and is consequently used to treat numerous infections including those of 

the lower respiratory tract, urinary tract, skin, intra-abdomen, female reproductive tract, bone, 

joint and blood (23). An important structural feature of cephamycins is the 7-alpha-methoxy 

group, which bestows increased endurance against antibiotic resistance mechanisms (24) (Figure 

4). 
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FIGURE 4. Structure of cefoxitin, a second generation cephamycin cephalosporin. 
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1.3 Antibiotic Resistance 

With the discovery and development of antibiotics, the morbidity and mortality of 

diseases caused by pathogenic bacteria was greatly reduced. However, with the introduction of 

antibiotics came a selective pressure for bacteria to ensure their survival by evolving genetically 

to overcome and protect themselves from these drugs.  

One of the main reasons for the development of antibiotic resistance is the overuse and 

misuse of antibiotics in humans and in non-humans. Physicians frequently prescribe antibiotics 

for bacterial infections that are self-limiting or for viral infections in which these drugs are 

ineffective. As well, misuse occurs when people do not complete the prescription course, self-

medicate with unprescribed antibiotics, take antibiotics that are leftover from a prior treatment or 

share these drugs with others. In the agricultural field, antibiotics are administered not only for 

therapeutic treatment of infections, but also as a preventative measure against disease and as a 

growth promoting agent for animals. Antibiotic use in animals is important as it may contribute 

to the emergence of antibiotic resistant bacteria that can potentially infect humans upon contact 

or consumption of the animal (25).  

1.3.1 Salmonella mechanisms of beta-lactam resistance 

Antibiotic resistance in Salmonella has been on the rise since the 1990’s and is a problem 

found worldwide. In general, Salmonella demonstrate three mechanisms of resistance to beta-

lactams. One is decreased uptake through porin proteins, which inhibit antibiotics from entering 

the cell. Another is increased efflux through pumps, which prevent intracellular accumulation of 

the drug (26). The third is through enzymatic inactivation by beta-lactamases (27). 
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1.3.1.1 Beta-lactamases 

Beta-lactamases are enzymes which cleave the amide bond of the characteristic four-

membered beta-lactam ring to inactivate the antibiotic (27). These enzymes are the most 

predominant source of beta-lactam resistance and are capable of inhibiting the mechanism of 

action of all beta-lactams (19). Beta-lactamase genes in Salmonella are located on transposons, 

integrons and plasmids that can encode resistance to multiple classes of antibiotics (22). The 

existence of these genes on such mobile elements offers them the potential to disseminate 

amongst different organisms. 

According to the Ambler classification, beta-lactamases are divided into four major 

classes based on molecular characteristics, primarily their amino acid sequence. These classes 

are designated A to D, where A, C and D require an active-site serine for hydrolysis of beta-

lactams; and class B are metallo-enzymes that requires a zinc ion for hydrolysis (22) (Table 3).  
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TABLE 3. Ambler classification of beta-lactamases (modified from reference 22). 

 

 

  

Ambler 

classification 

Active 

site 

Beta-lactamase 

type 
Examples Substrates 

A Serine Broad-spectrum 

 

 

 

 

 

Extended-spectrum 

 

 

 

 

 

Carbapenemase 

TEM-1, SHV-1 

 

 

 

 

 

TEM, SHV families; 

CTX-M family 

 

 

 

 

KPC family 

Pencillins;  

narrow-spectrum 

cephalosporins (1st and 

2nd generation, except 

cephamycins) 

 

All broad-spectrum 

substrates;  

3rd and 4th generation 

cephalosporins; 

monobactams 

 

All extended-spectrum 

substrates; cephamycins; 

carbapenems 

B Zinc Carbapenemase IMP, VIM families; 

NDM-1 

All extended-spectrum 

substrates; cephamycins; 

carbapenems 

C Serine AmpC CMY, FOX families; 

DHA-1, MIR-1 
All extended-spectrum 

substrates; cephamyins 

D Serine Broad-spectrum 

 

 

 

 

 

 

 

Extended-spectrum 

 

 

 

 

 

Carbapenemase 

OXA family 

 

 

 

 

 

 

 

OXA family 

 

 

 

 

 

OXA family 

Pencillins;  

narrow-spectrum 

cephalosporins (1st and 

2nd generation, except 

cephamycins); oxacillin, 

cloxacillin, and 

methicillin 

 

All broad-spectrum 

substrates;  

3rd and 4th generation 

cephalosporins; 

monobactams 

 

All extended-spectrum 

substrates; cephamycins; 

carbapenems 
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1.3.1.1.1 Ambler Class A 

Class A enzymes include broad-spectrum beta-lactamases, extended-spectrum beta-

lactamases (ESBLs), and carbapenemases. Broad-spectrum beta-lactamases are capable of 

hydrolyzing penicillins and narrow-spectrum cephalosporins (such as those of the first and 

second generation, except for cephamycins). The two types of broad-spectrum beta-lactamases 

are TEM-1/TEM-2 (Temoniera, the first person from which this type was isolated) and SHV-1 

(sulfhydryl variable inhibitor responses) (22). ESBLs are capable of hydrolyzing the same 

substrates as broad-spectrum beta-lactamases, as well as oxyimino-beta-lactams (such as third 

and fourth generation cephalosporins) and monobactams. ESBL phenotypes result from genetic 

variations of TEM-1 and SHV-1. These variations are generated by point mutations in one or 

more amino acids near the serine active site, which alter the configuration of the enzyme’s active 

site to allow the enzyme to bind and inactivate oxyimino-beta-lactams. There are also other types 

of ESBLs that do not belong to the TEM or SHV families, the most common of which is CTX-M 

(hydrolyzes cefotaxime) (22). Carbapenemases are capable of hydrolyzing all extended-spectrum 

beta-lactams, cephamycins and carbapenems. These include enzymes belonging to the KPC 

(Klebsiella pneumoniae carbapenemase) family. TEM, SHV, CTX-M and KPC types of beta-

lactamases have all been isolated from strains of Salmonella (28,29). 

1.3.1.1.2 Ambler Class B 

Class B consists of the metallo-beta-lactamases and is capable of hydrolyzing all beta-

lactams including penicillins, all cephalosporins (including oxyimino-cephalosporins and 

cephamycins), monobactams and carbapenems. Enzymes of this class are of extreme clinical 

significance as they are able to hydrolyze the last-line of defense carbapenem antibiotics. 
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Enzymes belonging to this class have a zinc active site and are believed to have evolved 

independently from Classes A, C and D which have serine active sites. Class B can be 

subdivided into three groups based on amino acid sequences, B1, B2 and B3. Sequence identity 

within each group is high, whereas between the groups it is low. B1 and B3 beta-lactamases are 

more active when the active site contains two zinc ions, whereas B2 enzymes are more active 

with a single zinc ion in the active site. B1 enzymes have the largest number of families and 

include those of the VIM and NDM-types (19). Both VIM and NDM families have been 

identified in Salmonella (30,31). 

1.3.1.1.3 Ambler Class C 

Class C beta-lactamases are known as AmpC beta-lactamases and are capable of 

hydrolyzing a broad spectrum of beta-lactams, especially cephalosporins. This class confers 

resistance against penicillins, monobactams, and all cephalosporins (including cephamycins) 

(22). Initially, AmpC was found to be encoded intrinsically on the bacterial chromosome of 

certain Gram-negative bacilli. However, in 1989 the first plasmid-mediated AmpC enzyme was 

discovered. Within Salmonella, AmpC genes are found only on plasmids and belong to three 

particular families, CMY, DHA-1 and ACC-1, of which the most common is CMY (32). 

1.3.1.1.3.1 CMY family 

The CMY family is unique in that it has two different origins. Some types are related to 

chromosomal AmpC found in Aeromonas hydrophila; whereas others, like CMY-2, are related to 

that found in Citrobacter freundii. Globally, CMY-2 is the most frequently found plasmid-

encoded AmpC beta-lactamase. In non-typhoidal Salmonella, CMY-2 is an important cause of 

beta-lactam resistance found worldwide, particularly to cefoxitin. CMY-2 beta-lactamases have 
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been identified in Salmonella from a variety of hosts including humans, companion animals and 

farm animals (24).  

1.3.1.1.4 Ambler Class D 

Ambler class D beta-lactamases are those of the OXA (hydrolyzes oxacillin) family. 

Similar to the TEM and SHV families, OXA family members differ by a few amino acid 

substitutions. This class contains broad-spectrum and extended-spectrum enzymes, and are able 

to cleave oxacillin, cloxacillin, and methicillin. Certain types of extended-spectrum OXA 

enzymes, such as OXA-48, have been shown to hydrolyze cephamycins and carbapenems as 

well (22). Some strains of Salmonella have been found to produce OXA enzymes, including the 

carbapenemase OXA-48 (30). 

1.4 Antibiotics in Agriculture 

1.4.1 Uses of antibiotics in agriculture  

Shortly after their introduction into human medicine, antibiotics began to be used in 

animals as well (33). Within the agricultural sector, there are four main reasons for utilizing 

antibiotics: therapeutic purposes, metaphylaxis, prophylaxis, and growth promotion (34). 

1.4.1.1 Therapeutic use 

Similar to their use in humans, therapeutic use of antibiotics in animals is employed to 

treat an individual animal exhibiting symptoms of a bacterial infection. For example, a 

companion animal may receive these drugs if suffering from an infection. For livestock, 

however, administration of antibiotics to a single animal within a flock or herd is less common.  
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Dispensing therapeutic antibiotics to an animal requires the same procedures as that for 

humans. Ideally, the animal must be examined further, which may involve identification of the 

pathogen and completion of antibiotic susceptibility tests. Following examination, only animals 

exhibiting symptoms of that infection will be administered antibiotics. These drugs may be 

injected or given orally, and the dose administered must be reflective of both the animal and the 

pathogen present (34).  

1.4.1.2 Metaphylaxis 

Food-producing animals of the same kind are often kept in large groups and therefore 

administration of antibiotics to a single animal in the group is often unfeasible. For this reason, 

treatment of the whole group is preferable. Metaphylaxis refers to the administration of 

antibiotics to herd or flocks of animals where only individual animals actually exhibit symptoms 

of an infection. This is performed to control the spread of infection as the uninfected animals 

have a high risk of contracting the disease. In order to access the entire group, the drugs are 

commonly added to the feed or drinking water. Similar to antibiotic use for therapeutic purposes, 

identification of the causative pathogen and antibiotic susceptibility tests should be performed 

prior to administration (34). 

1.4.1.3 Prophylaxis 

Prophylactic use of antibiotics in animals is employed as a preventative measure against 

disease and is used when there is no infection present. This type of antibiotic therapy can be 

given to individual animals or an entire group (34). The agricultural community uses antibiotics 

in this manner as contraction of a disease by a single animal may result in substantial mortality 
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within the herd or flock. Prophylactic antibiotics are administered to animals through the feed or 

water, and are delivered at subtherapeutic levels than those used for therapeutic purposes (25,34). 

1.4.1.4 Growth promotion 

In the 1940’s it was discovered that administration of a low dose of antibiotics acts as a 

growth-promoting agent in livestock. Antibiotics used for this purpose have been shown to aid in 

increased weight gain as well as early weaning. Additionally, farm conditions are often 

unsanitary and contribute to diminished animal growth, and the administration of antibiotics can 

compensate for these conditions. The exact mechanism of this increased growth is not known 

(25). However, it is believed that these antibiotics reduce the amount of bacteria residing in the 

intestinal tract, allowing for increased availability of nutrients for the animals since there are 

fewer bacteria present to utilize the same nutrients. In addition to this, normally the gut wall 

thickens due to adhesion by bacteria, resulting in an increased rate of food passage through the 

intestine. Growth promotion antibiotics can reverse this thick wall, causing food to pass more 

slowly, resulting in slower digestion and therefore greater nutrient absorption (35). Antibiotics 

used for growth promotion are often the same as those used therapeutically, but at subtherapeutic 

levels (36). 

1.4.2 Extra-label use 

Extra-label use refers to antibiotics that are administered to animals for purposes other 

than their authorized indications. In many countries it is legal for veterinarians to prescribe 

animal or human antibiotics in an extra-label fashion. If no other options exist, a drug that is 

approved for use in a specific animal for a specific disease may be prescribed to a different 

species for the same or different disease (37).   
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1.4.3 Consequences for humans 

As part of the drug registration process, all antibiotics used in livestock production must 

undergo a safety evaluation regarding potential health risks for humans. There are two main 

aspects concerning the use of antibiotics in this manner: the transfer of residual antibiotics 

through consumption of livestock, and the development of antibiotic resistant bacteria (38). 

1.4.3.1 Antibiotic residue avoidance 

Antibiotic residues are compounds found in the edible tissues or edible products of food- 

producing animals. Residues can be either the parent drugs themselves, or metabolites formed 

upon their degradation. Formation of antibiotic residues depend on the animal and its 

metabolism, as well as aspects of the drug including the method in which it was delivered, its 

formulation and its dosage concentration. Contact or consumption of antibiotics and their 

residues have the potential to cause long-term health effects in humans, therefore there are a few 

angles from which residues must be evaluated (38).  

First, the acceptable daily intake (ADI) should be quantified, which is the concentration 

of residue that is safe to ingest daily over a lifetime without causing a considerable health risk. 

Second, the maximum residue level (MRL) allowed in edible tissues or products from antibiotic-

treated livestock must be determined, and is dependent on the ADI. Third, the withdrawal time 

must be defined, which is the time it takes after the animal is administered the antibiotic for the 

residue to fall below the MRL. National regulatory agencies are responsible for determining the 

parameters for ADI, MRL and withdrawal times, and as such, antibiotic residue levels found in 

food-producing animals should theoretically not be deleterious to human health (38). 
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1.4.3.2 Antibiotic resistance 

Use of an antibiotic can generate resistance to that specific drug, as well as structurally 

related drugs (34). Generally, therapeutic use of antibiotics in livestock does not largely 

contribute to resistance as drugs used in this way are applied for a short period of time, and only 

a small number of animals receive treatment. It is likely the use of antibiotics for metaphylaxis, 

prophylaxis and growth promotion purposes that chiefly leads to resistance. In these cases, a 

large quantity of antibiotic is administered to a large population of animals at a low dose for an 

extended period of time. Consequently, in these situations the selective pressure for resistant 

bacteria to develop is high (39).  

Bacteria (and the resistance genes they carry) found in food-producing animals can be 

transferred to humans, either directly or indirectly.  

1.4.3.2.1 Direct transfer of resistant organisms 

Direct transfer of resistant bacteria to humans occurs by contact with animals harboring 

these microorganisms. Farm workers, abattoir workers and veterinarians have the highest risk of 

acquiring antibiotic resistant bacteria due to their constant interaction with animals. In fact, 

studies have shown that farm workers from farms that use growth promoting antibiotics in 

livestock had more antibiotic resistant bacteria in their intestinal flora than did respective 

workers from farms that did not use these drugs (39).  

1.4.3.2.2 Indirect transfer of resistant organisms 

Antibiotic resistance can also spread from animals to humans indirectly via food, water 

and manure. Consumption or contact with animal products from food-producing animals 
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contaminated with antibiotic resistant bacteria is one mechanism of transfer of resistance (39). 

Another is through the spread of animal manure (containing resistant microorganisms) on food 

crops. Originally used as a fertilizer, the manure can seep into the ground and contaminate 

surface and ground water, and microorganisms present can consequently come into contact with 

humans (40).  

1.5 Whole Genome Sequencing 

The advent of bacterial typing tests, and in particular molecular based techniques, was a 

major advancement in the scientific community. Bacterial typing is used for a wide variety of 

reasons including identifying the source and route of transmission of bacteria, and determining 

relationships and relatedness amongst a group of isolates. This is particularly useful for outbreak 

situations in both clinical and environmental settings, and is based on the fact that strains of 

bacteria originating from one source should be indistinguishable or more closely related than 

those from unrelated sources (41). Bacterial typing is also employed when examining the spread 

of antibiotic resistant bacteria and resistance genes they harbour (42). 

Whole genome sequencing (WGS) is becoming an increasingly popular method of 

bacterial typing. This method has a very high discriminatory power that allows for the detection 

of single nucleotide differences between isolates. In addition, since the genome encodes for all 

the properties in an organism, all the information obtained through classical molecular typing 

methods can theoretically be obtained by WGS. This includes determination of serotypes, multi-

locus sequence types (MLST), antimicrobial resistance genes and virulence genes (43). 
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1.5.1 Second and third generation sequencing 

The first wide spread WGS technology was Sanger sequencing, which is built on reaction 

products containing chain-terminating dideoxynucleotides and examined via capillary 

electrophoresis. Following Sanger sequencing, other technologies were developed and are known 

as second-generation sequencers. Many different second-generation technologies are currently 

utilized, including Roche 454 GS FLX, Life Technologies Ion Torrent, Life Technologies 

SOLiD and Illumina HiSeq and MiSeq sequencing platforms. These technologies have a 

common overall method of organization. Initial preparation requires flanking DNA fragments to 

be sequenced with synthetic adapters, producing a library. Then the library fragments need to be 

amplified by a polymerase or ligase onto a surface that is solid. This generates multiple copies of 

each library fragment so that an adequate signal is produced that can be detected by the 

instrument (44). Newer technologies have now been developed and are known as third-

generation sequencers. These include Pacific Biosciences RSII and Oxford Nanopore 

sequencers. These platforms do not require clonal amplification of DNA fragments and instead 

use only a single molecule for sequencing (45). 

In general, all second and third generation sequencing technologies are aimed at 

decreasing the cost, speed and effort required to sequence, while at the same time producing a 

high yield of reliable sequence data (46). The main differences in each instrument lie in the 

performance, such as high-throughput capabilities, length of sequence reads, and error rates (47).  

Two of the most popular platforms, which will be examined in this thesis, include the 

second-generation Illumina MiSeq and the third-generation Pacific Biosciences PacBio RSII 

sequencers. 
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1.5.1.1 Illumina Miseq 

Sequencing using the Illumina MiSeq platform requires fragmentation of the DNA 

template to produce random fragments. Once fragments are generated, adaptors are ligated to 

both ends and the fragments are bound to a solid surface flow cell containing surface grafted 

oligonucleotides. These fragments are then amplified using bridge PCR to form clusters of 

fragments. Sequencing is performed by adding fluorescently-labelled nucleotides (fluorophores), 

where each nucleotide has a protected 3’-OH group and corresponds to a unique emission 

wavelength. Each time a nucleotide is incorporated into the DNA strand complementary to the 

template, a fluorescent signal is emitted and detected by the machine. The 3’-OH group is then 

deprotected so that the next nucleotide can bind. This is repeated, base-by-base, until a DNA 

fragment is sequenced (48). Due to the bridge PCR component of this method, paired-end 

sequencing can be performed which sequences a fragment from each end. Paired-end sequencing 

allows for determination of the size and directionality of the fragment, which improves read 

alignments and single nucleotide variant (SNV) calling (49).  

Illumina is currently widely considered the leader in sequencing as it produces the 

highest data throughput (approximately 2 Gb per run) and lowest cost of available sequencing 

technologies. This platform also has a very low sequencing error rate (≤ 1%) (49,50). However, 

Illumina sequencing on the MiSeq platform requires approximately 27 hours to sequence a 

bacterial genome (51). As well, it produces shorter read lengths of approximately 300 bp (2 x 

300 bp for paired-end sequencing), which increases the complexity of assembling a genome (49).  
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1.5.1.2 Pacific Biosciences Pacbio RSII 

The Pacific Biosciences platform employs a Single Molecule Real-Time (SMRT) 

technology to accomplish sequencing. This technique uses a single molecule and monitors the 

incorporation of nucleotides into a DNA strand in real-time. A DNA polymerase and a single-

stranded DNA template are bound to the surface of a SMRT cell, and nucleotides fluorescently-

labelled in the phosphate position are added to produce a growing strand. Each nucleotide has a 

fluorescence that is base-specific. Once a nucleotide is incorporated into the DNA strand, it is 

cleaved by the DNA polymerase to emit a unique fluorescent signal which is automatically 

detected by the machine (49).  

PacBio read lengths are extremely long compared to other platforms, with averages of 

approximately 10,000 bp. Read lengths of this magnitude allow for easier, more efficient genome 

assembly (45). The run time for sequencing of a bacterial genome is very short, around 3 hours 

(51). Unfortunately, this technology has a higher error rate (approximately 11%-15%) and a 

lower throughput (0.5 Gb per run) than Illumina (45). 

1.5.2 Genome assembly 

In order to reconstruct the whole genome sequence of an organism, many short-read 

sequences need to be assembled together to produce one contiguous sequence. This can be 

performed de novo, which requires assembly of overlapping sequences; or by reference mapping, 

which maps the sequence reads to a previously sequenced genome known as a reference genome. 

If assembly is going to be performed de novo, utilizing an instrument that generates longer 

sequence reads is important (52). Once genomes are assembled from respective isolates, the 

sequences can be compared against one another to identify differences. When studying the route 
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of transmission of bacteria between different hosts, analysis of SNVs between different isolates 

provides a highly discriminatory method of identification (53). WGS also allows for the 

detection of mobile extra-chromosomal elements, which is beneficial when examining antibiotic 

resistance in an organism (54).  
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2. CEFTIOFUR-RESISTANT SALMONELLA HEIDELBERG IN QUÉBEC 

Salmonella enterica subspecies enterica serovar Heidelberg is repeatedly isolated from 

humans in North America (55). In Canada, it is the third most frequently isolated serovar in 

humans, following S. Enteritidis and S. Typhimurium, respectively (56). S. Heidelberg primarily 

causes gastroenteritis. However, this serovar is more invasive than other non-typhoidal serovars 

and is able to cause serious extra-intestinal infections including meningitis, bacteremia and 

septicemia (57). In 2012, 9.24% of S. Heidelberg isolates in Canada were recovered from extra-

intestinal samples, in comparison to 3.97% of S. Enteriditis and 2.21% of S. Typhimurium extra-

intestinal isolates from the same year, respectively (58). 

Acquisition of an S. Heidelberg infection is predominantly linked to the consumption of 

poultry; this serovar is rarely transmitted among people (59,60). Within the Canadian agricultural 

sector, S. Heidelberg is often found in farm poultry, abattoir and retail poultry samples, and 

much less frequently in bovine and porcine commodities (56).  

Ceftiofur is a third-generation cephalosporin that is only approved for use in veterinary 

medicine. In Canada, this drug is employed in an extra-label manner in broiler chickens as 

hatcheries inject ceftiofur in ovo to prevent omphalitis caused by Escherichia coli. The Canadian 

Integrated Program for Antimicrobial Resistance Surveillance (CIPARS), a national program that 

monitors antimicrobial resistance in Salmonella, often isolates ceftiofur-resistant S. Heidelberg 

from clinical, healthy and retail poultry samples (56). They have also recovered ceftiofur-resistant 

S. Heidelberg from human samples. In Québec, a temporal association was observed that seemed 

to link the incidence of ceftiofur-resistant S. Heidelberg isolated from poultry and human isolates 

with that of varying levels of ceftiofur use in broiler chicken hatcheries (59) (Figure 5).  
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FIGURE 5. Temporal pattern observed by CIPARS regarding ceftiofur-resistant Salmonella 

Heidelberg isolated from retail chicken and human sources in Québec between 2003 and 2008 

(59). 
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During the years 2003 to 2008 in Québec, CIPARS observed a strong correlation (r = 

0.91, p<0.0001) between the rates of ceftiofur-resistant S. Heidelberg isolated from retail 

chickens and of that in humans. Between 2003 and 2004, 62% of S. Heidelberg isolated from 

retail chicken was resistant to ceftiofur, as was 36% of those isolated from humans. Over this 

same period, at least 78% of broiler chicken hatcheries in Québec were found to be using 

ceftiofur in ovo. Due to the high rates of resistance observed, in 2005 Québec broiler chicken 

hatcheries voluntarily stopped using ceftiofur. Subsequently, over the next two years the 

prevalence of ceftiofur-resistant S. Heidelberg isolated from retail chicken and humans declined 

dramatically to 7% and 8%, respectively. However, in 2007 there was a partial reinstitution of 

ceftiofur use; and between 2007 and 2008, the incidence of ceftiofur-resistant S. Heidelberg 

increased amongst isolates recovered from retail chicken (18%) and humans (12%). The 

emergence, reduction, and successive re-emergence of ceftiofur resistance suggests that this 

resistance developed as a consequence of ceftiofur use and was not due to a ceftiofur-resistant S. 

Heidelberg clone spreading (59).  

It has been suggested that the use of third-generation cephalosporins, such as ceftiofur, in 

food-producing animals may be associated with resistance to extended-spectrum cephalosporins, 

including to cephamycins like cefoxitin. In Salmonella, resistance to ceftiofur and cefoxitin is 

most commonly mediated by the plasmid AmpC beta-lactamase blaCMY-2 (61,62). In Canada, 

many blaCMY-2 containing plasmids isolated from humans have been found to cause resistance to 

both cefoxitin and ceftiofur (63). 
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3. SCIENTIFIC RATIONALE AND OBJECTIVES 

The use of antibiotics in food-producing animals resulted in great advancement for the 

agricultural community. Antibiotics aided in the control and prevention of disease amongst 

flocks or herds. This allowed for the progression of small family-owned farms with a limited 

number of animals to larger industrial-owned farms and mass herding of animals. Subsequently, 

the economic gain for farmers increased considerably. However, with these benefits came a 

downfall as well. It is believed that using antibiotics in this manner has resulted in damaging 

effects to human health. Excessive exposure to antibiotics has resulted in bacteria, including 

Salmonella, residing in these food-producing animals to develop or acquire antibiotic resistance 

genes. Consequently, contact or consumption of these animals or animal products by humans can 

theoretically result in acquisition of, and infection by, existing antibiotic resistant 

microorganisms. If one acquires such a resistant microorganism, possible treatment options 

become limited. Studying the molecular epidemiology of antibiotic resistant Salmonella is 

important to understanding routes of transmission and can potentially aid in modifications of 

regulations surrounding the use of antimicrobials in the agricultural sector. 

DNA sequencing is becoming a more widely used technology to study bacterial genomes. 

WGS of bacteria has been used for both diagnostic and public health studies, including for the 

assessment of outbreaks. WGS allows an in-depth analysis of both chromosomal DNA and extra-

chromosomal DNA such as plasmids. Examination of plasmids is important when studying 

antimicrobial resistant microorganisms, as resistance genes are often plasmid-mediated. The 

presence of resistance genes on plasmids facilitates the dissemination of these genes between 

different microorganisms. 
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The objective of this project was to compare Salmonella Heidelberg genomes from 

human, abattoir poultry, and retail poultry isolates to study if transmission of this organism may 

have occurred between these three groups. Specifically, this study aimed to employ WGS to 

examine if cefoxitin-resistant S. Heidelberg causing infections in humans is potentially caused by 

contact with abattoir poultry, or consumption of retail poultry. This study focused on cefoxitin-

resistant and susceptible S. Heidelberg isolates identified in 2012 primarily from the geographic 

region of Québec where cefoxitin resistance in this serotype is high compared to other provinces. 
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4. HYPOTHESIS 

The causative reason of human infection with cefoxitin-resistant S. Heidelberg in Québec 

is due to contact with, or consumption of, poultry infected with cefoxitin-resistant S. Heidelberg 

in Québec. 
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5. MATERIALS AND METHODS 

5.1 Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) 

CIPARS is a national program that monitors antimicrobial use and antimicrobial 

resistance that occurs in the human, animal, and animal-derived food populations across the 

country. Through this program, samples of antimicrobial resistant Salmonella, Campylobacter 

and Escherichia coli are collected and analyzed, and the resulting data is then integrated with 

available antimicrobial usage data (64) (Figure 6). 

5.1.1 Human surveillance 

Within the human population, isolates that test positive for Salmonella in Provincial 

Public Health Laboratories are forwarded passively to the National Microbiology Laboratory 

(NML) in Winnipeg, Manitoba for antimicrobial susceptibility testing (AST). In the provinces of 

Prince Edward Island, Nova Scotia, New Brunswick, Newfoundland and Labrador, Manitoba 

and Saskatchewan, all Salmonella isolated from humans are sent to the NML. However, in the 

provinces with larger populations, Québec, Ontario, Alberta and British Columbia, only isolates 

collected from the first two weeks of the month (1st to 15th) are forwarded to the NML for 

antimicrobial susceptibility testing. 

For each isolate, epidemiological data must be obtained including details about the 

organism’s serovar and collection date, as well as the patient’s sex, age and provincial dwelling 

(64). 
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FIGURE 6. Flowchart highlighting the testing protocols of CIPARS (65). 
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5.1.2 Animal surveillance 

Within the animal population, samples were retrieved passively from clinical isolates and 

actively from animals originating from abattoirs. This study focused exclusively on animal 

samples obtained from abattoirs, to monitor Salmonella Heidelberg in animals entering the food 

chain. 

5.1.2.1 Abattoir 

Abattoir surveillance is conducted on animals that originate in Canada. Active sampling 

is performed from cecal contents taken post-slaughter from cattle, pigs and broiler chickens, 

instead of from carcasses, to prevent inaccurate results due to cross-contamination and to provide 

a more accurate description of resistance originating from farms. Organisms tested for include 

Salmonella, Campylobacter and E. coli. However, testing for Salmonella is conducted solely on 

pigs and chickens (64).  

Overall, sampling is performed randomly on voluntarily participating federally inspected 

poultry and swine abattoirs across Canada. Selection of animals to test on the slaughter line, 

however, is done on a systematic basis. Samples collected are forwarded to the Laboratory for 

Foodborne Zoonoses (LFZ) for primary isolation and antimicrobial susceptibility testing. 

5.1.3 Food surveillance 

This surveillance focuses on antimicrobial resistant Salmonella, Campylobacter, and E. 

coli found in raw retail meat to monitor resistance and determine the risk of possible exposure to 

humans. Meat products examined are those that Canadians most frequently consume- beef, pork, 
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chicken and turkey. However, routine surveillance of Salmonella is performed only on chicken 

and turkey (64). 

Isolates are collected from the provinces of Prince Edward Island, Nova Scotia, New 

Brunswick, Québec, Ontario, Saskatchewan and British Columbia. For Ontario and Québec, 

sampling is performed every week, whereas for the remaining provinces it is performed every 

other week. In general, samples are collected from chain stores and independent butchers at a 

ratio of 3:1. Samples are also sent to LFZ for primary isolation and antimicrobial susceptibility 

testing. 

5.2 Bacterial Isolates and Storage Conditions 

All isolates in this study were collected as part of CIPARS, specifically the human, 

abattoir, and food surveillance programs. Isolates were identified and typed as Salmonella 

enterica serovar Heidelberg according to routine methods (66,67) and antimicrobial 

susceptibilities were consequently determined at either NML or LFZ depending on source type. 

Once all samples were received at the NML, isolates were inoculated into either skim milk 

(human clinical isolates), or MicrobankTM cryovials (Pro-Lab Diagnostics, Richmond Hill, ON, 

Canada) (abattoir and retail poultry isolates), and subsequently stored at -80°C. 

5.3 Genomic Characterization 

5.3.1 DNA extraction 

Three methods of genomic DNA isolation were performed in this study. A crude 

extraction method was performed to identify the presence of beta-lactamase genes by PCR. 

However, for WGS a greater purification method of extraction was required. This was achieved 
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by using two different DNA isolation kits, the Epicentre Metagenomic DNA Isolation Kit for 

sequencing by Pacific Biosciences, and the Epicentre MasterPureTM Complete DNA and RNA 

Purification Kit for sequencing by Illumina. 

5.3.1.1 Crude extraction 

A crude DNA extraction was performed using glass disruptor beads (Chemglass Life 

Sciences, Vineland, NJ, USA) to lyse cells. Strains were grown for 18 to 24 hours at 37°C on 

Tryptic Soy Agar (TSA) with 5% sheep’s blood (Difco, Franklin Lakes, NJ, USA), and colonies 

were used to inoculate a tube containing 50 µL glass beads and 600 µL neutralization buffer 

(30mM Tris, pH 8.4, 2mM ethylenediaminetetraacetic acid [EDTA], pH 9.0) (Sigma-Aldrich, St. 

Louis, MO, USA). Tubes were then heated to boiling (~100°C) for 3 minutes, vortexed for 2 

minutes to lyse the cells, and centrifuged at 3,000 rotations per minute (rpm) for 2 minutes to 

collect glass beads at the bottom of the tube. 

5.3.1.2 Epicentre Metagenomic DNA Isolation Kit 

DNA extraction and purification was achieved using the Metagenomic DNA Isolation Kit 

(Illumina, Madison, WI, USA), as per manufacturer’s guidelines. Briefly, frozen beads from 

MicrobankTM vials were used to inoculate tubes of Luria-Bertani (LB) broth (Difco, Franklin 

Lakes, NJ, USA) and incubated for 18 to 24 hours in a 37°C shaking incubator at 300 rpm. An 

aliquot of 500 µL culture was transferred to a new tube, centrifuged at 14,000 rpm for 2 minutes 

and the supernatant was discarded. The cell pellet was resuspended in 300 µL 1X Tris-EDTA 

(TE) buffer (10mM Tris, pH 8.0, 1mM EDTA, pH 8.0) (Sigma-Aldrich, St. Louis, MO, USA) 

and 2 µL Ready-Lyse Lysozyme Solution with 2 µL RNase A (5 mg/mL) (Illumina, Madison, 

WI, USA) and incubated at 37°C for 30 minutes. Following this, 300 µL Meta-Lysis Solution 
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(2X) and 2 µL Proteinase K (50 µg/µL) (Illumina, Madison, WI, USA) were added, mixed and 

incubated at 65°C for 15 minutes. Tubes were then cooled to room temperature and placed on ice 

for 5 minutes. A volume of 350 µL MPC Protein Precipitation Reagent (Illumina, Madison, WI, 

USA) was added to the tubes and vortexed vigorously for 10 seconds. The cellular debris was 

pelleted by centrifugation at 14,000 rpm at 4°C for 10 minutes, and the resulting supernatant was 

transferred to a clean tube and re-centrifuged. Debris pellets were again discarded and 4 µL 

RNase A (5 mg/mL) was added to the supernatant and incubated at 37°C for 5 minutes. Tubes 

were cooled to room temperature and 600 µL isopropanol (Fisher Scientific, Ottawa, ON, 

Canada) was added to the tube and centrifuged at 14,000 rpm at 4°C for 10 minutes. The 

isopropanol was then discarded and the resulting pellet, now consisting of purified DNA, was 

washed with 500 µL 70% ethanol (Commercial Alcohols, Toronto, ON, Canada) by 

centrifugation at 14,000 rpm at 4°C for 10 minutes. The ethanol was removed, and the pellet was 

left to air dry for 8 minutes and then resuspended in 30 µL 1X TE buffer (pH 8). 

5.3.1.3 Epicentre MasterPureTM Complete DNA and RNA Purification Kit 

DNA extraction and purification was also performed using a second kit- the Epicentre 

MasterPureTM Complete DNA and RNA Purification Kit (Illumina, Madison, WI, USA), as per 

manufacturer’s guidelines. Briefly, frozen beads from MicrobankTM vials were used to inoculate 

3 mL of LB broth and incubated for 18 to 24 hours in a 37°C shaking incubator at 300 rpm. An 

aliquot of 300 µL culture was transferred to a new tube and centrifuged at 3,000 rpm for 3 

minutes to pellet cells, and the resulting supernatant was discarded. Cell pellets were mixed with 

300 µL Tissue and Cell Lysis Solution containing 1 µL Proteinase K (50 µg/µL) (Illumina, 

Madison, WI, USA) and incubated at 65°C for 15 minutes, with vortexing every 5 minutes. The 

samples were then cooled to 37°C, mixed with 1 µL RNase A (5 mg/mL) (Illumina, Madison, 
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WI, USA), and incubated again for 30 minutes to ensure cell lysis. Following this, samples were 

placed on ice for 5 minutes and 150 µL MPC Protein Precipitation Reagent (Illumina, Madison, 

WI, USA) was then added to the samples and vortexed vigorously for 10 seconds. Centrifugation 

was performed at 14,000 rpm at 4°C for 10 minutes and the resulting pellet was discarded. The 

remaining supernatant was mixed with 500 µL isopropanol and centrifuged again. The 

isopropanol was disposed of and the remaining pellet was rinsed twice with 500 µL 70% ethanol 

and resuspended in 35 µL 1X TE buffer (pH 8). 

5.3.2 Polymerase chain reaction 

PCR was performed throughout the study for confirmation of various genes, including 

the presence of extended-spectrum beta-lactamase (ESBL) genes. 

5.3.2.1 Extended-spectrum beta-lactamase multiplex PCR 

Multiplex PCR was performed to identify the presence of five ESBL genes (blaSHV, 

blaTEM, blaCTX-M, blaOXA-1 and blaCMY-2) (68) (Table 4). Templates for PCR were obtained by 

performing the crude DNA extraction method as described in Section 5.3.1.1. The final volume 

for each PCR reaction was 25 µL, which consisted of 22.5 µL master mix and 2.5 µL DNA 

template. The master mix consisted of 2X Qiagen Multiplex PCR Master Mix (HotStarTaq DNA 

Polymerase [1 U/µL], MgCl2 [6mM] and deoxynucleotide triphosphates (dNTPs) [400µM]) 

(Qiagen, Hilden, Germany), 5X Q-Solution (Qiagen, Hilden, Germany), primers (10uM), and 

double distilled water (ddH2O). The Nosocomial culture collection strain Klebsiella pneumoniae 

N09-0080, which has been shown to encode all five ESBL genes, was used as the positive 

control; the negative control was master mix containing no DNA. PCR was carried out in a 

Veriti 96-well thermocycler (Applied Biosystems, Foster City, CA, USA) and program 
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parameters were as follows: initial denaturation for 15 minutes at 95°C; 30 cycles of denaturation 

for 30 seconds at 94°C, annealing for 90 seconds at 63°C, extension for 90 seconds at 72°C; and 

final extension for 7 minutes at 72°C.   
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TABLE 4. Primer sets and sequences used for the PCR amplification of ESBL genes (blaSHV, 

blaTEM, blaCTX-M, blaOXA-1 and blaCMY-2) (68). 

 

 
1R = purine; Y = pyrimidine; S = G or C 

 

 

  

Gene 
Primer 

name 
Primer sequence (5’  3’) 

Amplicon size 

(bp) 

blaSHV 
SHV-UP 

SHV-LO 

CGCCGGGTTATTCTTATTTGTCGC 

TCTTTCCGATGCCGCCGCCAGTCA 
1016 

blaTEM 
TEM-G 

TEM-H 

TTGCTCACCCAGAAACGCTGGTG 

TACGATACGGGAGGGCTTACC 
708 

blaCTX-M 
CTX-U1 

CTX-U2 

ATGTGCAGYACCAGTAARGTKATGGC1 

TGGGTRAARTARGTSACCAGAAYCAGCGG1 
593 

blaOXA-1 
OXA1-F 

OXA1-R 

CGCAAATGGCACCAGATTCAAC 

TCCTGCACCAGTTTTCCCATACAG 
464 

blaCMY-2 
CMY2-A 

CMY2-B 

TGATGCAGGAGCAGGCTATTCC 

CTAACGTCATCGGGGATCTGC 
323 
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5.3.2.2 Gel electrophoresis 

To visualize PCR products, amplicons were loaded onto a 1.5% agarose gel (Fisher-

Scientific, Ottawa, ON, Canada) and electrophoresis was performed using 0.5X Tris-borate-

EDTA (TBE) buffer (89mM Tris-borate, 2mM EDTA, pH 8.3) (Sigma-Aldrich, St. Louis, MO, 

USA). Approximately 5 µL amplicon was mixed with 2.5 µL loading dye (0.25% w/v 

bromophenol blue, 40% w/v sucrose) before loading onto the gel, and the gel was 

electrophoresed for 60 minutes at 7.5 volts/cm (V/cm). Following this, the gel was stained in 

ethidium bromide solution (0.5 µg/mL) for 30 minutes, and visualized using ultraviolet (UV) 

light as part of the AlphaImager® HP System (Alpha Innotech, San Leandro, CA, USA). To 

determine PCR product sizes, 5 µl of a 100 bp ladder (Roche, Mississauga, ON, Canada) was run 

alongside the samples.  

5.3.3 Pulsed-field gel electrophoresis 

Pulsed-field gel electrophoresis (PFGE) was performed to compare genetic fingerprints. 

Procedures were followed according to the Centers for Disease Control and Prevention (CDC) 

PulseNet protocol for one-day (24-28 hours) typing of Salmonella (69). Briefly, strains were 

grown for 18 to 24 hours at 37°C on TSA with 5% sheep’s blood and subcultured onto fresh 

media the next day. Cells were removed and suspended in a tube containing 2 mL cell 

suspension buffer (100mM Tris, pH 8.0, 100mM EDTA, pH 8.0), and the concentration was 

adjusted using a Microscan Turbidity Meter (Dade Behring Inc., Deerfield, IL, USA). In a clean 

tube, 190 µL cell suspension solution was mixed with 10 µL Proteinase K (20 mg/mL) (Sigma-

Aldrich, St. Louis, MO, USA) and 200 µL 1% SeaKem® Gold Agarose (SKG) (Lonza, 

Rockland, ME, USA) with 1% sodium dodecyl sulfate (SDS) (Sigma-Aldrich, St. Louis, MO, 
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USA), and immediately dispensed into disposable plug molds (Bio-Rad, Hercules, CA, USA). 

Solidified plugs were placed into a tube containing 5 mL cell lysis buffer (50mM TE buffer, pH 

8, 1% N-lauroyl-sarcosine) and 40 µL Proteinase K (20 mg/mL) and incubated in a 55°C shaking 

water bath for 2 hours. Plugs were washed twice with 15 mL warm ddH2O, and four times with 

15 mL warm 1X TE buffer, and then digested at 37°C for 2 hours using XbaI restriction enzyme 

(40 U/µL) (New England BioLabs, Ipswich, MA, USA). Digested plugs were embedded in a 1% 

SKG agarose gel and electrophoresis was completed in a CHEF DR-III (Bio-Rad, Hercules, CA, 

USA) using 2.0 L 0.5X TBE buffer, and run for 20 hours with a switch time of 2.2 seconds – 

63.8 seconds. Gels were stained in ethidium bromide solution for 30 minutes, destained in 

ddH2O for 60 minutes to enhance banding, and visualized using AlphaImager® HP System. 

Salmonella Braenderup H9812 was used as a standard molecular weight marker.  

5.3.3.1 BioNumerics analysis 

PFGE fingerprints were analyzed using BioNumerics version 5.1 (Applied Maths, Saint 

Martens-Latem, Belgium). For comparisons, a 1.5% band tolerance and 1.5% optimization were 

applied, and cluster analysis for the dendrogram was calculated using the Dice coefficient and 

unweighted pair group method with arithmetic mean (UPGMA). Isolates were categorized into 

groups based on the number and position of DNA fragments according to criteria set out by 

Tenover et al. (70) (Table 5).  
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TABLE 5. Criteria for determining the genetic relatedness of pulsed-field gel electrophoresis 

(PFGE) patterns, according to Tenover et al. (70).  

 

 

 

  

Classification Number of band differences Type of genetic event 

Indistinguishable 0 None 

Closely related 1-3 
Single event: point mutation; 

insertion or deletion 

Possibly related 4-6 
Two independent events: 

insertions or deletions 

Unrelated ≥ 7 
Three or more independent 

events 
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5.3.4 Whole genome sequencing 

WGS was implemented to perform a comprehensive examination of S. Heidelberg 

genomes. Sequencing was accomplished using two different sequencing platforms: Pacific 

Biosciences and Illumina MiSeq. 

5.3.4.1 Pacific Biosciences 

5.3.4.1.1 Sample preparation 

Sequencing was performed on the Pacific Biosciences PacBio RSII sequencer. DNA 

extraction was completed using the Epicentre Metagenomic DNA Isolation Kit, as described in 

Section 5.3.1.2. Once extracted, the DNA was quantified using Qubit™ dsDNA Broad Range 

Assay Kit and the Qubit™ 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). For each sample 

and each of two standards, 1 µL Qubit™ Reagent (Invitrogen, Carlsbad, CA, USA) was mixed 

with 199 µL Qubit™ Buffer (Invitrogen, Carlsbad, CA, USA) to create a working solution. 

Separate tubes were prepared for each standard, and for each isolate. A total of 190 µL of 

working solution was added to 10 µL of each standard, and 199 µL working solution was added 

to 1 µL of DNA sample. All the tubes were vortexed for 3 seconds, and incubated at room 

temperature for 2 minutes. The standards were then inserted into the Qubit™ 2.0 Fluorometer to 

calibrate the machine, after which the tubes containing isolate DNA were inserted and read 

automatically. The DNA was then diluted to approximately 50 µg/mL before being forwarded to 

Genome Québec (Montreal, Québec, Canada) for sequencing. One SMRT cell per genome was 

utilized. 
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5.3.4.1.2 Processing of PacBio sequence data 

Following sequencing, genomes were pre-assembled by Genome Québec using the 

Hierarchical Genome Assembly Process (HGAP) workflow (71). PacBio sequences were then 

closed by staff at the NML in Guelph, Ontario. This was accomplished by aligning the PacBio 

sequences to the corresponding Illumina MiSeq data and adjusting for irregular nucleotides using 

MIRA (72) and Gap5 (73). Once closed, these sequences were used as reference genomes for 

subsequent whole genome analysis. 

5.3.4.2 Illumina MiSeq 

5.3.4.2.1 Sample preparation 

Sequencing was also performed using the Illumina MiSeq platform. DNA was extracted 

using the EpiCentre MasterPure Complete DNA and RNA Purification Kit, as per Section 

5.3.1.3. Once extracted, the DNA was quantified using dsDNA Broad Range Assay Kit and the 

Qubit 2.0 Fluorometer, and diluted to a concentration of 50 µg/mL. Isolates were then submitted 

to the DNA Core Facility at the NML. Preparation for sequencing required generation of genome 

libraries, which was achieved using the Nextera XT DNA Sample Prep Kit (Illumina, CA, USA).  

5.3.4.2.2 Processing of Illumina MiSeq sequence data 

Following sequencing, a quality control analysis was performed first on the raw reads 

using FastQC (74). A comparative high-quality single nucleotide variant (hqSNV) analysis (75) 

of the core genome was then performed. The core genome includes only the set of genes that are 

present in all isolates in the analysis. Horizontally-acquired regions of the reference genome 

containing prophages, genomic islands and repeats were identified using PHAST (76), 
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IslandViewer (77) and Nucmer v3.1 (part of the MUMmer package) (78), respectively. All 

phages identified using PHAST, and only the ‘integrated’ results from IslandViewer, were used. 

Nucmer was run using a minimum length of 150 and a minimum percent identity of 90. 

Sequencing reads belonging to these areas of the reference genome were discarded, along with 

existing plasmid sequences. Reads were then mapped to the reference via SMALT v0.7.6 (79), 

using a k-mer size of 13 and a step size of 6. Nucelotide variants were detected using FreeBayes 

v0.9.8 (80), with a minimum mapping quality of 30, a minimum base quality of 30, and a 

minimum alternate fraction of 0.75. Minimum spanning phylogenetic trees were generated using 

the goeBURST algorithm as part of PHYLOViZ v.1.1 (81). 

Sequences were assembled into contigs using Spades v3.5.0 (82), and genomes annotated 

via Prokka v1.1 (83). Assembled contigs were submitted to the Centre for Genomic 

Epidemiology’s multi-locus sequence type (MLST) module for examination of chromosomal 

sequence types (ST) (84). The Salmonella MLST scheme utilizes sequences from the following 

seven housekeeping genes: aroC, dnaN, hemD, hisD, purE, sucA, and thrA.  

Virulence genes of all sequenced isolates were determined with an in-house workflow 

using SRST2 v0.1.4.5 (85), which maps Illumina raw reads against 2,017 chromosomal and 

plasmid virulence genes found in the Virulence Factor Database for Salmonella (86). A heatmap 

was generated using R-Studio’s ‘Heatmap.2’ package (87). 

5.4 Plasmid Characterization 

Characterization of plasmids was completed using a multi-step process (Figure 7).  
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FIGURE 7. Process utilized for the characterization of plasmids.  
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5.4.1 Plasmid isolation 

Isolation of plasmids from both clinical samples and transformants was performed using 

Qiagen® Mini Plasmid Purification Kit (Hilden, Germany), following the manufacturer’s 

guidelines. Briefly, frozen beads from MicrobankTM vials were used to inoculate 3 mL tubes of 

LB broth and incubated for 18 to 24 hours in a 37°C shaking incubator at 300 rpm. A volume of 

2 mL of this culture was then transferred to a clean tube and cells were concentrated by 

centrifugation at 14,000 rpm for 15 minutes at 4°C. The supernatant was discarded and the 

resulting cell pellet was resuspended sequentially with 300 µL Buffers P1, P2 and P3 (Qiagen, 

Hilden, Germany), which digest RNA, lyse the cells and precipitate the cell debris, respectively. 

The mixture was centrifuged at 14,000 rpm for 10 minutes at 4°C, with the resulting supernatant 

containing the plasmid DNA. An anion-exchange resin column was equilibrated with 1 mL 

Buffer QBT (Qiagen, Hilden, Germany), and the plasmid DNA solution was then applied to the 

column. The DNA was washed twice with 2 mL Buffer QC (Qiagen, Hilden, Germany) and 

eluted using 800 µL Buffer QF (Qiagen, Hilden, Germany). The purified DNA was then 

precipitated using 625 µL isopropanol, and centrifuged at 14,000 rpm for 30 minutes at 4°C. The 

supernatant was discarded and the pellet was washed with 1 mL 70% ethanol, and centrifuged 

again for 10 minutes. The supernatant was discarded, the pellet was dried for 10 minutes at room 

temperature, and then redissolved in 60 µL 1X TE buffer (pH 8). 

Isolated plasmid DNA was electrophoresed on a 1% agarose gel at 7.5 V/cm for 60 

minutes, using a 1 kilo base (kb) ladder (Invitrogen, Carlsbad, CA, USA) as the standard. For 

plasmid DNA recovered from clinical samples, this was done to determine how many plasmids 

were present; DNA from transformants were done to ensure successful plasmid transfer had 
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occurred and to estimate a plasmid DNA concentration for plasmid restriction fragment length 

polymorphism analysis (pRFLP). 

5.4.2 Plasmid transformation 

Isolation of plasmids from the clinical isolate contained all plasmids found in that isolate. 

In order to examine plasmids harbouring the blaCMY-2 gene specifically, these had to be 

segregated from co-existing plasmids. This was achieved by means of transformation, followed 

by a second plasmid isolation step. 

Transformation was performed using electroporation (63). Approximately 1.5 µL of 

purified plasmid was added to 30 µL ElectromaxTM DH10BTM electrocompetent E. coli cells 

(Invitrogen, Carlsbad, CA, USA) in a Gene Pulser electroporation cuvette (1 mm) (Bio-Rad, 

Hercules, CA, USA) and placed on ice. Electroporation was performed using a Micropulser unit 

(Bio-Rad, Hercules, CA, USA) on Manual mode set at 1250 V. Cells were immediately 

recovered using 900 µL Super Optimal Broth with Catabolite Repression (SOC) medium (0.5% 

w/v yeast extract, 2% w/v tryptone, 10mM NaCl, 2.5mM KCl, 10mM MgCl2, 10mM MgSO4, 

20mM glucose) (Invitrogen, Carlsbad, CA, USA) and the entire solution was transferred to a 

new tube and incubated at 37°C for 1 hour. Following incubation, 20 µL transformant was plated 

onto LB agar (Difco, Franklin Lakes, NJ, USA) containing cefoxitin and ampicillin (10 µg/mL 

each) (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37°C for 18 to 24 hours. The next 

day, one colony from the plate was used to inoculate 3 mL Brain Heart Infusion (BHI) broth 

(BBL, Franklin Lakes, NJ, USA) containing cefoxitin and ampicillin, and incubated for 18 to 24 

hours in a 37°C shaking incubator at 300 rpm. Plasmid isolation and agarose gel electrophoresis 

was consequently carried out again as described in Section 5.4.1.  
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Transformants were stored in MicrobankTM vials for future use. 

5.4.3 Polymerase chain reaction for plasmids 

During the plasmid characterization process, PCR was performed for two different 

purposes. The first was to ensure that plasmids harbouring the blaCMY-2 gene were isolated. The 

second was to determine the replicon types of these plasmids. 

5.4.3.1 CMY-2 

Following the second plasmid extraction step, determination of the isolation of CMY-2 

plasmids was imperative. Detection of the blaCMY-2 gene was performed using the same methods 

(PCR and gel electrophoresis) as described in Section 5.3.2. 

5.4.3.2 Replicon typing 

Assessment of the replicon types of CMY-2 plasmids was carried out by testing for 

twenty-one types using four multiplex PCR reactions, as previously described (88,89) (Table 6). 

The final volume for each PCR reaction was 25 µL, which consisted of 22.5 µL master mix (2X 

Qiagen Multiplex PCR Master Mix, Q-Solution, primers and ddH2O) and 2.5 µL DNA template. 

Positive controls were obtained from the Nosocomial culture collection (Table 7); negative 

controls were mastermix containing no DNA.  

Gel electrophoresis was performed using a 1.5% agarose gel in 0.5X TBE buffer, for 60 

minutes at 7.5 V/cm, and a 100 bp ladder was used as the standard. Gels were stained in 

ethidium bromide solution and viewed under UV light using the AlphaImager® HP System. 
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TABLE 6. Replicon types and polymerase chain reaction (PCR) conditions for four multiplex 

reactions. 

 

 

 

  

 
Multiplex 1 Multiplex 2 Multiplex 3 Multiplex 4 

Replicon 

types 
 

K, B/O, FIC, 

A/C, P, T 

W, FIIA, 

FIA, FIB, 

L/M 

I1, F, X, 

HI1, N, HI2, 

Y 

ColE, R, U 

 
 Cycles 

 

Initial 

denaturation 
1 94°C for 15 minutes 

Denaturation 

30 

94°C for 30 seconds 

Annealing 61°C for 90 seconds 
60°C for 90 

seconds 

61°C for 60 

seconds 

Extension 72°C for 90 seconds 
72°C for 60 

seconds 

Final 

extension 
1 72°C for 10 minutes 
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TABLE 7. Positive controls from the Nosocomial culture collection used for PCR-based 

replicon typing. 

 

 

 

  

Replicon type Positive control strain Amplicon size (bp) 

K N06-0538 160 

B/O N06-0538 159 

FIC N06-0457 262 

A/C N06-0538 465 

P N06-0539 534 

T None available 750 

W None available 242 

FIIA N06-0617 270 

FIA N06-0449 462 

FIB N06-0449 702 

L/M N06-0637 785 

I1 N06-0538 139 

F N06-0538 270 

X N06-0603 376 

HI1 N08-2710 471 

N N06-0603 559 

HI2 None available 644 

Y N06-0500 765 

ColE N09-0047 187 

R N10-0026 251 

U None available 843 
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5.4.4 Plasmid restriction fragment length polymorphism 

Once confirmation of CMY-2 plasmid isolation was complete, genetic relatedness was 

compared using restriction fragment length polymorphism (pRFLP) (90). To accomplish this, 25 

µL purified transformant plasmid DNA was mixed with 3 µL 10X Buffer 3 (New England 

Biolabs, Ipswich, MA, USA) and 2 µL BglII restriction enzyme (10 U/µL) (New England 

Biolabs, Ipswich, MA, USA), and incubated for 18 to 24 hours at 37°C. Following this digestion, 

5 µL loading dye was added. Approximately 30 µL mixture was then loaded into a well on a 

0.7% Seakem® LE agarose (Lonza, Rockland, ME, USA) gel, along with 10 µL 1 kb DNA 

extension ladder (Invitrogen, Carlsbad, CA, USA) which was used as the size marker. Gel 

electrophoresis was performed in 1X Tris-acetate-EDTA (TAE) buffer (40mM Tris, 20mM 

acetic acid, 1mM EDTA), and run at 4.4 V/cm for 5 hours. The gel was then stained in ethidium 

bromide solution for 30 minutes, destained in ddH2O for 60 minutes to enhance banding, and 

visualized using the AlphaImager® HP System.  

Computer analysis of the fingerprints was performed using BioNumerics version 5.1. 

Cluster analysis and similarities were calculated using the same parameters as for PFGE, as 

described in Section 5.3.3.1.  

5.4.5 Plasmids from whole genome sequences 

Modules that are part of the Centre for Genomic Epidemiology such as plasmid MLST 

(pMLST) (91), PlasmidFinder (91) and ResFinder (92) were used to examine plasmids from 

whole genome sequences to determine plasmid sequence types, plasmid replicon types, and 

resistance genes, respectively. pMLST examines the following five genes on IncI1 plasmids: 
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ardA, pilL, repI, sogS, and trbA. PlasmidFinder identifies existing plasmids with known replicon 

types. ResFinder searches for only horizontally-acquired resistance genes.  

Examination of plasmids was performed by extracting sequences of blaCMY-2 plasmids 

from whole genome sequences and aligning to a previously characterized plasmid using GView 

Server (93). A BLAST Atlas analysis was performed with this program, which determines the 

presence or absence of genes in blaCMY-2 plasmids in relation to a reference plasmid. 

5.5 Antimicrobial Susceptibility Testing 

At both NML and LFZ, antimicrobial susceptibility testing (AST) was performed by a 

broth microdilution method using the Sensititre® Automated Microbiology System (Trek 

Diagnostic Systems Ltd, Oakwood Village, OH, USA) in accordance with the Clinical and 

Laboratory Standards Institute (CLSI) guidelines (94,95). In addition to testing of clinical 

isolates, AST was performed on E. coli DH10B transformants. Minimum inhibitory 

concentrations (MICs) to 14 antimicrobials were determined using CMV2AGNF plates 

(Sensititre®, Trek Diagnostic Systems Ltd, Oakwood Village, OH, USA), designed by the 

National Antimicrobial Resistance Monitoring System (NARMS) (Table 8). Each plate contains 

a range of differing concentrations of dehydrated antimicrobials including amoxicillin-clavulanic 

acid (AMC), ampicillin (AMP), azithromycin (AZM), cefoxitin (FOX), ceftiofur (TIO), 

ceftriaxone (CRO), chloramphenicol (CHL), ciprofloxacin (CIP), gentamicin (GEN), nalidixic 

acid (NAL), streptomycin (STR), sulfisoxazole (SUL), tetracycline (TET) and 

trimethoprim/sulfamethoxazole (SXT). MICs for all drugs except azithromycin were based on 

CLSI breakpoints; azithromycin used NARMS breakpoints as CLSI interpretive standards were 

unavailable.   
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TABLE 8. Antimicrobial susceptibility breakpoints for Salmonella, in accordance with CLSI 

guidelines. 

 

 

 

 
a CLSI guideline version M100-S22 was used for all antimicrobials, unless indicated otherwise 
b No CLSI interpretive standards were available; therefore breakpoints based on NARMS 

c CLSI guideline version M31-A3 was used 

d N/A, not applicable 

 

  

Antimicrobial 
Testing range 

(µg/mL) 
Breakpointsa (µg/mL) 

  
Susceptible Intermediated Resistant 

Amoxicillin-clavulanic acid 1.0/0.05 – 32/16 ≤ 8/4 16/8 ≥ 32/16 

Ampicillin 1 – 32 ≤ 8 16 ≥ 32 

Azithromycinb 0.12 – 16 ≤ 16 N/A ≥ 32 

Cefoxitin 0.5 – 32 ≤ 8 16 ≥ 32 

Ceftiofurc 0.12 – 8 ≤ 2 4 ≥ 8 

Ceftriaxone 0.25 – 64 ≤ 1 2 ≥ 4 

Chloramphenicol 2 – 32 ≤ 8 16 ≥ 32 

Ciprofloxacin 0.015 – 4 ≤ 0.06 0.12 – 0.5 ≥ 1 

Gentamicin 0.25 – 16 ≤ 4 8 ≥ 16 

Nalidixic acid 0.5 – 32 ≤ 16 N/A ≥ 32 

Streptomycin 32 – 64 ≤ 32 N/A ≥ 64 

Sulfisoxazole 16 – 512 ≤ 256 N/A ≥ 512 

Tetracycline 4 – 32 ≤ 4 8 ≥ 16 

Trimethoprim/sulfamethoxazole 0.12/2.38 – 4/76 ≤ 2/38 N/A ≥ 4/76 
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For the testing procedure, strains were grown for 18 to 24 hours at 37°C on TSA with 5% 

sheep’s blood, subcultured onto new media the next day and regrown using the same conditions. 

Sterilized water vials were then inoculated with colonies from the respective agar plate and 

calibrated to a 0.5 McFarland suspension using the Sensititre® Nephelometer (Trek Diagnostic 

Systems Ltd, Oakwood Village, OH, USA). Water vials were vortexed vigorously for 10 seconds 

and 10 uL was used to inoculate a tube of Sensititre® Cation Adjusted Mueller-Hinton Broth 

with TES (Trek Diagnostic Systems Ltd, Oakwood Village, OH, USA). Sensititre® Dosing 

Heads (Trek Diagnostic Systems Ltd, Oakwood Village, OH, USA) were added to the broth 

tubes, vortexed for 20 seconds, and placed into the Sensititre® AIM machine (Trek Diagnostic 

Systems Ltd, Oakwood Village, OH, USA) along with an antibiotic-containing plate. Broth 

volumes of 50 uL were automatically dispensed into each well of the plate, and plates were 

covered with plastic sheets, placed into the Sensititre® Automated Reading and Incubation 

System® 2X (ARIS) (Trek Diagnostic Systems Ltd, Oakwood Village, OH, USA) and incubated 

at 37°C for 18 hours. The Sensititre® Vizion® system (Trek Diagnostic Systems Ltd, Oakwood 

Village, OH, USA) was used to illuminate and visualize plates. To determine the MIC of each 

drug, the well with the lowest concentration that contained no growth was selected. The 

concentration of these wells was automatically compared to CLSI breakpoints to determine 

whether the isolate was susceptible, had intermediate resistance or was resistant to that drug. 
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6. RESULTS 

6.1 Bacterial Isolates 

This study examined a total of 147 S. Heidelberg isolates of human (n=69), abattoir 

poultry (n=18) and retail poultry (n=60) origin (Table 9). This included a combination of 

cefoxitin-susceptible (n=77) and cefoxitin-resistant (n=70) isolates. The primary focus was on 

samples from Québec from the year 2012. However, there were no cefoxitin-resistant abattoir 

poultry isolates from that province in that time frame, therefore cefoxitin-resistant isolates from 

the neighbouring provinces of Ontario and New Brunswick from 2011 and 2012 were selected. 

In addition, 17 of the human isolates were from an epidemiologically-linked, multi-provincial 

outbreak that occurred in 2003. These isolates were included in order to evaluate the use of WGS 

in an outbreak that was previously defined using only epidemiological data.  

Of the 147 isolates that were characterized, 131 (89.1%) were from Québec, 7 (4.8%) 

were from Ontario, 4 (2.7%) were from New Brunswick, 3 (2%) were from Alberta, 1 (0.7%) 

was from Saskatchewan, and 1 (0.7%) was from Newfoundland. Amongst the 69 human 

samples, 45 (65.2%) were isolated from stool, 17 (24.6%) from blood, two (2.9%) from urine, 

and five (7.2%) of unknown origins. Of these isolates, 32 (46.4%) were resistant to cefoxitin, and 

the remaining isolates (n=37, 53.6%) were susceptible to cefoxitin. All 18 of the abattoir poultry 

isolates were retrieved from chicken cecal content, of which ten isolates (55.6%) were resistant 

to cefoxitin, and the other eight (44.4%) were susceptible. Of the 60 retail poultry isolates, 42 

(70%) were from an aliquot of retail meat (33 from chicken, 9 from turkey), and the remaining 

18 (30%) were from pre-packaged chicken products. Of these isolates, 23 (38.3%) were resistant 

to cefoxitin, and the remaining (n=37, 61.7%) were susceptible to cefoxitin. 
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TABLE 9. Complete descriptions of the Salmonella Heidelberg isolates examined in this study. 

 

Isolate ID Province Year Source Resistance phenotypesa 

03-0877 Alberta 2003 Human stool (outbreak) Susceptible 

03-1318 Québec 2003 Human stool (outbreak) Susceptible 

03-1923 Québec 2003 Human stool (outbreak) Susceptible 

03-2079 Québec 2003 Human stool (outbreak) Susceptible 

12-1667 Québec 2012 Human stool Susceptible 

12-2695 Québec 2012 Human stool Susceptible 

12-3136 Québec 2012 Human stool Susceptible 

12-3227 Québec 2012 Human stool Susceptible 

12-3327 Québec 2012 Human stool Susceptible 

12-3383 Québec 2012 Human stool Susceptible 

12-3458 Québec 2012 Human stool Susceptible 

12-3461 Québec 2012 Human stool Susceptible 

12-4367 Québec 2012 Human stool Susceptible 

12-5334 Québec 2012 Human stool Susceptible 

12-5632 Québec 2012 Human stool Susceptible 

12-5634 Québec 2012 Human stool Susceptible 

12-6510 Québec 2012 Human stool Susceptible 

12-7145 Québec 2012 Human stool Susceptible 

12-7730 Québec 2012 Human stool Susceptible 

12-8393 Québec 2012 Human stool Susceptible 

03-3085 Newfoundland 2003 Human stool (outbreak) AMP 

03-0226 Alberta 2003 Human stool (outbreak) STR, TET 

03-0646 Saskatchewan 2003 Human stool (outbreak) STR, TET 

03-2780 Québec 2003 Human stool (outbreak) AMC, AMP, FOX, TIO, CRO 

12-0315 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-0467 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-0469 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-1195 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-2458 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 
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12-2460 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-2552 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-2554 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-2694 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-3755 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-4179 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-4374 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-4585 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-5152 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-5444 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-6245 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-6507 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-7080 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-7329 Québec 2012 Human stool AMC, AMP, FOX, TIO, CRO 

12-1016 Québec 2012 Human stool 
AMC, AMP, FOX, TIO, 

CRO, (CHL) 

12-5643 Québec 2012 Human stool 
AMC, AMP, FOX, TIO, 

CRO, NAL 

03-1317 Québec 2003 Human blood  (outbreak) Susceptible 

03-3185 Québec 2003 Human blood  (outbreak) Susceptible 

12-0466 Québec 2012 Human blood Susceptible 

12-3330 Québec 2012 Human blood Susceptible 

12-5542 Québec 2012 Human blood Susceptible 

12-6342 Québec 2012 Human blood Susceptible 

12-7327 Québec 2012 Human blood Susceptible 

03-1376 Québec 2003 Human blood  (outbreak) AMP 

03-2778 Québec 2003 Human blood  (outbreak) TET 

03-0735 Québec 2003 Human blood  (outbreak) AMP, (CIP) 

03-0165 Québec 2003 Human blood  (outbreak) AMC, AMP, (CIP) 

12-1063 Québec 2012 Human blood AMC, AMP, FOX, TIO, CRO 

12-1847 Québec 2012 Human blood AMC, AMP, FOX, TIO, CRO 

12-1959 Québec 2012 Human blood AMC, AMP, FOX, TIO, CRO 

12-3918 Québec 2012 Human blood AMC, AMP, FOX, TIO, CRO 
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12-5335 Québec 2012 Human blood AMC, AMP, FOX, TIO, CRO 

12-7092 Québec 2012 Human blood AMC, AMP, FOX, TIO, CRO 

03-1148 Alberta 2003 Human urine (outbreak) Susceptible 

13-0067 Québec 2012 Human urine AMC, AMP, FOX, TIO, CRO 

03-0749 
New 

Brunswick 
2003 

Human (unknown) 

(outbreak) 
Susceptible 

03-1271 Québec 2003 
Human (unknown) 

(outbreak) 
Susceptible 

12-1666 Québec 2012 Human (unknown) AMC, AMP, FOX, TIO, CRO 

12-3757 Québec 2012 Human (unknown) AMC, AMP, FOX, TIO, CRO 

12-3792 Québec 2012 Human (unknown) AMC, AMP, FOX, TIO, CRO 

N13-01326 Québec 2012 Retail turkey (aliquot) AMP 

N13-01331 Québec 2012 Retail turkey (aliquot) TET 

N13-01366 Québec 2012 Retail turkey (aliquot) TET 

N13-01365 Québec 2012 Retail turkey (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01327 Québec 2012 Retail turkey (aliquot) 
AMC, AMP, FOX, TIO, 

CRO, TET 

N13-01354 Québec 2012 Retail turkey (aliquot) 
AMC, AMP, FOX, TIO, 

CRO, STR 

N13-01344 Québec 2012 Retail turkey (aliquot) 
AMC, AMP, FOX, TIO, 

CRO, STR, TET 

N13-01290 Québec 2012 Retail turkey (aliquot) 
AMC, AMP, FOX, TIO, 

CRO, STR, SUL, TET 

N13-01313 Québec 2012 Retail turkey (aliquot) 
AMC, AMP, FOX, TIO, 

CRO, STR, SUL, TET 

N13-01293 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01294 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01296 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01298 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01317 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01329 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01332 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01334 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01335 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01337 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01338 Québec 2012 Retail chicken (aliquot) Susceptible 
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N13-01339 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01340 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01341 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01343 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01345 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01346 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01347 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01350 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01351 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01353 Québec 2012 Retail chicken (aliquot) Susceptible 

N13-01333 Québec 2012 Retail chicken (aliquot) AMP 

N13-01292 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01295 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01297 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01314 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01315 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01316 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01320 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01321 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01336 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01342 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01352 Québec 2012 Retail chicken (aliquot) AMC, AMP, FOX, TIO, CRO 

N13-01299 Québec 2012 
Retail chicken  

(pre-packaged) 
Susceptible 

N13-01300 Québec 2012 
Retail chicken  

(pre-packaged) 
Susceptible 

N13-01301 Québec 2012 
Retail chicken  

(pre-packaged) 
Susceptible 

N13-01302 Québec 2012 
Retail chicken  

(pre-packaged) 
Susceptible 

N13-01305 Québec 2012 
Retail chicken  

(pre-packaged) 
Susceptible 

N13-01306 Québec 2012 
Retail chicken  

(pre-packaged) 
Susceptible 

N13-01322 Québec 2012 
Retail chicken  

(pre-packaged) 
Susceptible 
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N13-01303 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01304 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01307 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01308 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01309 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01310 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01318 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01319 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01328 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01349 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01355 Québec 2012 
Retail chicken  

(pre-packaged) 
AMC, AMP, FOX, TIO, CRO 

N13-01291 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-01311 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-01312 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-01323 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-01324 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-01325 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-01330 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-01348 Québec 2012 
Abattoir chicken  

(cecal content) 
Susceptible 

N13-02936 Ontario 2011 
Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02941 Ontario 2011 
Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02943 Ontario 2011 
Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 
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N13-02944 
New 

Brunswick 
2012 

Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02945 Ontario 2012 
Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02946 
New 

Brunswick 
2012 

Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02947 Ontario 2012 
Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02948 Ontario 2012 
Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02949 Ontario 2012 
Abattoir chicken  

(cecal content) 
AMC, AMP, FOX, TIO, CRO 

N13-02934 
New 

Brunswick 
2011 

Abattoir chicken  

(cecal content) 

AMC, AMP, FOX, TIO, 

CRO, CHL, SUL 
 

a AMC, amoxicillin-clavulanic acid; AMP, ampicillin; FOX, cefoxitin; TIO, ceftiofur; CRO, 

ceftriaxone; CHL, chloramphenicol; CIP, ciprofloxacin; NAL, nalidixic acid; STR, 

streptomycin; SUL, sulfisoxazole; TET, tetracycline. 

Antimicrobials in brackets indicate intermediate resistance. 
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6.2 Characterization of S. Heidelberg  

6.2.1. Antimicrobial susceptibilities  

Antimicrobial susceptibility testing was completed on all 147 clinical samples. Overall, 

66 (44.9%) isolates were found to be susceptible to all antimicrobials tested. An additional 11 

(7.5%) isolates were resistant solely to ampicillin (n=5, 3.4%) or tetracycline (n=3, 2.0%), or a 

combination of ampicillin and amoxicillin-clavulanic acid (n=1, 0.7%), or tetracycline and 

streptomycin (n=2, 1.4%). Collectively, these isolates were termed as ‘cefoxitin-susceptible’. 

The remaining 70/147 (47.6%) isolates were found to be resistant to amoxicillin-clavulanic acid, 

ampicillin, ceftriaxone, ceftiofur and cefoxitin, and were named ‘cefoxitin-resistant’. Seven 

(10%) of these isolates were also resistant to at least one of the following antibiotics: nalidixic 

acid, chloramphenicol, sulfisoxazole, streptomycin and tetracycline. A total of 4/70 (5.7%) were 

classified as multidrug resistant, defined as having resistance to ≥ 3 different drug classes. 

6.2.2 Detection of extended-spectrum beta-lactamase genes 

Beta-lactamase multiplex PCR determined that all 70 cefoxitin-resistant isolates 

harboured the blaCMY-2 gene (Figure 8). Ten (14.3%) also tested positive for blaTEM, whereas 

none of the isolates contained blaSHV, blaCTX-M or blaOXA-1 genes.  
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FIGURE 8. Extended-spectrum beta-lactamase (ESBL) multiplex polymerase chain reaction 

(PCR) for the identification of five genes (blaSHV, blaTEM, blaCTX-M, blaOXA-1 and blaCMY-2), 

visualized by agarose gel electrophoresis. Lane 1 and 16 is the molecular weight standard, a 100 

base pair (bp) ladder. Lane 2 is the positive control, Klebsiella pneumoniae N09-0080, consisting 

of CMY-2 (323 bp), OXA-1 (464 bp), CTX-M (593 bp), TEM (708 bp) and SHV (1,016 bp). 

Lane 3 is the negative control, comprised of master mix with no DNA. Lanes 4 to 15 are 

cefoxitin-resistant S. Heidelberg isolates. All isolates contained a blaCMY-2 gene, and those in 

lanes 4 and 14 also contained a blaTEM gene. 
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6.2.3 Pulsed-field gel electrophoresis 

DNA fingerprinting using macrorestriction analysis was performed on all 147 isolates in 

this study in order to determine strain relatedness. Using BioNumerics software, all isolates 

clustered together with ≥ 80% similarity, and 138 (93.9%) had ≥ 90% similarity (Figure 9). Each 

strain was manually assigned to a group based on the number and size of its corresponding 

bands, where those with indistinguishable band patterns were placed in the same group. In total, 

there were 19 groups, subsequently labeled as A1 to A19. Groups A1 to A4 contained the 

majority of isolates (n=128, 87.1%), with A1 being the most highly represented (n=84, 57.1%). 

These four major groups were comprised of a combination of cefoxitin-resistant and -susceptible 

human, abattoir chicken and retail poultry isolates. A comparison of A1 against the 18 remaining 

groups revealed that the maximum number of band differences was six (Table 10). However, 

10/18 of the groups (n=137, 93.2%) differed by only one to three bands. The 17 outbreak isolates 

were distributed across multiple groups.  
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FIGURE 9. Pulsed-field gel electrophoresis (PFGE) band patterns and dendrogram of 147 XbaI 

digested isolates, generated using BioNumerics v.5.1. The solid vertical red line indicates 

isolates with ≥ 80% similarity. Isolates in boxes highlight the four major groups (A1, A2, A3 and 

A4), classified according to the number and type of bands present. AMC, amoxicillin-clavulanic 

acid; AMP, ampicillin; FOX, cefoxitin; TIO, ceftiofur; CRO, ceftriaxone; CHL, 

chloramphenicol; CIP, ciprofloxacin; NAL, nalidixic acid; STR, streptomycin; SUL, 

sulfisoxazole; TET, tetracycline. Antimicrobials in brackets indicate intermediate resistance. 

Isolates with an asterisk (*) beside the year indicate those belonging to the 2003 

epidemiologically-linked outbreak. 
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Strain   PFGE group    Source     Resistance pattern  Year 
                                                         80 

A2 

A1 

A3 

A4 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 
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TABLE 10. Characteristics of the 19 different pulsed-field gel electrophoresis (PFGE) groups 

observed (A1 to A19) (based on Figure 9).  

 

  

Group 
Number of band 

differences from A1 

Number of 

isolates in group 
Source(s) Outbreak  

A1 0 84 
Human, abattoir chicken,  

retail chicken, retail turkey 
Yes, No 

A2 2 13 
Human, abattoir chicken,  

retail chicken, retail turkey 
Yes, No 

A3 1 12 
Human, abattoir chicken,  

retail chicken, retail turkey 
Yes, No 

A4 1 19 
Human, abattoir chicken, 

retail chicken 
Yes, No 

A5 2 1 Retail chicken No 

A6 1 1 Human Yes 

A7 3 2 Retail turkey No 

A8 4 1 Retail chicken No 

A9 1 1 Retail chicken No 

A10 3 1 Abattoir chicken No 

A11 1 2 Human, retail chicken Yes, No 

A12 2 1 Abattoir chicken No 

A13 4 1 Human Yes 

A14 5 2 Retail turkey No 

A15 5 2 Retail turkey No 

A16 5 1 Human Yes 

A17 6 1 Human No 

A18 5 1 Retail chicken No 

A19 5 1 Retail chicken No 
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6.2.4 Whole genome sequencing: chromosome 

The WGS platforms utilized in this study yield the entire genomic content of an isolate, 

both chromosomal and extra-chromosomal DNA. In this section, only the chromosomal 

sequences will be described; those belonging to plasmids will be described later in Section 6.3.4. 

6.2.4.1 Pacific Biosciences sequence analysis 

Two isolates were selected for sequencing on the PacBio RSII platform: 12-4374 and 

N13-01290. Isolate 12-4374 was of human origin, isolated in Québec in 2012, and was resistant 

to amoxicillin-clavulanic acid, ampicillin, cefoxitin, ceftiofur and ceftriaxone. N13-01290 was a 

multidrug resistant isolate of retail poultry (turkey) origin that was isolated in Québec in 2012. It 

was resistant to amoxicillin-clavulanic acid, ampicillin, cefoxitin, ceftiofur, ceftriaxone, 

streptomycin, sulfisoxazole, and tetracycline.  

Following assembly of the sequences, both genomes were closed, annotated and made 

publically available (96). For isolate 12-4374, the assembled chromosome was of length 

4,790,331 bp, and had 133 times genome coverage. The chromosome of isolate N13-01290 was 

4,809,628 bp and had 70 times genome coverage. The difference in the genome size of each 

isolate could be attributed to the presence or absence of phages. Isolate 12-4374 contained 

Salmonella phage SPN1S (39 kb) (Genbank accession NC_016761) that was absent in the other 

isolate. In comparison, isolate N13-01290 contained part of Vibrio phage VPUSM 8 (30 kb) 

(Genbank accession NC_022747) and part of Haemophilus phage HP2 (29 kb) (Genbank 

accession NC_003315), which were both absent in 12-4374. 
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6.2.4.2 Illumina MiSeq sequence analysis 

A sample of 131/147 isolates was selected for sequencing using the Illumina MiSeq 

platform. Overall, 31 (23.7%) cefoxitin-resistant and 20 (15.3%) cefoxitin-susceptible human 

isolates, as well as 25 (19.1%) cefoxitin-resistant and 20 (15.3%) cefoxitin-susceptible retail 

poultry isolates were sequenced. Additionally, all abattoir (n=18) and all outbreak isolates 

(n=17) were sequenced. The quality of reads for each isolate was assessed using FastQC, and 

those having low average genome sequencing coverage (≤ 30 times) were removed from further 

analysis. This resulted in one isolate (N13-01365) being discarded. The remaining 130 isolates 

had the following specifications: the average genome coverage was 130 times with a range of 56 

to 346 times, and the average number of reads was 2,291,877. After read assembly using Spades, 

the average number of contigs was 30, with a range of 18 to 46 contigs. 

6.2.4.2.1 Multi-locus sequence typing and antimicrobial resistance analysis  

Multi-locus sequence typing (MLST) of the isolates was performed using Illumina MiSeq 

data and the Centre for Genomic Epidemiology’s online MLST application. All isolates were 

predicted to belong to ST15.  

Antimicrobial resistance genes were predicted using ResFinder, and the majority of 

isolates (n=128, 98.5%) had genes that correlated to the same antimicrobial resistance 

phenotypes determined by broth microdilution. For the two remaining isolates, initial 

antimicrobial susceptibility testing revealed increased MICs for nalidixic acid (strain 12-5643) 

and streptomycin (strain 03-0646). However, Resfinder could not detect the corresponding 

resistance genes for these phenotypes. Resistance to nalidixic acid (a quinolone) is primarily 

mediated by mutations in the chromosome of which Resfinder would not be able to detect as this 
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program is specific for the detection of horizontally-acquired genes. Consequently, mutations in 

the quinolone-resistance determining region of DNA gyrase genes (gyrA and gyrB) and 

mutations in topoisomerase IV genes (parC and parE) were examined manually (97). However, 

no mutations were found that would result in resistance to nalidixic acid. Streptomycin (an 

aminoglycoside) resistance is mediated by strA, strB, and aadA (98) and, again, DNA sequence 

analysis did not identify known resistance genes. Both isolates were therefore re-tested using 

broth microdilution, and subsequent results indicated that 03-0646 and 12-5643 were susceptible 

to streptomycin and nalidixic acid, respectively. 

6.2.4.3 High-quality single nucleotide variant analysis 

A high-quality single nucleotide variant (hqSNV) analysis of the core genome was 

performed on the 130 Illumina MiSeq sequenced isolates against a reference. The reference 

selected was the PacBio sequenced isolate 12-4374, as this genome was fully closed (Genbank 

accession CP012924.1) (96) and closely resembled the isolates under study in terms of isolation 

source and location, and antimicrobial resistance phenotype. To truly examine only the core 

genome, all horizontally-acquired regions of the reference were removed including phages, 

genomic islands, repeats and plasmids. Overall, 98.5% of the reference genome was present in 

the core genome, and a maximum of 147 SNVs were identified between the isolates.  

A minimum spanning phylogenetic tree was generated using data from the hqSNV 

pipeline to examine relatedness of the isolates. There were twelve groups (n=69, 53.1%), of 2 to 

18 isolates each, containing between zero and four SNVs, labelled as Clusters 1 to 12 (Figure 

10).  
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FIGURE 10. Minimum spanning phylogenetic tree of the core genome of 130 Salmonella 

Heidelberg isolates based on single nucleotide variants (SNVs), generated using PHYLOViZ 

v.1.1, and coloured according to source of isolation. Isolate 12-4374 was used as the reference 

genome. Isolates in the same circle have zero SNVs, and the size of each circle is proportional to 

the number of isolates within. Numbers on branches between two isolates represent the number 

of hqSNV differences. Colours are as follows: red, human; yellow, abattoir chicken; blue, retail 

chicken; green, retail turkey. Circles with asterisks belong to the 2003 outbreak. Circles outlined 

with dark black are resistant to cefoxitin. Clusters of isolates outlined in grey (labelled as 1 to 12) 

indicate those having zero to four SNVs.  
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Cluster 1 (n=15, 11.5%) was composed primarily of cefoxitin-resistant human, abattoir 

chicken and retail chicken isolates, with the exception of one cefoxitin-susceptible retail chicken 

isolate. These isolates were all from Québec, except for one abattoir chicken isolate that 

originated in New Brunswick. Cluster 2 (n=18, 13.8%) consisted of cefoxitin-resistant and 

susceptible human isolates, and cefoxitin-susceptible abattoir chicken and retail chicken isolates. 

Cluster 3 (n=5, 3.8%) contained cefoxitin-resistant and -susceptible human isolates clustering 

with cefoxitin-susceptible retail chicken isolates. Cluster 4 (n=9, 6.9%) was composed of 

combinations of cefoxitin-resistant and -susceptible human, abattoir chicken and retail poultry 

isolates, including one retail turkey isolate. All isolates were from Québec with the exception of 

the abattoir chicken isolates, which were from Ontario. Cluster 5 (n=3, 2.3%), Cluster 9 (n=5, 

3.8%) and Cluster 11 (n=2, 1.5%) were composed of cefoxitin-resistant human and retail chicken 

isolates. Clusters 6 and 7 (n=3, 2.3% each) were composed of cefoxitin-susceptible human 

isolates, where Cluster 6 had solely outbreak isolates from 2003. Clusters 8 and 12 (n=2, 1.5% 

each) contained cefoxitin-resistant human isolates, while Cluster 10 (n=2, 1.5%) was composed 

of cefoxitin-susceptible abattoir chicken isolates. 

Within these 12 clusters, there were 10 smaller groups (n=34, 26.2%) of up to five 

isolates each with zero SNVs, represented on the tree as larger circles. Amongst the isolates with 

zero SNVs, five groups (n=20, 15.4%), consisting of three to five isolates each, contained those 

of human and retail chicken origin. Two other groups (part of Cluster 3 and Cluster 4) (n=7, 

5.4%), with three and four isolates respectively, had cefoxitin-resistant and -susceptible strains 

with zero SNVs.  
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With the exception of three isolates (Cluster 6), the epidemiologically-linked outbreak 

strains from 2003 did not cluster together. Instead, they were found distributed throughout the 

tree. The number of SNVs between outbreak isolates ranged from 1 to 82 SNVs. Between the 

outbreak and non-outbreak isolates this genetic distance increased to between 8 and 119 SNVs. 

Isolates from each source were further examined as part of the hqSNV analysis to 

determine clustering based on specific attributes. Human isolates were assessed based on site of 

isolation (stool, blood, urine or unknown) (Figure 11). Isolates obtained from retail poultry were 

compared to determine differences between those from pre-packaged products (i.e. chicken 

nuggets) and those from fresh poultry (Figure 12). The abattoir isolates from chicken cecal 

content were assessed to examine clustering of those originating in Ontario and New Brunswick 

(Figure 13). For all three sources, isolates did not cluster according to site of isolation (humans), 

product of isolation (retail poultry) or province of isolation (abattoir poultry).  
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FIGURE 11. Minimum spanning phylogenetic tree of the core genome of 130 Salmonella 

Heidelberg isolates based on single nucleotide variants (SNVs), generated using PHYLOViZ 

v.1.1, and examined according to site of isolation in humans. Colours are as follows: brown, 

stool; red, blood; yellow, urine; purple, unknown; grey, non-human isolates. Circles outlined 

with dark black are resistant to cefoxitin. Clusters of isolates outlined in grey and labelled with 

numbers indicate those containing human isolates with zero to four SNVs.  
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FIGURE 12. Minimum spanning phylogenetic tree of the core genome of 130 Salmonella 

Heidelberg isolates based on single nucleotide variants (SNVs), generated using PHYLOViZ 

v.1.1, and examined according to product of isolation in retail poultry. Colours are as follows: 

blue, pre-packaged products; green, sample of meat; grey, non-retail isolates. Circles outlined 

with dark black are resistant to cefoxitin. Clusters of isolates outlined in grey and labelled with 

numbers indicate those containing retail poultry isolates with zero to four SNVs.  
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FIGURE 13. Minimum spanning phylogenetic tree of the core genome of 130 Salmonella 

Heidelberg isolates based on single nucleotide variants (SNVs), generated using PHYLOViZ 

v.1.1, and examined according to province of isolation for abattoir chicken isolates. Colours are 

as follows: purple, New Brunswick; orange, Ontario; yellow, Québec; grey, non-abattoir poultry 

isolates. Circles outlined with dark black are resistant to cefoxitin. Clusters of isolates outlined in 

grey and labelled with numbers indicate those containing abattoir poultry isolates with zero to 

four SNVs.  
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TABLE 11. Characterization of the clusters of isolates with zero to four SNVs, as observed by 

the high-quality single nucleotide variant (hqSNV) analysis (based on Figures 10 to 13). 

 

 

Cluster 

ID 

Number 

on tree 
Isolate ID Source 

Date of 

isolation 

(Y-M) 

Province 
Resistant to 

cefoxitin 

1 1 12-3755 Human stool 2012-06 Québec Yes 

 1 12-4374 Human stool 2012-07 Québec Yes 

 1 12-4585 Human stool 2012-07 Québec Yes 

 1 12-7080 Human stool 2012-10 Québec Yes 

 31 12-2694 Human stool 2012-04 Québec Yes 

 31 N13-01307 
Retail chicken  

(pre-packaged) 
2012-03 Québec Yes 

 31 N13-01308 
Retail chicken  

(pre-packaged) 
2012-03 Québec Yes 

 40 12-5152 Human stool 2012-08 Québec Yes 

 42 12-5444 Human stool 2012-08 Québec Yes 

 35 12-3757 Human (unknown) 2012-06 Québec Yes 

 61 N13-01298 
Retail chicken 

(aliquot) 
2012-01 Québec No 

 72 N13-01315 
Retail chicken 

(aliquot) 
2012-02 Québec Yes 

 73 N13-01316 
Retail chicken 

(aliquot) 
2012-02 Québec Yes 

 91 N13-01349 
Retail chicken  

(pre-packaged) 
2012-10 Québec Yes 

 102 N13-02944 Abattoir chicken 2012-02 
New 

Brunswick 
Yes 

2 20 12-0466 Human blood 2012-01 Québec No 

 20 12-3383 Human stool 2012-05 Québec No 

 20 12-3458 Human stool 2012-05 Québec No 

 20 12-3461 Human stool 2012-05 Québec No 

 20 N13-01322 
Retail chicken  

(pre-packaged) 
2012-05 Québec No 

 25 12-1195 Human stool 2012-02 Québec Yes 

 27 12-1667 Human stool 2012-03 Québec No 

 28 12-2458 Human stool 2012-04 Québec Yes 
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 33 12-3227 Human stool 2012-05 Québec No 

 38 12-4179 Human stool 2012-06 Québec Yes 

 39 12-4367 Human stool 2012-07 Québec No 

 34 12-3330 Human blood 2012-05 Québec No 

 57 N13-01293 
Retail chicken 

(aliquot) 
2012-01 Québec No 

 82 N13-01329 
Retail chicken 

(aliquot) 
2012-05 Québec No 

 87 N13-01338 
Retail chicken 

(aliquot) 
2012-07 Québec No 

 62 N13-01301 
Retail chicken  

(pre-packaged) 
2012-02 Québec No 

 65 N13-01305 
Retail chicken  

(pre-packaged) 
2012-02 Québec No 

 55 N13-01291 Abattoir chicken 2012-01 Québec No 

3 47 12-6342 Human blood 2012-09 Québec No 

 47 12-7092 Human blood 2012-10 Québec Yes 

 47 N13-01332 
Retail chicken 

(aliquot) 
2012-07 Québec No 

 47 N13-01337 
Retail chicken 

(aliquot) 
2012-07 Québec No 

 50 12-7327 Human blood 2012-10 Québec No 

4 29 12-2460 Human stool 2012-04 Québec Yes 

 29 12-5634 Human stool 2012-08 Québec No 

 29 12-7145 Human stool 2012-10 Québec No 

 105 N13-02947 Abattoir chicken 2012-10 Ontario Yes 

 105 N13-02948 Abattoir chicken 2012-10 Ontario Yes 

 49 12-6510 Human stool 2012-09 Québec No 

 86 N13-01336 
Retail chicken 

(aliquot) 
2012-07 Québec Yes 

 80 N13-01326 
Retail turkey 

(aliquot) 
2012-04 Québec No 

 67 N13-01309 
Retail chicken  

(pre-packaged) 
2012-05 Québec Yes 

5 19 12-0315 Human stool 2012-01 Québec Yes 

 19 12-5335 Human blood 2012-08 Québec Yes 

 19 N13-01295 
Retail chicken 

(aliquot) 
2012-01 Québec Yes 
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6 7 03-0877 Human stool 2003-02 Alberta No 

 8 03-1148 Human urine 2003-02 Alberta No 

 14 03-2079 Human stool 2003-04 Québec No 

7 32 12-2695 Human stool 2012-04 Québec No 

 32 12-3136 Human stool 2012-05 Québec No 

 32 12-3327 Human stool 2012-05 Québec No 

8 23 12-1016 Human stool 2012-02 Québec Yes 

 23 12-1959 Human blood 2012-03 Québec Yes 

9 26 12-1666 Human (unknown) 2012-03 Québec Yes 

 26 12-1847 Human blood 2012-03 Québec Yes 

 26 12-2554 Human stool 2012-04 Québec Yes 

 26 N13-01318 
Retail chicken  

(pre-packaged) 
2012-05 Québec Yes 

 26 N13-01319 
Retail chicken  

(pre-packaged) 
2012-05 Québec Yes 

10 77 N13-01323 Abattoir chicken 2012-05 Québec No 

 78 N13-01324 Abattoir chicken 2012-05 Québec No 

11 21 12-0467 Human stool 2012-01 Québec Yes 

 64 N13-01304 
Retail chicken  

(pre-packaged) 
2012-02 Québec Yes 

12 24 12-1063 Human blood 2012-02 Québec Yes 

 36 12-3792 Human unknown 2012-06 Québec Yes 
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6.3 Plasmid Characterization 

Extraction of blaCMY-2 containing plasmids was performed on 18 randomly selected 

cefoxitin-resistant strains of human and retail poultry origin. These plasmids were each 

transformed into E. coli DH10B, and the resulting transformants were confirmed by PCR for 

blaCMY-2 and subjected to replicon typing, pRFLP and AST.  

6.3.1 Replicon typing of CMY-2 plasmids 

Replicon typing for 21 different types was performed using a PCR-based approach. All 

18 isolated blaCMY-2 plasmids were found to belong to replicon type IncI1 (Figure 14).  

6.3.2 Antimicrobial susceptibility testing of transformants 

AST of the CMY-2 transformants revealed that all 18 blaCMY-2 plasmids conferred 

resistance to the same beta-lactams as their clinical counterparts (amoxicillin-clavulanic acid, 

ampicillin, cefoxitin, ceftiofur, and ceftriaxone) (Table 12). Clinical isolates that were also 

resistant to antibiotics other than beta-lactams (n=2, 11.1%) did not harbour such resistance on 

the blaCMY-2 plasmid, indicating it existed on an alternative segment of DNA such as another 

plasmid. It should be noted that resistance of the transformants to streptomycin could not be 

determined as E. coli DH10B is intrinsically resistant to this drug. 
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FIGURE 14. PCR-based replicon typing for the identification of incompatibility groups for 18 

transformed blaCMY-2 plasmids, visualized by agarose gel electrophoresis. Four multiplex PCR 

reactions were performed. This image corresponds to Multiplex 3, which examines replicon 

types I1, F, X, HI1, N, HI2, and Y. Lane 1 and 23 is the molecular weight standard, a 100 base 

pair (bp) ladder. Lane 2 is the negative control, comprised of master mix with no DNA. Lane 3 

and 22 contains the positive controls for I1 (139 bp), F (270 bp), X (376 bp), HI1 (471 bp), N 

(559 bp), and Y (765 bp) (no positive control was available for F). Lanes 4 to 21 are the 18 

transformed blaCMY-2 plasmids. All plasmids belonged to replicon type I1.  
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TABLE 12. Characterization of blaCMY-2 plasmids from E. coli DH10B transformants. 

Isolate ID Source Province Year 
Resistance phenotype Replicon 

type Clinical Transformant 

03-2780 
Human 

stool 
Québec 2003 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-3757 
Human 

stool 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-4374 
Human 

stool 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-6507 
Human 

stool 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-7080 
Human 

stool 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-7329 
Human 

stool 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-1847 
Human 

blood 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-3918 
Human 

blood 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-5335 
Human 

blood 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-7092 
Human 

blood 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

12-3755 
Human 

(unknown) 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

N13-01303 
Retail 

chicken 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

N13-01315 
Retail 

chicken 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

N13-01319 
Retail 

chicken 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

N13-01321 
Retail 

chicken 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

N13-01352 
Retail 

chicken 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO 

AMC, AMP, 

FOX, TIO, CRO 
I1 

N13-01290 
Retail 

turkey 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO, 

STR, SUL, TET 

AMC, AMP, 

FOX, TIO, CRO 
I1 

N13-01354 
Retail 

turkey 
Québec 2012 

AMC, AMP, 

FOX, TIO, CRO, 

STR 

AMC, AMP, 

FOX, TIO, CRO 
I1 
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6.3.3 Plasmid restriction fragment length polymorphism 

Plasmid fingerprinting was performed on the 18 transformed blaCMY-2 plasmids to 

determine relatedness. pRFLP identified 14 plasmids (77.8%) with ≥ 80% similarity (Figure 15). 

Four separate groups (n=12, 66.7%), containing two to four plasmids, each clustered together 

with 100% similarity. Of these four groups, three contained plasmids isolated from human and 

retail poultry sources. One of these groups (n=3, 16.7%) contained a plasmid isolated from a 

2003 outbreak strain clustering with plasmids isolated from 2012 with 100% similarity.  
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FIGURE 15. Plasmid restriction fragment length polymorphism (pRFLP) band patterns and 

dendrogram of 18 transformed blaCMY-2 plasmids digested with BglII enzyme, generated using 

BioNumerics v.5.1. The solid vertical red line indicates plasmids with ≥ 80% similarity. 

Plasmids in boxes highlight the four individual clusters each displaying 100% similarity. 
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6.3.4 Whole genome sequencing: plasmids 

Plasmids from whole genome sequences generated by either Pacific Biosciences or 

Illumina MiSeq platforms were analyzed and described below. 

6.3.4.1 Pacific Biosciences sequence analysis 

Both isolates that were sequenced using the Pacific Biosciences PacBio RSII sequencer 

(12-4374 and N13-01290) harboured multiple plasmids. Similar to the chromosomal sequences, 

these plasmids were closed, annotated and made publically available (96).  

Isolate 12-4374 contained five plasmids of various lengths and replicon types (Table 13). 

This isolate was resistant to beta-lactams and a blaCMY-2 gene was identified on a 96,042 bp 

plasmid belonging to replicon type IncI1. The remaining four plasmids identified in this isolate 

were of the following lengths and replicon types: 62,920 bp (IncFII), 37,697 bp (unknown 

replicon type), 3,372 bp (unknown replicon type) and 2,096 bp (ColpVC). Isolate N13-01290 

contained six plasmids (Table 13). This was a multidrug resistant strain that was resistant to beta-

lactams, streptomycin, sulfisoxazole and tetracycline. A blaCMY-2 gene conferring resistance to 

beta-lactams was located within a 98,999 bp plasmid of replicon type IncI1. Resistance genes for 

the other antibiotics, including blaTEM, strA/strB/aadA1, sul1, and tetB, were all identified on the 

largest plasmid of 236,176 bp with replicon type IncHI2/IncHI2A. The remaining plasmids were 

much smaller, with sequence lengths of 3,905 bp (Col156), 3,372 bp (ColRNAI), 3,319 bp 

(unknown replicon type), and 2,096 bp (ColpVC).  
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TABLE 13. Characteristics of plasmids identified from two isolates, 12-4374 and N13-01290, 

sequenced with Pacific Biosciences PacBio RSII. 

 

 

  

Isolate ID Plasmid Length (bp) Replicon type Resistance genes 

12-4374     

 1 96,042 IncI1 blaCMY-2 

 2 62,920 IncFII None identified 

 3 37,697 Unknown None identified 

 4 3,372 Unknown None identified 

 5 2,096 ColpVC None identified 

N13-01290     

 1 236,176 IncHI2/IncHI2A blaTEM, strA/strB/aadA1, sul1, tetB 

 2 98,999 IncI1 blaCMY-2 

 3 3,905 Col156 None identified 

 4 3,372 ColRNAI None identified 

 5 3,319 Unknown None identified 

 6 2,096 ColpVC None identified 
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6.3.4.2 Illumina MiSeq sequence analysis 

Of the 130 isolates examined using Illumina MiSeq derived sequence data, 66 (50.8%) 

were resistant to cefoxitin. Plasmids found in assembled Illumina MiSeq sequences were initially 

analyzed using modules that are part of the Centre for Genomic Epidemiology. PlasmidFinder 

was used to determine the replicon types of existing plasmids, and plasmid MLST (pMLST) 

identified the sequence types of the plasmids.  

6.3.4.2.1 Replicon typing 

Using WGS data, 64/66 (97.0%) isolates containing a blaCMY-2 gene were located on a 

plasmid belonging to replicon type IncI1. For the remaining two isolates (strains 12-6245 and 

N13-01320), the blaCMY-2 gene could not be detected on a contig corresponding to a plasmid 

sequence. Instead this gene was found on the largest contig that corresponded to the 

chromosome, suggesting that these plasmids might have integrated into the chromosome. The 

lengths of the contig containing the blaCMY-2 gene were 747,513 bp and 747,507 bp for 12-6245 

and N13-01320, respectively. For both isolates, an alignment was performed on the blaCMY-2 

containing contig against the previously characterized IncI1 blaCMY-2 plasmid from S. Kentucky 

(pCVM29188_101) (Genbank accession CP001121.1) (99) using Artemis Comparison Tool 

(100) (Figure 16). The alignments revealed that a portion of the plasmids (approximately 80.5 

kb) had integrated into the chromosomes.  
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FIGURE 16. Alignment of plasmid insertions into the chromosome against the previously 

characterized IncI1 blaCMY-2 plasmid from S. Kentucky (pCVM29188_101), using Artemis 

Comparison Tool. A- Alignment of 12-6245. Top panel: zoomed in view of the beginning of the 

plasmid insertion, bottom panel: view of plasmid insertion into the chromosome; B- Alignment 

of N13-01320. Top panel: zoomed in view of the beginning of the plasmid insertion, bottom 

panel: view of plasmid insertion into the chromosome. 
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The plasmid inserted between the chromosomal rlmM gene and the transcriptional 

repressor glcR gene. Up to 91 bp of the 5’-end of the glcR gene were disrupted by the insertion 

event. No direct or inverted repeats were found in the regions flanking the insertion sites. 

Nucleotide sequence analysis of both isolates identified ISEcp1 approximately 200 bp 

downstream of the plasmid insertion site, followed by blaCMY-2. These two genes were part of a 

contiguous region consisting of four open reading frames (ISEcp1–blaCMY-2–blc–sugE) found in 

both isolates. The regions at the beginning and the end of S. Kentucky pCVM29188_101 

(approximately 20.9 kb) did not integrate with the plasmid into the chromosome. These regions 

consisted of several genes including those of the pil (pilI/pilJ/pilO/pilP) and tra (traA/traC/traD) 

operons, which are associated with transfer pili. The plasmid replication initiation gene, repA, 

also did not insert into the chromosome, which may explain the lack of an IncI1 replicon type 

found in these two isolates. Comparison of the plasmid insertions with the newly identified 

blaCMY-2 plasmids from Illumina MiSeq WGS from this study revealed that the plasmid subtype 

most closely related to these plasmid insertions was Group C (see Section 6.3.4.2.3). PCR was 

performed to confirm the plasmid integrations by designing primers that targeted the regions 

spanning the insertion sites (Figure 17). This was to obtain two PCR products of approximately 

1,000 bp corresponding to the sequence at both the 5’ and 3’ ends of the insertion (Figure 18).  
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FIGURE 17. Schematic representation of plasmid integrations into the chromosome, and PCR 

targets and primer sequences for two Salmonella Heidelberg isolates. Top panel: chromosomal 

integrations for isolate 12-6245; bottom panel: chromosomal integrations for isolate N13-01320. 
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 Plasmid insertion 

949 bp 976 bp 

Primer: 6245-beg-T 

ATCCAGGCACGTCAGCTTTATCAC 

Primer: 6245-beg-B 

TGTTTCAGGTTCTTTTACG 
Primer: 6245-end-B 

GTGAGTGCGCGAAGTACGGAAATA 

Primer: 6245-end-T 

CCTATTTCACCGCGCTTTCTGC 

 Plasmid insertion 

949 bp 976 bp 

Primer: 01320-beg-T 

ATCCAGGCACGTCAGCTTTATCAC 

Primer: 01320-beg-B 

TGTTTCAGGTTCTTTTACG 
Primer: 01320-end-B 

GTGAGTGCGCGAAGTACGGAAATA 

Primer: 01320-end-T 

CCTATTTCACCGCGCTTTCTGC 

Isolate 12-6425: 

Isolate N13-01320: 
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FIGURE 18. Polymerase chain reaction (PCR) for confirmation of plasmid integrations into the 

chromosome for two Salmonella Heidelberg isolates, 12-6245 and N13-01320, visualized by 

agarose gel electrophoresis. Lanes 1 and 10 are the molecular weight standard, a 100 base pair 

(bp) ladder. Lane 3 is the PCR amplicon for 12-6245: upstream region, and Lane 2 is the 

corresponding negative control. Lane 5 is the PCR amplicon for 12-6245: downstream region, 

and Lane 4 is the corresponding negative control. Lane 7 is the PCR amplicon for N13-01320: 

upstream region, and Lane 6 is the corresponding negative control. Lane 9 is the PCR amplicon 

for N13-01320: downstream region, and Lane 8 is the corresponding negative control.  
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Isolates were also interrogated for the presence of plasmids not belonging to the IncI1 

type. Comparison of Illumina MiSeq genome sequences against known replicon types revealed 

that the majority of isolates (n=127, 97.7%) harboured between one to five plasmids (Table 14). 

These included those of the types IncX1 (n=112, 86.2%), ColpVC (n=73, 56.2%), ColRNAI 

(n=37, 28.5%), Col156 (n=5, 3.8%), Col8282 (n=3, 2.3%), IncFII (n=3, 2.3%), IncHI2/IncHI2A 

(n=3, 2.3%), and IncX4 (n=1, 0.8%).  

6.3.4.2.2 Plasmid multi-locus sequence typing of IncI1 plasmids 

Sequence typing of IncI1 plasmids is based on allelic differences in the sequences of five 

loci: repI1, ardA, trbA, sogS, and pilL. By pMLST, the primary sequence type of the 64 IncI1 

blaCMY-2 plasmids was found to be ST12 (n=57, 89.1%) (Table 14). Four (6.3%) plasmids were 

identified as belonging to ST2 (strain 12-2554), ST25 (strain N13-01313), ST26 (strain N13-

02934), and ST66 (strain N13-01321). Three (4.7%) additional plasmids (strains 12-2552, N13-

01327, N13-01354) were untypeable as only a portion (289/343 bp) of the ardA allele was 

present. The closest sequence type these three plasmids matched to was ST12.  

The four plasmids with different sequence types were isolated from different sources and 

had different antimicrobial resistance patterns. The plasmid with ST2 was identified in an isolate 

recovered from a human and was resistant to beta-lactams. When compared to ST12, ST2 had 

allelic differences in 2 loci (ardA and sogS) consisting of one and nine nucleotide differences, 

respectively. The plasmid with ST26 was recovered from an isolate found in abattoir chicken and 

was resistant to beta-lactams, chloramphenicol and sulfisoxazole. This sequence type differed 

from ST12 in two loci (trbA and sogS), with one and nine point mutations, respectively. The 

remaining two plasmids with ST25 and ST66 were isolated from retail turkey and retail chicken, 
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respectively. ST25 and ST66 were both resistant to beta-lactams and differed from ST12 in one 

locus (trbA), with 7 and 8 nucleotide differences, respectively. 

6.3.4.2.3 Alignment of IncI1 plasmids 

A BLAST sequence analysis of the blaCMY-2 containing plasmids revealed high homology 

(95-99%) to a previously described plasmid (pCVM29188_101) found in Salmonella Kentucky 

(99). Nucleotide sequence alignments of the blaCMY-2 plasmids against pCVM29188_101 

revealed ten sequence variant plasmids (Figure 19). The majority of the 64 blaCMY-2 plasmids 

identified in this study belonged to one of three variant plasmids, labeled as Group A (n=33, 

51.6%), Group B (n=3, 4.7%), and Group C (n=21, 32.8%). Plasmids in these groups were 

identified in isolates of human, abattoir poultry and retail poultry origins. These three plasmid 

groups all belonged to ST12. The seven remaining plasmids (10.9%) were found in seven 

sporadic isolates, and typed as ST12, 2, 25, 26 and 66. In comparison to S. Kentucky 

pCVM29188_101, all ten plasmid subtypes were lacking a transposase (IS66) at ~93 kbp. Some 

plasmids were also missing additional transposase, recombinase, translational repressor protein 

RelE, DNA polymerase III subunit epsilon, colicin 1B immunity protein, SugE, chromosome 

partitioning protein ParA, part of a membrane protein, and part of shufflon protein A.  
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FIGURE 19. Alignment of S. Kentucky plasmid pCVM29188_101 with the ten variant blaCMY-2 

containing plasmids found in all sequenced S. Heidelberg in this study, generated using GView 

Server. The reference plasmid (pCVM29188) is represented by the black boxes that denote open 

reading frames. For the remaining plasmids, solid coloured boxes indicate that plasmid DNA is 

present. The grey line towards the bottom represents GC content of the reference. The numbers 

at the bottom indicate the genomic coordinates of the reference plasmid (in kbp). Proteins listed 

above the alignment indicate those that are not present in certain plasmids, except for CMY-2 

which was found in all plasmids. All isolates were missing a transposase (IS66) located at ~93 

kbp in pCVM29188_101. 
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TABLE 14. Complete characterization of plasmids found in 130 Illumina MiSeq sequenced 

Salmonella Heidelberg isolates. 

 

Isolate ID Year Source 

Resistant 

to 

cefoxitin 

Plasmid 

replicon types 

ST of IncI1 

plasmida 

Alignment 

group 

03-0877 2003 Human stool No IncI1, IncX1 N/A N/A 

03-1318 2003 Human stool No IncX1 N/A N/A 

03-1923 2003 Human stool No IncX1 N/A N/A 

03-2079 2003 Human stool No IncI1, IncX1 N/A N/A 

12-1667 2012 Human stool No IncX1, ColpVC N/A N/A 

12-2695 2012 Human stool No IncX1, Col8282 N/A N/A 

12-3136 2012 Human stool No IncX1 N/A N/A 

12-3227 2012 Human stool No IncX1, ColpVC N/A N/A 

12-3327 2012 Human stool No IncX1 N/A N/A 

12-3383 2012 Human stool No IncX1, ColpVC N/A N/A 

12-3458 2012 Human stool No IncX1, ColpVC N/A N/A 

12-3461 2012 Human stool No IncX1, ColpVC N/A N/A 

12-4367 2012 Human stool No IncX1, ColpVC N/A N/A 

12-5334 2012 Human stool No IncFII N/A N/A 

12-5632 2012 Human stool No IncX1, ColpVC N/A N/A 

12-5634 2012 Human stool No IncX1, ColRNAI N/A N/A 

03-3085 2003 Human stool No 
IncX1, ColpVC, 

ColRNAI 
N/A N/A 

03-0226 2003 Human stool No IncHI2/IncHI2A N/A N/A 

03-0646 2003 Human stool No IncI1, IncX1 N/A N/A 

03-2780 2003 Human stool Yes 
IncI1, IncXI, 

ColpVC 
12 C 

12-0315 2012 Human stool Yes 
IncI1, IncX1, 

ColRNAI 
12 C 

12-0467 2012 Human stool Yes IncI1, IncX1 12 A 

12-0469 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 A 
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12-1195 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 - 

12-2458 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 C 

12-2460 2012 Human stool Yes 
IncI1, IncX1, 

ColRNAI 
12 C 

12-2552 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC, Col8282 
Untypeable C 

12-2554 2012 Human stool Yes 
IncI1, IncX1, 

Col156 
2 - 

12-2694 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC, ColRNAI 
12 A 

12-3755 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 A 

12-4179 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 C 

12-4374 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC, IncFII 
12 A 

12-4585 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC, IncFII 
12 A 

12-5152 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 A 

12-5444 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 A 

12-6245 2012 Human stool Yes ColRNAI 

Integrated 

into 

chromosome 

- 

12-6507 2012 Human stool Yes 
IncI1, ColpVC, 

ColRNAI 
12 A 

12-7080 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC 
12 A 

12-7329 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC, ColRNAI 
12 - 

12-1016 2012 Human stool Yes 
IncI1, IncX1, 

ColpVC, ColRNAI 
12 A 

12-5643 2012 Human stool Yes IncI1, IncX1 12 A 

12-6510 2012 Human stool No 
IncX1, ColpVC, 

ColRNAI 
N/A N/A 

12-7145 2012 Human stool No IncX1, ColRNAI N/A N/A 

12-7730 2012 Human stool No IncX1, ColpVC N/A N/A 

03-1317 2003 Human blood No IncX1 N/A N/A 

03-3185 2003 Human blood No None N/A N/A 
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12-0466 2012 Human blood No IncX1, ColpVC N/A N/A 

12-3330 2012 Human blood No IncX1, ColpVC N/A N/A 

12-5542 2012 Human blood No IncX1, ColpVC N/A N/A 

12-6342 2012 Human blood No IncX1, ColRNAI N/A N/A 

12-7327 2012 Human blood No ColRNAI N/A N/A 

03-1376 2003 Human blood No 
IncX1, ColpVC, 

ColRNAI 
N/A N/A 

03-2778 2003 Human blood No IncI1, ColpVC N/A N/A 

03-0735 2003 Human blood No 
IncX1, ColpVC, 

ColRNAI 
N/A N/A 

03-0165 2003 Human blood No 
IncX1, ColpVC, 

ColRNAI 
N/A N/A 

12-1063 2012 Human blood Yes IncI1, IncX1 12 A 

12-1847 2012 Human blood Yes IncI1, IncX1 12 B 

12-1959 2012 Human blood Yes 
IncI1, IncX1, 

ColpVC, ColRNAI 
12 A 

12-3918 2012 Human blood Yes IncI1, IncX1 12 A 

12-5335 2012 Human blood Yes 
IncI1, IncX1, 

ColRNAI 
12 C 

12-7092 2012 Human blood Yes IncI1 12 C 

03-1148 2003 Human urine No IncX1 N/A N/A 

13-0067 2012 Human urine Yes 
IncI1, ColpVC, 

ColRNAI 
12 C 

03-0749 2003 
Human 

(unknown) 
No IncX1, ColpVC N/A N/A 

03-1271 2003 
Human 

(unknown) 
No IncX1, ColpVC N/A N/A 

12-1666 2012 
Human 

(unknown) 
Yes IncI1, IncX1 12 A 

12-3757 2012 
Human 

(unknown) 
Yes 

IncI1, IncX1, 

ColpVC 
12 A 

12-3792 2012 
Human 

(unknown) 
Yes IncI1, IncX1 12 A 

N13-01326 2012 
Retail turkey 

(aliquot) 
No 

IncI1, IncX1, 

ColRNAI 
N/A N/A 

N13-01331 2012 
Retail turkey 

(aliquot) 
No IncI1 N/A N/A 
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N13-01366 2012 
Retail turkey 

(aliquot) 
No IncI1 N/A N/A 

N13-01327 2012 
Retail turkey 

(aliquot) 
Yes IncI1, IncX1 Untypeable - 

N13-01354 2012 
Retail turkey 

(aliquot) 
Yes IncI1, IncX1 Untypeable C 

N13-01290 2012 
Retail turkey 

(aliquot) 
Yes 

IncI1, ColpVC, 

IncHI2/IncHI2A, 

ColRNAI, Col156 

12 C 

N13-01313 2012 
Retail turkey 

(aliquot) 
Yes 

IncI1, ColpVC, 

IncHI2/IncHI2A, 

Col156, ColRNAI 

25 - 

N13-01293 2012 
Retail chicken 

(aliquot) 
No IncX1, ColpVC N/A N/A 

N13-01294 2012 
Retail chicken 

(aliquot) 
No 

IncX1, ColpVC, 

ColRNAI 
N/A N/A 

N13-01296 2012 
Retail chicken 

(aliquot) 
No IncX1, ColpVC N/A N/A 

N13-01298 2012 
Retail chicken 

(aliquot) 
No IncX1, ColpVC N/A N/A 

N13-01317 2012 
Retail chicken 

(aliquot) 
No IncX1, ColpVC N/A N/A 

N13-01329 2012 
Retail chicken 

(aliquot) 
No IncX1, ColpVC N/A N/A 

N13-01332 2012 
Retail chicken 

(aliquot) 
No None N/A N/A 

N13-01337 2012 
Retail chicken 

(aliquot) 
No ColpVC N/A N/A 

N13-01338 2012 
Retail chicken 

(aliquot) 
No IncX1, ColpVC N/A N/A 

N13-01346 2012 
Retail chicken 

(aliquot) 
No IncX1, ColpVC N/A N/A 

N13-01351 2012 
Retail chicken 

(aliquot) 
No None N/A N/A 

N13-01353 2012 
Retail chicken 

(aliquot) 
No 

IncX1, ColpVC, 

ColRNAI 
N/A N/A 

N13-01333 2012 
Retail chicken 

(aliquot) 
No 

IncI1, IncX1, 

ColpVC, 

ColRNAI, Col8282 

N/A N/A 

N13-01292 2012 
Retail chicken 

(aliquot) 
Yes IncI1, IncX1 12 A 

N13-01295 2012 
Retail chicken 

(aliquot) 
Yes IncI1, IncX1 12 C 

N13-01297 2012 
Retail chicken 

(aliquot) 
Yes IncI1, IncX1 12 A 
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N13-01314 2012 
Retail chicken 

(aliquot) 
Yes 

IncI1, IncX1, 

ColpVC 
12 A 

N13-01315 2012 
Retail chicken 

(aliquot) 
Yes 

IncI1, IncX1, 

ColpVC 
12 A 

N13-01316 2012 
Retail chicken 

(aliquot) 
Yes 

IncI1, IncX1, 

ColpVC, ColRNAI 
12 A 

N13-01320 2012 
Retail chicken 

(aliquot) 
Yes Col156, ColRNAI 

Integrated 

into 

chromosome 

- 

N13-01321 2012 
Retail chicken 

(aliquot) 
Yes IncI1, IncX1 66 - 

N13-01336 2012 
Retail chicken 

(aliquot) 
Yes 

IncI1, IncX1, 

ColRNAI 
12 C 

N13-01342 2012 
Retail chicken 

(aliquot) 
Yes 

IncI1, IncX1, 

ColpVC, Col156 
12 C 

N13-01352 2012 
Retail chicken 

(aliquot) 
Yes 

IncI1, IncX1, 

ColRNAI 
12 C 

N13-01301 2012 
Retail chicken  

(pre-packaged) 
No IncX1, ColpVC N/A N/A 

N13-01305 2012 
Retail chicken  

(pre-packaged) 
No IncX1, ColpVC N/A N/A 

N13-01306 2012 
Retail chicken  

(pre-packaged) 
No IncX1, ColpVC N/A N/A 

N13-01322 2012 
Retail chicken  

(pre-packaged) 
No IncX1, ColpVC N/A N/A 

N13-01303 2012 
Retail chicken  

(pre-packaged) 
Yes 

IncI1, IncX1, 

ColpVC 
12 C 

N13-01304 2012 
Retail chicken  

(pre-packaged) 
Yes IncI1, IncX1 12 A 

N13-01307 2012 
Retail chicken  

(pre-packaged) 
Yes 

IncI1, IncX1, 

ColpVC, ColRNAI 
12 A 

N13-01308 2012 
Retail chicken  

(pre-packaged) 
Yes 

IncI1, IncX1, 

ColpVC, ColRNAI 
12 A 

N13-01309 2012 
Retail chicken  

(pre-packaged) 
Yes 

IncI1, IncX1, 

ColRNAI 
12 C 

N13-01318 2012 
Retail chicken  

(pre-packaged) 
Yes IncI1, IncX1 12 B 

N13-01319 2012 
Retail chicken  

(pre-packaged) 
Yes IncI1, IncX1 12 B 

N13-01349 2012 
Retail chicken  

(pre-packaged) 
Yes 

IncI1, IncX1, 

ColpVC 
12 A 

N13-01355 2012 
Retail chicken  

(pre-packaged) 
Yes IncI1, IncX1 12 C 

N13-01291 2012 
Abattoir chicken 

(cecal content) 
No IncX1, ColpVC N/A N/A 
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N13-01311 2012 
Abattoir chicken 

(cecal content) 
No IncX1 N/A N/A 

N13-01312 2012 
Abattoir chicken 

(cecal content) 
No IncX1, IncX4 N/A N/A 

N13-01323 2012 
Abattoir chicken 

(cecal content) 
No 

IncX1, ColpVC, 

ColRNAI 
N/A N/A 

N13-01324 2012 
Abattoir chicken 

(cecal content) 
No 

IncX1, ColpVC, 

ColRNAI 
N/A N/A 

N13-01325 2012 
Abattoir chicken 

(cecal content) 
No IncX1, ColpVC N/A N/A 

N13-01330 2012 
Abattoir chicken 

(cecal content) 
No IncX1, ColpVC N/A N/A 

N13-01348 2012 
Abattoir chicken 

(cecal content) 
No IncX1, ColpVC N/A N/A 

N13-02936 2011 
Abattoir chicken 

(cecal content) 
Yes 

IncI1, IncX1, 

ColRNAI 
12 C 

N13-02941 2011 
Abattoir chicken 

(cecal content) 
Yes IncI1, IncX1 12 A 

N13-02943 2011 
Abattoir chicken 

(cecal content) 
Yes 

IncI1, IncX1, 

ColpVC 
12 C 

N13-02944 2012 
Abattoir chicken 

(cecal content) 
Yes 

IncI1, IncX1, 

ColpVC 
12 A 

N13-02945 2012 
Abattoir chicken 

(cecal content) 
Yes IncI1, IncX1 12 A 

N13-02946 2012 
Abattoir chicken 

(cecal content) 
Yes IncI1, IncX1 12 A 

N13-02947 2012 
Abattoir chicken 

(cecal content) 
Yes 

IncI1, IncX1, 

ColRNAI 
12 A 

N13-02948 2012 
Abattoir chicken 

(cecal content) 
Yes 

IncI1, IncX1, 

ColRNAI 
12 A 

N13-02949 2012 
Abattoir chicken 

(cecal content) 
Yes 

IncI1, IncX1, 

ColpVC 
12 C 

N13-02934 2011 
Abattoir chicken 

(cecal content) 
Yes 

IncI1, IncX1, 

ColpVC 
26 - 



 

 
126 

6.4 Virulence Analysis 

The Virulence Factor Database for Salmonella currently contains 2,017 genes associated 

with virulence in Salmonella (101). Amongst the 130 Illumina MiSeq sequenced isolates, 169 

(8.4%) virulence genes were identified (Figure 20). The genes identified were involved in a 

variety of processes including adhesion, type III secretion system (T3SS), regulation of genes, 

resistance to antimicrobial peptides, magnesium uptake and regulation of stress factors. All 

sequenced isolates encoded genes for curli (csgABCDEFG) and fimbriae (lpfABCDE, 

SeHA_C4982, SeHA_C4983). For T3SS, Salmonella pathogenicity island 1 (SPI-1) encoded 

genes for effector, regulator, secretion apparatus and chaperone proteins (avrA, hilACD, orgABC 

and spaOPQRS, and sicAP, respectively) were found in all isolates; as well as Salmonella 

pathogenicity island 2 (SPI-2) chaperone (sscAB) and effector protein genes (pipBB2, sifAB, 

spiC/ssaB and sspH2). All isolates also had the regulation system PhoPQ, the superoxide 

dismutase SodCl, and Mig-14, which confers resistance to antimicrobial peptides. The majority 

of isolates (n=110, 84.6%) did not harbour stfA. However, these isolates carried other genes in 

this operon (stfCDEFG), which is involved in fimbrial adherence of the organism. Most isolates 

(n=127, 97.7%) also did not contain SeAg-B4893, which encodes for a putative outer membrane 

protein that is involved in fimbrial adherence. Some isolates (n=12, 9.2%), found at the bottom 

of the heatmap (Figure 20), did not encode for a greater percentage of virulence genes when 

compared to the others. The genes missing in these isolates were all different, and they were not 

associated with any one characteristic, including source and antimicrobial resistance patterns. 
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FIGURE 20. Heatmap of virulence genes found in the 130 sequenced Salmonella Heidelberg 

isolates. The colours are as follows: purple, gene is present; grey, gene is absent. 
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7. DISCUSSION 

The following hypothesis was addressed in this thesis: the causative reason of human 

infection with cefoxitin-resistant S. Heidelberg in Québec is due to contact with, or consumption 

of, poultry contaminated with cefoxitin-resistant S. Heidelberg in Québec. In order to examine 

this hypothesis, S. Heidelberg genomes from humans and retail poultry from Québec from 2012, 

and from abattoir poultry from Québec from 2012 and Ontario and New Brunswick from 2011 

and 2012, were compared. In addition to standard laboratory-based tests such as AST, extended- 

spectrum beta-lactamase PCR, PFGE, pRFLP and replicon typing, WGS was used which 

allowed for an in-depth comparative analysis of both chromosomes and plasmids. Dissemination 

of S. Heidelberg amongst the three sources was specifically examined using the core genome, 

while resistance to cefoxitin was examined by analyzing plasmids.  

7.1 Examination of Chromosomes 

PFGE is currently considered the gold-standard typing method for Salmonella. This 

method is used to determine genetic relatedness of strains isolated from different sources and is 

often employed in outbreak situations (9). PFGE was performed on all S. Heidelberg isolates in 

this study. However, here it was revealed that PFGE had limited discriminatory power to detect 

variation amongst strains isolated from human, abattoir poultry and retail poultry sources. 

According to Tenover criteria, isolates with the same band pattern are genetically 

indistinguishable, those with one to three band differences are classified as ‘closely related’, and 

those with four to six band differences are ‘possibly related’ (70). The majority of S. Heidelberg 

isolates examined by PFGE had zero to three band differences, with none of the isolates differing 

by more than six bands. The 2003 outbreak isolates were previously linked solely using 
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epidemiological data. Here, the outbreak isolates did not form an exclusive cluster on the 

dendrogram, and many of them had matching PFGE fingerprints to non-outbreak isolates. 

Therefore, PFGE lacked the discriminatory power that was required to identify potential 

relationships of S. Heidelberg isolates retrieved from the three different sources in this study. 

Previous studies have utilized PFGE to analyze S. Heidelberg from human and retail poultry 

sources, and have also concluded that PFGE has diminished discriminatory power to study the 

genetic relatedness of this highly clonal serovar (102,103).  

Due to the limited genomic variation seen by PFGE, a subset of isolates was selected for 

WGS. Using WGS data, MLST was used to subtype S. Heidelberg. This method revealed that all 

of the sequenced isolates belonged to ST15. Isolates of S. Heidelberg belonging to ST15 have 

been found in countries other than Canada, such as USA and Spain (104,105). In fact, the MLST 

database for Salmonella currently lists 53 isolates of S. Heidelberg, of which 49 (92.5%) belong 

to ST15. These strains were isolated from various sources and multiple countries including those 

found on the continents of Europe, Africa, Asia, South America and North America (106). 

Therefore, MLST was even less discriminatory than PFGE when differentiating isolates from 

various sources. 

A high-quality single nucleotide variant analysis using WGS was able to provide 

significantly higher resolution when examining genetic relatedness of S. Heidelberg isolates. 

Currently, no defined range exists for the number of SNVs observed between two S. Heidelberg 

isolates that are genetically and epidemiologically related in terms of outbreaks or source 

attribution. Studies have been conducted to examine SNVs in the genomes of outbreak isolates 

of S. Heidelberg, as the genomes of those isolates should be identical or very closely related 

when compared to non-outbreak isolates (41). Analysis of nine strains isolated from human and 
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retail poultry origin from two outbreaks that occurred in USA in 2011 (due to chicken livers and 

ground turkey, respectively) revealed that the maximum number of SNVs seen between strains 

of an outbreak was 19 SNVs (107). Another study based on nine isolates from an outbreak of 

contaminated ground turkey in USA in 2011 were examined and concluded that there was a 

maximum of 17 SNVs between outbreak isolates (108). A more recent report by Bekal et al. 

focused on 59 isolates from three outbreaks that occurred in Québec between 2012 and 2014 due 

to various sources of contamination. Here it was determined that the range of SNVs for isolates 

belonging to the same outbreak was much smaller, with only zero to four SNVs (103).  

In this thesis, hqSNV analysis of the core genome of S. Heidelberg isolates from the 2003 

epidemiologically-linked outbreak revealed up to 82 SNVs between outbreak strains. This range 

is significantly higher than previously mentioned studies and may signify that different subtypes 

of the same strain were involved in the 2003 outbreak.  

Unlike the outbreak isolates that had no clear link to each other, analysis of human, 

abattoir poultry and retail poultry isolates primarily from Québec from 2012 exposed several 

previously undetected genetic relationships. The minimum spanning phylogenetic tree was 

generated based on the core genome of S. Heidelberg and clusters were defined according to 

previously identified SNV ranges of zero to four SNVs. Several clusters fitting this definition 

were identified. There were 12 clusters of 2 to 18 isolates each from human, abattoir poultry and 

retail poultry origin having zero to four SNVs (Table 15). Amongst the isolates having zero 

SNVs, there were five clusters of 3 to 5 isolates each from human and retail chicken (three 

clusters contained pre-packaged retail chicken and two clusters were from an aliquot of chicken 

meat) origin. Identification of isolates with no core SNV differences strongly suggests that 

isolates within a cluster originated from a common source. Each cluster may have possibly also 
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constituted a mini outbreak in 2012. Detection of these isolates with identical core genomes 

suggest that S. Heidelberg is moving between human and retail chicken reservoirs. 
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TABLE 15. Summary of clusters of isolates with zero to four SNVs, as observed by the high-

quality single nucleotide variant (hqSNV) analysis. 

 

Cluster 

Number of 

isolates in 

cluster 

Source(s) Outbreak 
Resistance to 

cefoxitin 

1 15 

Human, abattoir chicken,  

retail chicken (pre-

packaged and aliquot) 

No Resistant, susceptible 

2 18 

Human, abattoir chicken,  

retail chicken (pre-

packaged and aliquot) 

No Resistant, susceptible 

3 5 
Human, retail chicken 

(aliquot) 
No Resistant, susceptible 

4 9 

Human, abattoir chicken,  

retail chicken (pre-

packaged and aliquot), 

retail turkey (aliquot) 

No Resistant, susceptible 

5 3 
Human, retail chicken 

(aliquot) 
No Resistant  

6 3 Human Yes Susceptible 

7 3 Human No Susceptible 

8 2 Human No Resistant 

9 5 
Human, retail chicken 

(pre-packaged) 
No Resistant 

10 2 Abattoir chicken No Susceptible 

11 2 
Human, retail chicken 

(pre-packaged) 
No Resistant 

12 2 Human No Resistant 
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Amongst the 12 clusters of isolates having zero to four SNVs, four clusters were 

composed of cefoxitin-resistant and -susceptible isolates, of which two clusters (Cluster 3 and 4) 

contained isolates with zero SNVs. The resistant isolates contained an IncI1 blaCMY-2 plasmid, 

while the cefoxitin-susceptible isolates were susceptible to all antibiotics tested and did not 

contain an IncI1 plasmid. As extra-chromosomal DNA was not included in the hqSNV analysis, 

the occurrence of both cefoxitin-resistant and -susceptible isolates with identical core genomes 

may be indicative of plasmids being gained or lost. Dates of isolation can be used to speculate 

whether a strain underwent plasmid gain or plasmid loss. In Cluster 3 the cefoxitin-resistant 

strain was isolated after the susceptible ones, whereas in Cluster 4 the cefoxitin-resistant strain 

was isolated prior to the susceptible strains. Cluster 3, therefore, possibly gained a blaCMY-2 

plasmid; whereas in Cluster 4 the blaCMY-2 plasmid was possibly lost. It is possible that the 

plasmid was lost in sample processing. A previous report demonstrated that an IncI1 blaCMY-2 

plasmid in Salmonella can be lost within 49 days in an antimicrobial-free environment (109). 

This may have been what occurred between the cefoxitin-resistant and susceptible S. Heidelberg 

isolates with zero SNVs in this study.  

With the exception of one, all the turkey isolates were found clustered together away 

from the human and chicken isolates by up to 64 SNVs. The turkey isolates had different 

resistance patterns including AcAmCeCfCxStSuTe, AcAmCeCfCxSt, AcAmCeCfCxTe or only 

Te. The presence of the turkey isolates clustering distantly from the chicken isolates suggests 

that the S. Heidelberg in these flocks were different from the chicken flocks. As well, the lack of 

S. Heidelberg turkey isolates clustering with human isolates suggests that the turkey isolates are 

less virulent in humans. However, more likely this can be attributed to the fact that turkey is 

consumed less frequently than chicken, so humans are exposed to S. Heidelberg from turkey less 
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often. In Canada in 2012, the per capita consumption of chicken was 29.8 kg, whereas for turkey 

it was only 4.2 kg (110). 

7.2 Examination of Plasmids 

WGS proved to be an accurate predictor of antimicrobial resistance in S. Heidelberg. In 

this study, 100% of antimicrobial genotypes found by WGS were concordant with antimicrobial 

phenotypes observed by broth dilution. A previous study examined the accuracy of using WGS 

to predict antimicrobial resistance genotypes compared to observed phenotypes (111). In that 

study, 17 different antimicrobials were examined in 49 S. Typhimurium isolates. It was reported 

that all S. Typhimurium isolates had complete concordance between antimicrobial phenotypes 

and predicted genotypes. Therefore, this study provides further evidence that WGS may be used 

for determining the presence or absence of resistance in an isolate. However, it should be noted 

that automated prediction of resistance genes is entirely dependant on a comprehensive database 

that contains both acquired and non-acquired resistance genes. Additionally, another limitation is 

that novel resistance genes cannot be detected.  

It has been hypothesized that the elevated levels of resistance to extended-spectrum 

cephalosporins, including to cefoxitin, in S. Heidelberg isolated from Québec is due to the use of 

ceftiofur in broiler chicken hatcheries (59). In this study, examination of the antimicrobial 

resistance phenotypes and genotypes in all isolates of S. Heidelberg revealed that 100% of 

cefoxitin-resistant isolates were also resistant to ceftiofur. This occurrence has been 

demonstrated in previous studies (63,102), and supports the theory that ceftiofur use in the 

agricultural sector may be contributing to the development of resistance to cefoxitin.  



 

 
136 

The AmpC beta-lactamase CMY was originally intrinsically encoded on the chromosome 

of Aeromonas species and Citrobacter freundii, and over time this gene became plasmid-

mediated. The blaCMY-2 gene in particular is located on plasmids and mediates resistance to 

cefoxitin and ceftiofur (24). In this study, it was determined that resistance to cephalosporins 

occurred due to the carriage of a blaCMY-2 plasmid in all isolates except for two. In these two 

strains, a blaCMY-2 gene could not be detected on an autonomously replicating plasmid. Instead, it 

appeared that part of a plasmid containing blaCMY-2 had integrated into the chromosome. The 

region surrounding blaCMY-2 consisted of four open reading frames (ISEcp1–blaCMY-2–blc–sugE). 

The Blc protein is an outer membrane lipoprotein, while SugE confers resistance to quaternary 

ammonium compounds. In both isolates, no direct or inverted repeats were found flanking the 

insertion sites. Integration of blaCMY-2 plasmids has been reported previously in strains of E. coli 

and Salmonella. Two independent studies identified nine and ten E. coli isolates, respectively, 

containing a blaCMY-2 plasmid inserted into the chromosome (112,113). Another study identified 

three S. Typhimurium isolates with a plasmid integrated into the chromosome (114). In all three 

studies, no direct or inverted repeats flanking the insertion site were reported. Additionally, 

ISEcp1 was found directly upstream of blaCMY-2 (112–114). It has been speculated that ISEcp1 

upstream of blaCMY-2 is responsible for mediating integration of the plasmid into the chromosome 

(113). In this study, the two plasmids that integrated into the chromosome most closely 

resembled those belonging to ‘Group C’. It is therefore likely that these two strains underwent an 

insertion by a Group C plasmid. The process of plasmid integration seems disadvantageous to 

the organism as resistance genes that are located on the chromosome have a lower chance of 

disseminating to other isolates in comparison to those located on plasmids. Chromosomally-

located genes can only be passed on by vertical gene transfer to subsequent generations, whereas 
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those located on plasmids can spread horizontally to other serovars, species and even other 

bacterial genera (115). However, it is possible that integration of resistance genes into the 

chromosome allows for the bacterial cell to conserve, and consequently transfer, such genes in 

the absence of an antibiotic selective pressure. 

Previous studies have shown that blaCMY-2 plasmids from cefoxitin-resistant Salmonella 

were commonly of the IncI1 type (63,116). Indeed, in this study all blaCMY-2 plasmids were found 

to belong to IncI1. Restriction fragment length polymorphism analysis of a subset of IncI1 

plasmids revealed four groups, with two to four plasmids each, having 100% similarity. Three of 

these groups had plasmids isolated from human sources clustering with those from retail poultry 

sources. This observation suggests that blaCMY-2 plasmids, and consequently the resistance genes 

they encode, are mobilizing between S. Heidelberg found in different sources. This has been 

documented in previous studies examining CMY-2 plasmids from Salmonella isolated from 

human and food animals (61,102). Most interestingly, a plasmid isolated from a 2003 outbreak 

strain had 100% similarity to those isolated in 2012. The fact that this plasmid was found in 

strains of S. Heidelberg isolated almost ten years apart indicate that this plasmid may have been 

circulating in S. Heidelberg for over a decade. 

Sequence typing of the IncI1 plasmids revealed that the majority of plasmids belonged to 

ST12. This sequence type is commonly observed amongst plasmids of this replicon type 

(116,117). The four isolates with different sequence types did not differ from ST12 significantly, 

and had a maximum variance of two alleles with one and nine nucleotides. ST25 and ST66 

differed from ST12 by only one allele and, consequently, all three sequence types are considered 

to belong to the same clonal complex (CC-12) (116,118). Overall, sequence typing revealed 

limited variability amongst the IncI1 blaCMY-2 plasmids.  
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Examination of plasmids using WGS was able to provide better insights into the genetic 

relationships between these plasmids. Comparison of blaCMY-2 plasmids against previously 

characterized plasmids revealed homology to the S. Kentucky pCVM29188_101 plasmid, and 

alignment of this plasmid to the IncI1 blaCMY-2 plasmids identified 10 unique subtypes. Seven of 

the plasmids were isolated from individual strains typed as ST12 and four other sequence types. 

The remaining three plasmids (Groups A, B and C) were found in multiple isolates of human, 

abattoir poultry and retail poultry origin. The fact that similar blaCMY-2 plasmids were found in 

different sources suggests that similar cefoxitin-resistant plasmids are disseminating in S. 

Heidelberg isolates in variable genetic backgrounds. Additionally, isolation of similar plasmids 

from S. Heidelberg and S. Kentucky suggest that these plasmids may be moving between 

different serovars.  

Comparison of pRFLP with WGS plasmid sequences revealed that isolates in a group 

that clustered together with 100% similarity by pRFLP were concordant with the plasmid groups 

assigned by sequence assembly. Notably, the 2003 outbreak plasmid (03-2780) was placed into 

the same group (Group C) as those from 2012, including the two plasmids (12-7092 and N13-

01290) that clustered with the outbreak plasmid with 100% by pRFLP analysis. This finding, 

now confirmed by genome sequencing, highlights the possibility that this plasmid has been 

circulating for over a decade.  

When compared to S. Kentucky pCVM29188_101, the 10 plasmid subtypes all lacked 

different genes except for one region that was not present in any of the plasmids. This region 

corresponded to IS66 which is a unique transposase composed of three ORFs, and has been 

found in various plasmids including Agrobacterium tumefaciens pTi, E. coli pEK204 and E. coli 

pEAF (119–121). The remaining genes that were missing in comparison to pCVM29188_101 
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were involved in a variety of non-essential processes including toxin-antitoxin stability systems, 

plasmid partitioning, production of colicins, and resistance to quaternary ammonium compounds. 

7.3 Examination of Virulence Factors 

All S. Heidelberg isolates were screened for over 2,000 virulence genes that are curated 

in the Virulence Factor Database for Salmonella. Virulence genes were defined as those that aid 

an organism to colonize a host, replicate and cause inflammation, tissue damage and 

consequently disease (86). Adhesion is an essential first step in colonizing a host, and in this 

study all isolates harboured genes involved in adhesion, including those encoding fimbriae and 

curli. In Salmonella, T3SS are prominent and are responsible for invading the intestinal epithelial 

cells (SPI-1), and causing systemic infection (SPI-2) (122). All isolates in this study harboured 

five operons each for SPI-1 and SPI-2. All isolates also contained a regulatory system (PhoPQ) 

and a superoxide dismutase (SodCI) that are both involved in systemic disease (123). It is 

possible that even though these genes were present, they were not functional in all strains. The 

majority of isolates were missing stfA and SeAg_B4893 genes, which are both involved in 

adherence by fimbriae. These genes have occasionally been found in other Salmonella serovars, 

including S. Typhimurium and S. Agona (124,125).  

All genes identified in an isolate were examined in the context of its host and source type, 

year of isolation and antimicrobial resistance phenotypes to determine if certain virulence genes 

were present in a specific attribute. However, there was no association observed between these 

factors and the virulence genes present in each strain. The lack of segregation of virulence genes 

according to source may suggest that the virulence genes found in a strain were not exclusive for 

causing an infection in one type of host or another. Instead, these genes may be involved in 
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infecting multiple types of hosts. Indeed, this correlates with the observations made in this study 

regarding the prevalence of S. Heidelberg isolates having identical core genomes from human, 

abattoir poultry and retail poultry sources, and the fact that blaCMY-2 plasmids are potentially 

disseminating between S. Heidelberg isolated from the different sources.  
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8. CONCLUSION 

Salmonella Heidelberg consistently ranks among the top serovars found in Canada. The 

emergence of resistance to extended-spectrum cephalosporins in this serovar is believed to be 

correlated to the use of ceftiofur in food-producing animals, particularly in ovo or 2 day old 

chicks. S. Heidelberg isolated from abattoir poultry and retail poultry resistant to cephalosporins 

may transfer to humans upon contact or consumption. Consequently, understanding the 

relationships between cephalosporin-resistant S. Heidelberg isolated from these different sources 

may help to re-evaluate the use of antimicrobials in the agricultural sector and therefore reduce 

the potential consequences on human health. 

In this study, cefoxitin-resistant and -susceptible S. Heidelberg from human, abattoir 

poultry, retail poultry from a specific spatial-temporal region in Canada were examined. WGS is 

rapidly gaining recognition as the costs required to sequence a genome are decreasing, while the 

amount of information obtained is increasing. Here, WGS was able to provide significantly 

higher discriminatory power when detecting clusters and relatedness of S. Heidelberg from these 

different sources in comparison to PFGE. Where PFGE clustered over half the isolates as 

identical, hqSNV analysis was able to parse out several small clusters of isolates of human and 

retail chicken isolates with identical core genomes. Additionally, examination of IncI1 blaCMY-2 

plasmids isolated from S. Heidelberg identified similar plasmids in strains from human, abattoir 

poultry and retail poultry origins. These observations strongly suggest that S. Heidelberg is 

disseminating between different reservoirs, and that similar blaCMY-2 plasmids may be moving 

between S. Heidelberg with different genetic backgrounds.  
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