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ABSTRACT 

FREQUENCY AND CHARACTERIZATION OF EXTENDED-SPECTRUM 
CEPHALOSPORIN- AND GENTAMICIN-RESISTANT ENTEROBACTERALES FROM 

CANADIAN TURKEYS AND DISTRIBUTION OF ASSOCIATED RESISTANCE 
DETERMINANTS

 

Jonathan Moffat 

University of Guelph, 2019

 

Advisor(s): 

Patrick Boerlin 

Frequency of gentamicin- and extended-spectrum cephalosporin (ESC)-resistant 

Enterobacterales in turkey fecal samples following enrichment or direct plating, and 

from diagnostic isolates, were determined. Gentamicin- and ESC-resistant 

Enterobacteriales were recovered from 100% and 81% of farms sampled using 

selective enrichments, respectively. Seventy-one percent of ESC resistant E. coli were 

blaCMY-2-positive. Whole genome sequencing of blaCTX-M isolates showed multiple 

variants of this gene present in a diversity of Achtman sequence types, with blaCTX-M-1 

and blaCTX-M-55 being the most common. The most frequent gentamicin resistance gene 

was aac(3)-VI and was often found in isolates with genes encoding resistance to 

sulphonamides and tetracyclines, which are antimicrobials commonly used in the 

treatment of turkey diseases. ESC- and gentamicin-resistant strains are widespread and 

are often multi-drug resistant, but make up the minority of the E. coli population. 

Therefore, careful selection of substitute antimicrobials or alternatives to antimicrobials 

are needed to avoid spread of these resistant strains. 
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Chapter 1 Literature review 

1.1 Introduction 

Antimicrobials have helped to define the modern age of medicine. The ability to 

prevent and treat disease is of immense benefit to both human and animal health 

(Guidos et al., 2011). Surgery, organ transplants, and treating the critically ill are just 

some of the medical practices that rely on the use of antimicrobials. However, use of 

antimicrobials has led to increasing levels of antimicrobial resistance (AMR), which in 

turn results in harder to treat infections (McEwen and Fedorka‐Cray, 2002; World Health 

Organization, 2017a). The largest consumption of antimicrobials worldwide is in the 

feed of food producing animals (Sarmah et al., 2006). There has therefore been a focus 

on research aimed at the development and spread of AMR in farm animals. Despite this 

ongoing research, there is a lack of information on antimicrobial-resistant bacteria from 

turkeys even though turkeys are Canada’s fourth largest meat commodity (Canadian 

Turkey Marketing Agency, 2005).  

With the limited development of new antimicrobials, the spread of AMR is of 

growing concern (Shlaes and Moellering Jr., 2002; Clark, 2014). Of particular worry is 

the use of, and subsequent development of resistance to critically important 

antimicrobials such as extended-spectrum cephalosporins (ESC) and gentamicin (World 

Health Organization, 2017b). Resistance to these antimicrobials in Enterobacterales 

from Canadian production animals has been well documented (Chalmers et al., 2017; 

Zhang, 2017; Government of Canada, 2018; Cormier et al., 2019a; Verrette et al., 

2019). This review will give further insight into ESC- and gentamicin-resistance in 

Enterobacterales from Canadian turkeys by examining the use of antimicrobials, the 

agents of disease, and their mechanism of resistance here. 

There is a high diversity of bacteria present in the gut of poultry and the majority 

of these are non-pathogenic (Wilkinson et al., 2017). Additionally, it has been suggested 

that some bacteria may have a beneficial impact on turkey health (Danzeisen et al., 

2013). For example, commensal gut bacteria are already well-established in the gut 

environment and thereby make it difficult for pathogenic bacterium to colonize the host. 

This creates an interesting dynamic because the normal gut biota can be viewed as 
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beneficial and protective, but it can also act as a reservoir for resistance genes. 

Resistance genes in commensal bacteria can be shared with invading bacterial 

pathogens (Poppe et al., 2005; Salyers and Shoemaker, 2006; Diarrassouba et al., 

2007). Transfer of resistance genes can potentially render new infecting bacteria more 

difficult to treat once it does become established. This is an important concept when it 

comes to understanding the dynamic of how resistance genes are spread between 

bacteria in different species of animals. Opportunistic bacterial pathogens are part of the 

normal gut flora, but when the host immune system becomes compromised or when 

introduced into a different environment such as the respiratory tract, they seize the 

opportunity to multiply and then act as invading pathogens. Escherichia coli is an 

example of an opportunistic pathogen that is ubiquitous in the intestines of animals and 

normally does not cause harm. However, when the host’s immune system is 

compromised, some types of E. coli can take advantage and multiply to levels that are 

harmful to the host. This is a common event when the animal becomes stressed, as 

turkeys do during transportation (Verbrugghe et al., 2012; Huff et al., 2013). Therefore, 

a careful balance must be struck between preventing or curing a disease, minimizing 

the impact on commensal bacteria, and preventing increasing selective pressure for the 

dissemination of antimicrobial-resistant bacteria. 

As a follow up to his study in 2001, van den Bogaard (2002) suggested that 

transmission of resistant enterococci from poultry to humans commonly occurs. This 

agrees with most of the studies looked at in a recent meta-analysis of 45 studies, 

including van den Bogaard (2001), on E. coli from 1940-2016 that showed conflicting 

findings on the transfer of resistance from animal to human E. coli and vice versa (Muloi 

et al., 2018). Another study suggested that farm animals, including cattle, pigs, and 

chickens, are a reservoir for E. coli found in humans (Cooke et al., 1971).Another study 

done using isolates collected from retail chicken and humans in 2008-2009 also found a 

significant overlap in the genetics of the E. coli from the two sources (Kluytmans et al., 

2012). Given the similar biology of chickens and turkeys it is possible that turkeys could 

also be a reservoir for E. coli found in humans. This means that it is biologically 

plausible that the development of AMR in bacteria from turkeys can influence human 
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health. However, there are contradictory studies that show that human and poultry 

resistant isolates belong to different pools of E. coli (Smith, 1969; Johnson et al., 2012). 

When isolates from; the feces of healthy turkeys and broilers, lesions from colibacillosis, 

rectal swabs of healthy humans, and samples from humans with bacterial infections in 

the United States limited overlap was seen between any of the study groups suggesting 

that neither bacteria or their plasmids were being shared (Johnson et al., 2012).  

Historically, antimicrobials were frequently given to animals at sub-therapeutic 

levels in feed as growth promoters, but with AMR becoming a larger issue regulatory 

changes were made and this practice has almost entirely ceased (Guidos et al., 2011; 

Government of Canada, 2018a). Using antimicrobials as growth promoters placed a 

selective pressure to increase the spread of resistance over a prolonged duration. 

Although using antimicrobials for growth promotion in turkeys was only done in 4% of 

turkey flocks in Canada in 2016 (Government of Canada, 2018a), 87% of flocks 

received an antimicrobial via their feed for the purpose of disease prevention 

(Government of Canada, 2018a). The antimicrobials used for disease prevention are 

also likely to contribute to the establishment of antimicrobial-resistant strains in the 

treated animals.  

The Veterinary Drugs Directorate of Canada (VDD) divides antimicrobials into 

four categories based on importance to human medicine: Category I includes the 

antimicrobials of very high importance (ESCs, fluoroquinolones, carbapenems etc.), 

Category II are of high importance (aminoglycosides, cephamycins, etc.) Category III 

are of medium importance (sulphonamides, tetracyclines etc.) and Category IV are of 

low importance (Government of Canada, 2009).There is now a push in the poultry 

industry, including the turkey sector, to eliminate the preventative use of antimicrobials 

classified as medically important to humans. This includes the industry’s ban on the 

preventative use of Category I antimicrobials in 2014 (Turkey Farmers of Canada, 

2019a), which eliminated the use of ceftiofur (Government of Canada, 2018a). The 

turkey industry also aimed to eliminate the preventative use of Category II, 

antimicrobials by the end of 2018 (Government of Canada, 2018a; Turkey Farmers of 
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Canada, 2019a), a strategy which has been largely successful (Agunos, personal 

communication).  

Cross contamination of turkeys at slaughter is another contributor to the spread 

of resistant bacteria between turkeys and leading to direct transmission to the human 

population (van den Bogaard et al., 2001, 2002). Contamination of turkey meat at 

slaughter allows for a wider spread of potentially resistant bacteria and thus increases 

the likelihood of transmission to humans through food. Antimicrobial-resistant bacteria 

are commonly present in retail turkey meat (Cook et al., 2009). Of the Campylobacter 

spp., Salmonella enterica, and E. coli, which were isolated from fresh retail turkey meat 

in samples collected from grocery stories in southern Ontario during 2003 and 2004, 

81%, 49%, and 71% respectively were resistant to one or more antimicrobials. This high 

prevalence of resistance in bacteria found in turkey meat is a potential source of 

exposure for humans to acquire infections involving resistant bacteria. Another means 

of resistant bacteria spreading from turkeys to humans is by direct transfer as observed 

in farmers who work with poultry where farmers are at increased risk of transmission of 

resistant bacteria from the poultry compared to the rest of the human population 

(Dahms et al., 2015; Huijbers et al., 2016; Franceschini et al., 2019). Furthermore, 

turkeys may have a higher prevalence of resistant bacteria than either broilers or egg 

laying hens (van den Bogaard et al., 2001; Agunos 2019). A slightly higher proportion of 

E. coli isolated from turkeys in British Columbia were resistant to gentamicin than 

isolates from broilers (Agunos et al., 2019). Similarly, a slightly larger proportion of the 

turkey isolates were resistant to two or more classes of antimicrobials. 

1.2 Turkey industry and antimicrobial usage 

The poultry industry has a significant impact on the Canadian economy. In 2011 

poultry meat sales totalled $2.6 billion out of Canada’s $1.79 trillion GDP, with 160 

tonnes being turkey meat of the total 1.2 million tonnes of poultry meat (Poultry and Egg 

Statistics, 2012; The World Bank Group, 2019). The majority of turkey and chicken 

production occurs in Ontario, Québec, and British Columbia. It is therefore 

understandable that diseases of poultry have a significant impact on the economy. The 

three most frequently diagnosed pathogens of turkeys are Avian Pathogenic E. coli 
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(APEC), Staphylococcus aureus, and Ornithobacterium rhinotracheale (Agunos et al., 

2013). In the poultry industry, antimicrobials are used for the prevention and treatment 

of bacterial infections such as colibacillosis caused by APEC. This has created concern 

because the lack of new antimicrobials as well as the spread of antimicrobial-resistant 

bacteria have been identified as one of the most important issues for turkey health 

(Clark, 2014, Turkey Farmers of Canada, 2019). 

There are three routes by which antimicrobials are administered to poultry: water, 

injection, and feed. Water accounts for a very small proportion of antimicrobials used in 

flocks and is generally for disease treatment rather than prevention (Government of 

Canada, 2018a). Injection also accounts for a very small proportion of antimicrobials 

given to turkeys but is important for disease prevention. The majority of antimicrobial 

use (AMU) in turkeys is via feed, accounting for >97% of antimicrobials used, measured 

as mg/PCU (population correction units). Two of the antimicrobials most commonly 

used in turkey feed are virginiamycin and bacitracin, at 12 and 37 mg/PCU, respectively 

(Government of Canada, 2018a). These antimicrobials are used to prevent infection by 

Gram-positive bacteria such as Clostridium perfringens. Gentamicin is not frequently 

used in the treatment of disease of turkeys; however, it is the most commonly used 

antimicrobial to prevent Gram-negative neonatal infections (Agunos, personal 

communication). Gentamicin was used in the poults from 81% of Canadian flocks in 

2016 (Government of Canada, 2018a). Extended-spectrum cephalosporins were not 

reported as used in any significant quantity in 2016, as the poultry industry ended the 

preventive use of ceftiofur in 2014. Systematic collection of AMU data was not done for 

turkeys prior to 2016. Ceftiofur was previously used in the same manner as gentamicin 

to prevent Gram-negative bacterial infections in poults. 

The VDD approves the sale of antimicrobials in animals and provides oversight 

and regulations to limit inappropriate use of antimicrobials (Grignon-Boutet et al., 2008). 

Additionally, provincial ministries of agriculture regulate antimicrobial distribution and 

use (Government of Canada, 2002). The need for stricter control of AMU has been 

recognized: hence, as of December 1st, 2018, all medically important antimicrobials 

must be sold by prescription (Government of Canada, 2017). This includes Category I 
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antimicrobials and Category II antimicrobials. These new policies place stronger 

regulations and increased oversight of AMU in veterinary practice. In addition to the 

voluntary ban on preventative use of Category I and II antimicrobials, the Turkey 

Farmers of Canada has implemented a mandatory On Farm Food Safety Program, part 

of which aims to ensure the responsible use of antimicrobials and the implementation of 

biosecurity to limit the spread of bacteria (Turkey Farmers of Canada, 2019b). This is 

consistent with many current opinions promoting good stewardship practices for AMU 

(Chandy et al., 2014; Prescott and Boerlin, 2016; Makri et al., 2018). 

1.3 The Enterobacterales 

The order Enterobacterales belongs to the class Gammaproteobacteria and is 

characterized as Gram-negative, motile, rod-shaped bacteria that are usually oxidase 

negative and catalase positive (Adeolu et al., 2016). The majority of Enterobacterales 

do not cause disease in poultry; however, many do colonize the intestines of poultry and 

exist as commensal organisms (Martin et al., 2007). The two main species that cause 

disease in turkeys are E. coli and S. enterica subsp. enterica (Martin et al., 2007; 

Agunos et al., 2013). Other notable members of the Enterobacterales commonly found 

in poultry are the genera Klebsiella, Enterobacter, and Proteus, all of which are known 

to cause disease in humans. These other genera cause disease less frequently than 

either E. coli or S. enterica (Clark, 2014), and will not be the focus of further discussion; 

however, these species are also found as commensals in the poultry gut (Poppe et al., 

2005; Salyers and Shoemaker, 2006; Diarrassouba et al., 2007), as such they can act 

as potential reservoirs for AMR genes. 

1.3.1 Escherichia coli  

Escherichia coli are commensal bacteria in most animal species including 

turkeys. A small proportion are pathogenic and are divided into different pathotypes 

such as APEC, Enterotoxigenic E. coli (ETEC), Enterohemorrhagic E. coli (EHEC), and 

Uropathogenic E. coli (UPEC). Avian pathogenic E. coli can cause colibacillosis, a 

systemic infection in turkeys or other poultry (Agunos et al., 2013) characterized by 

septicemia and sudden death (Dziva and Stevens, 2008). In addition to septicemia, 



7 

 

 

colibacillosis can present as inflammatory diseases such as perihepatitis, airsacculitis, 

and pericarditis. 

The genome of E. coli can be highly variable depending on the isolate, with up to 

a ~20% variation in genome size (4.5 to 5.5 Mb), possibly based on the acquisition or 

loss of mobile genetic elements (MGEs), which allow different strains to be highly 

adapted to diverse environmental niches (de Muinck et al., 2013). Additionally, 

conjugation allows E. coli to share their virulence and resistance genes with each other 

and other compatible bacterial species, which plays a substantial role in their capacity to 

adapt and become pathogenic. 

Escherichia coli can possess many virulence factors, though only a few have 

been associated with APEC (Vandekerchove et al., 2005; Al-Kandari and Woodward, 

2019; Azam et al., 2019; Gao et al., 2019). Janssen et al. (2001) studied 150 APEC 

from poultry and found seven different virulence factors that were strongly associated 

with APEC. In descending order of prevalence, they were fimC, iucD, tsh, fyuA, irp2, 

papC, and astA. These virulence genes were separated into groups based on function. 

The genes fimC and papC are both used in the biogenesis of fimbriae required for 

bacterial adhesion to host cells (Babai et al., 1997; Pourbakhsh et al., 1997). The genes 

iucD, fyuA, and irp2 all encode for iron acquisition proteins, known to be an essential 

component of virulence (Dho and Lafont, 1984; Stathopoulos et al., 1999; Gophna et 

al., 2001). The gene astA encodes for enteroaggregative stable toxin with similarity to 

heat-stable toxin from ETEC (Yamamoto and Echeverria, 1996) and tsh encodes for an 

autotransporter (Dozois et al., 2000).Specifically, fimC was detected in 92.7% of 

isolates, which is to be expected, as fimC is essential for type 1 fimbriae, which are 

produced by most E. coli. Type 1 fimbriae are required for APEC strains to bind to avian 

tracheal cells (Pourbakhsh et al., 1997). The next most common virulence factor was 

iucD (88.7%), which is used for iron acquisition and which was closely associated with 

the next most prevalent virulence gene, tsh. The correlation between these two 

mechanisms emphasizes the role of iron acquisition in APEC. The array of potential 

virulence genes commonly found in APEC highlights E. coli’s ability to adapt to a 
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specific host. It is likely this adaptability allows E. coli to be the most significant source 

of bacterial disease in poultry. 

1.3.2 Salmonella spp.  

The genus of Salmonella is divided into two species, bongori and enterica. 

Salmonella bongori mainly infects reptiles and will not be addressed further here. 

Salmonella enterica subsp. enterica is a concern for human and animal health, and is 

divided into over 2550 serovars (Grimont and Weill, 2007). Despite this diversity, most 

human and animal diseases are caused by a small subset of serovars. The majority of 

Salmonella serovars cause subclinical infections in poultry; however, there are two 

serovars that cause disease, S. Gallinarum and S. Pullorum (Cheraghchi et al., 2014). 

These serovars have been eradicated in Canada since 1982 (“Fact Sheet - Pullorum 

Disease and Fowl Typhoid,” 2012). Serovars found in turkeys that are more likely to 

cause disease in humans are Enteritidis, Heidelberg, Newport, and Typhimurium. 

Salmonella Newport can cause septicemia in humans, and it has been shown that 

multidrug resistant S. Newport and S. Heidelberg are more likely to cause septicemic 

salmonellosis than their non-resistant counterparts (Poppe et al., 2005; Gupta et al. 

2003). Additionally, resistance genes can be shared between bacterial strains (Poppe et 

al., 2005; Knudsen et al., 2018). Sharing between bacterial strains allows for 

commensal bacteria, present in turkeys, that might cause disease in humans, such as 

the Salmonella Heidelberg, to acquire resistance (Antunes et al., 2016) and go on to 

cause infection in humans by either direct or indirect transmission. This means that the 

sharing of a single plasmid can have substantial medical implications (Schaufler et al., 

2016; Ranjan et al., 2018).  

1.4 Antimicrobials  

1.4.1 Cephalosporin/cephamycin 

 Cephalosporins are structurally and functionally similar to other β-lactams such 

as penicillin. The β-lactam ring formed by the nitrogen and carbon atoms 6-8 irreversibly 

binds to penicillin binding protein in the bacterial cell wall. This inhibits the crosslinking 

of peptidoglycan, which weakens the cell wall and leads to cell death. The R groups in 
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the general structure can be modified to change the antimicrobial’s spectrum of activity 

and stability (Prescott, 2013a). 

 Cephalosporins can be divided into five generations with each generation 

bringing new characteristics to the antimicrobials. The first generation was developed as 

a means to overcome staphylococcal β-lactamases, but they were still susceptible to 

most other β-lactamases. Each subsequent generation improved the stability or target 

range. A key second generation cephalosporin is cefoxitin, which is uniquely stable 

against chromosomal β-lactamases such as AmpC. Cefoxitin is a cephamycin, which 

can be distinguished from cephalosporins by the addition of a methyl group. 

Cephamycins are derived from Streptomyces species, as opposed to cephalosporins 

that are derived from Cephalosporium acremonium (Prescott, 2013a). The third and 

fourth generation of cephalosporins are considered to be the ESCs and are labeled as 

critically important to human medicine by the WHO (World Health Organization, 2017b). 

Key third generation cephalosporins are cefotaxime, ceftazidime, ceftiofur, and 

ceftriaxone, and have increased activity against Gram-negative bacteria compared to 

earlier generations. This increased activity against Gram-negative bacteria does come 

at the cost of decreased activity against Gram-positive bacteria (Prescott, 2013a). 

Fourth generation cephalosporins, such as cefepime or cefpirome, are highly efficacious 

against both Gram-positive and Gram-negative bacteria and also have the added 

benefit of being effective in any mode of administration. Recently there has been the 

addition of a fifth generation of cephalosporins, which were designed to treat methicillin-

resistant staphylococcus aureus (MRSA) infections by having a greater affinity for 

PBP2a found in MRSA (Duplessis and Crum-Cianflone, 2011). Despite the enhanced 

efficacy against MRSA, fifth generation cephalosporins are still susceptible to being 

hydrolyzed by ESBL or AmpC type enzymes. The two drugs currently in this generation 

are ceftaroline and ceftobiprole. 

There are three mechanisms of resistance that bacterial species have evolved to 

become resistant to cephalosporins: decreased membrane permeability and drug efflux, 

modification of penicillin binding proteins, and enzymatic inhibition of cephalosporins by 

β-lactamases. Of these mechanisms, the β-lactamases are the most significant 
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because they are the most often transmissible. β-lactamases will be explored further in 

the next section of this review. 

1.4.2 Carbapenems 

 Carbapenems are another class of β-lactams, which are structurally highly similar 

to cephalosporins. In carbapenems, the sulfur molecule in the 5-member ring is 

replaced with a -CH2-. Carbapenems are classified as critically important by the WHO, 

World Organisation for Animal Health and as a Category 1 antimicrobial by the VDD 

(Government of Canada, 2009; World Organisation for Animal Health, 2015; World 

Health Organization, 2017b). Carbapenems have one of the widest spectrums of activity 

of all antimicrobials and are highly efficacious against both Gram-positive and Gram-

negative bacteria (Prescott, 2013b). A major advantage that carbapenems have over 

cephalosporins is that they are not affected by many of the most prevalent β-lactamases 

(Prescott, 2013b). Due to their high efficacy against almost all bacteria, carbapenems 

have been labeled as last resort drugs in human medicine. 

1.4.3 Gentamicin 

Originally discovered in Micromonospora purpurea, gentamicin is a bactericidal 

aminoglycoside that is mainly active against aerobic Gram-negative bacteria such as 

the Enterobacterales (Dowling, 2013). Like the other aminoglycosides, gentamicin acts 

on the 30S ribosomal subunit. Binding of gentamicin to the 30S ribosomal subunit 

causes misreading mRNA thus disrupting protein synthesis. Without the ability to 

synthesize new proteins, the cell membrane loses integrity allowing more gentamicin 

into the cell and eventually leading to cell death. One of the major features of 

aminoglycosides is that they must be taken up by the bacterial cell, which is an oxygen-

dependent process (Dowling, 2013). This means that aminoglycosides are mainly 

effective against aerobic bacteria. Aminoglycosides are more effective when their use is 

combined with another antimicrobial that disrupts the bacterial cell membrane such as a 

cephalosporin. There are several mechanisms of resistance to gentamicin; however, the 

most medically significant are the acetyltransferases and adenylyltransferases. 

Acetyltransferases and adenylyltransferases can modify an aminoglycoside, preventing 
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it from successfully binding to the 30S subunit. Aminoglycoside modifying enzymes will 

be described later in this review. 

1.5 Antimicrobial resistance  

1.5.1 General 

Mobile genetic elements are important for the adaptation of bacteria to new or 

changing environments and can often be differentiated from the core genome based on 

a difference in the cytosine plus guanine content or the presence of mobile elements 

flanking the region such as insertion sequences. Here we will specifically focus on 

Enterobacterales. 

Mobile resistance to 3rd and 4th generation cephalosporins is of particular 

concern in turkeys. The WHO labels ceftiofur as a critically important antimicrobial 

(World Health Organization, 2017b). Formerly used in Canada for the prevention of 

colibacillosis by injection into day old poults similar to the chicken industry with use in 

ovo and day old chicks, ceftiofur use was banned for preventive use in poultry by the 

Canadian poultry industries in 2014 (Government of Canada, 2018a; Turkey Farmers of 

Canada, 2019a). Broiler chickens have received more intensive study and will be used 

as a surrogate for turkeys here given the relative lack of turkey specific data. Despite 

the chicken and turkey industry’s ban on preventative ESC use, and overall decline in 

the population level prevalence of ESC-resistance in chickens, bacteria resistant to 

these antimicrobials persist in the population (Chalmers et al., 2017; Government of 

Canada, 2018a; Verrette et al., 2019). Farm surveillance from British Columbia 

suggests that resistance to ESCs in E. coli has followed ceftiofur use in both turkeys 

and broilers (Agunos et al., 2019). Resistance to ceftriaxone dropped from nine percent 

in E. coli isolated from pooled fecal samples in 2014 to one percent in 2017. 

Conversely, resistance to gentamicin increased from 12% to 27% in the same years, 

likely due to the increase of gentamicin use. In the same period, there was also a 

decrease (35% to 21%) in the percentage of E. coli from turkeys that were susceptible 

to all antimicrobials tested. Resistance in E. coli from broilers followed a similar trend as 

those from turkeys with the exception to the decrease in proportion of isolates that were 

fully susceptible. The ban on preventative ceftiofur use in Québec took place at the 
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same time as in British Columbia and it was found that in hatcheries that ceased using 

ceftiofur there was a significant decrease in the proportion of E. coli that were resistant 

to ESCs in chickens using non-enriched media in the year following the ban (Verrette et 

al., 2019). This contrasted with the findings using enrichment for ESC-resistant E. coli, 

which found ESC-resistant E. coli in 99% samples tested positive suggesting that while 

the population level resistance decreased, ESC-resistant E. coli remained widespread. 

It is therefore plausible that the proportion of ESC-resistant E. coli in turkeys across 

Canada also declined given the observations in British Columbia and comparable 

raising and biology with broilers. 

 Poppe et al. (2005) looked at the ability of ESC susceptible Salmonella to 

acquire resistance from E. coli in the turkey poult intestinal tract. By day 10 of the study, 

~25% of the S. Newport recovered had acquired the blaCMY-2 gene from an E. coli 

previously isolated from chicken meat. This experiment was done without selective 

pressure, suggesting that resistance to ESCs can be spread by plasmids carrying the 

blaCMY-2 gene, even after their use in chickens and turkeys has been banned.  

1.5.2 Mechanisms of acquiring resistance 

There are three mechanisms by which DNA can be transferred from one 

bacterium to another: conjugation, transformation, and transduction. Conjugation is the 

transfer of plasmids usually via type IV-like secretion system pili in Gram-negative 

bacteria. Transduction is the transfer of DNA by phages. Finally, transformation is the 

picking-up of DNA from the environment. Plasmids usually do not have genes that carry 

out critical functions for the cell, instead they generally have elements that provide a 

selective advantage only under specific circumstances, such as virulence genes or 

resistance genes. Without either selective pressure for the genes on the plasmid or an 

addiction system, eventually the plasmid will be lost. Co-location of resistance genes on 

the same plasmid is therefore an important factor in the maintenance of some 

resistance genes as this can provide a selective pressure for the plasmid even if there is 

not a selective pressure for a specific resistance. Use of a single antimicrobial for which 

a plasmid encodes resistance is enough to maintain all the resistances on that plasmid. 

For example blaCMY-2 encodes resistance to ESCs and the most common blaCMY-2 
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plasmids in Enterobacterales circulating in Canada are IncA/C, IncI1, and IncFIA-FIB 

(Hopkins et al., 2006; Mulvey et al., 2009; Andrysiak et al., 2009;). The blaCMY-2-IncA/C 

plasmids often carry multiple resistance genes, usually for tetracycline, sulfonamides, 

and chloramphenicol (Martin et al., 2012). It has been suggested that ESC resistance, 

encoded by blaCMY-2, and chloramphenicol resistance, encoded by floR, might be co-

selected following the use of florfenicol in the treatment of animals (Martin et al., 2012). 

In addition to the transfer of resistance, bacteria can acquire resistance by 

mutation. Bacteria with a greater than normal error rate in DNA replication, due to a 

mutation in the proofreading machinery, can be considered mutators. These are more 

prone to acquire mutations and though the majority of mutations are not advantageous 

these strains will still be more likely to develop a beneficial mutation than non-mutators 

(Boerlin and Reid-Smith, 2008). Baquero et al. (2005) found that there is a higher 

prevalence of mutators in clinical E. coli isolates with ESBL resistance genes than non-

ESBL clinical E. coli. The mutant selection window (MSW) is defined as the 

concentration of antimicrobials at which the vast majority of the target bacteria are killed 

or inhibited but through random mutations, a select few still survive (Baquero et al., 

2005). This can be contrasted with the mutant prevention concentration (MPC), which is 

the concentration at which all bacteria are killed or inhibited when testing 1010 bacterial 

cells in vitro. This can be tied into the concept of antimicrobial stewardship where it 

would be prudent to treat bacteria with doses that will meet or exceed the MPC despite 

the cost of using more of the antimicrobial. This is not always attainable as in some 

cases the MSW is very large and the MPC is too high to be reached in vivo (Boerlin and 

Reid-Smith, 2008). 

1.5.3 β-Lactamases 

To date, to our knowledge, there have been no studies looking at the distribution 

of resistance genes in bacteria from Canadian turkeys and so the discussion in this and 

the following section will focus on the presence of relevant genes worldwide and in 

other Canadian production animals. 

There are many genes that encode for β-lactamases; however, ampC, blaCTX-M, 

blaCMY, blaTEM, and blaSHV have historically been the most widespread in Canadian 
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poultry and will be the focus here (Chalmers et al. 2017; Verrette et al., 2019; Cormier 

et al., 2019a). These genes can be separated into two families; the AmpC type that 

contains both chromosomal ampC genes such as the one found on the chromosome of 

E. coli and blaCMY, and the ESBLs, which contain the blaCTX-M, blaSHV, and blaTEM genes. 

These groups can be differentiated based on whether or not they confer resistance to 

ESCs in the presence of inhibitors such as clavulanic acid. ESBL-producing bacteria are 

resistant to 3rd and 4th generation cephalosporins but not the cephamycins or 

carbapenems, nor are they resistant to β-lactamase inhibitors such as clavulanic acid. 

AmpC-producing bacteria are resistant to cephamycins and to β-lactamase inhibitors. 

1.5.3.1 AmpC 

The ampC gene is found on the chromosome of E. coli and normally does not 

cause significant resistance to β-lactams because of its low level of expression. 

However, the overexpression of ampC from mutations in the promoter region is known 

to grant bacteria resistance to ESCs even with the addition of β-lactamase inhibitors 

(Caroff et al., 2000; Siu et al., 2003). AmpC was first described in E. coli in 1940 

(Abraham and Chain, 1988). Hyper-producing AmpC mutants account about 5% of 

ESC-resistant isolates, (Bergström and Normark, 1979; Olsson et al., 1982; Tracz et al., 

2007; Tan et al., 2008).There are many genes that are ampC-like but are plasmid-

mediated such as the blaCMY, blaDHA, and blaMIR genes. Of these ampC-like genes, 

blaCMY is the most widespread (Allen and Poppe, 2002; Tan et al., 2008; Zhao et al., 

2008).  

1.5.3.2 CMY 

There are over 150 variants of CMY; however, there are a few variants that are 

significantly more common than others. The most commonly found variant of blaCMY is 

blaCMY-2. In some cases, blaCMY-2 has accounted for over 98% of E. coli with AmpC β-

lactamases (Denisuik et al., 2013). Additionally, blaCMY-2 is well documented in bacteria 

from several animal species in Canada, including chickens, dogs, and swine (Cormier et 

al., 2019b; Allen and Poppe, 2002; Martin et al., 2012; Chalmers et al., 2017; Zhang et 

al., 2018). Escherichia coli with blaCMY-2 is not limited to bacteria from animals; this gene 
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has been found in E. coli from patients in Canadian intensive care units (Baudry et al., 

2009).  

1.5.3.3 CTX-M 

CTX-M type enzymes are found in cephalosporin-resistant bacteria around the 

world (Peirano and Pitout, 2010). CTX-M type β-lactamases have predominantly been 

found in Enterobacterales (D’Andrea et al., 2013). The blaCTX-M resistance gene was 

first described in Munich, Germany in 1990 and has since spread across the globe 

(Bauernfeind et al., 1996; Rogers et al., 2011). Today there are at least 229 CTX-M 

variants (Suzuki et al., 2019). CTX-M can be divided into seven clusters based on a 

phylogenetic comparison of the amino acid sequences (Zhao and Hu, 2013). Though 

blaCTX-M has only been detected in farm animals in Canada within the last 10 years, 

these β-lactamases seem to be present in several different species of farm animal 

(Zhang et al., 2018; Cormier et al., 2019a).  

CTX-M is widespread worldwide and is the most commonly found ESBL (Bonnet, 

2004). Most CTX-M variants encode resistance to ceftriaxone and cefotaxime but have 

a lesser impact on ceftazidime (Zhao and Hu, 2013); ceftazidime is a bulkier molecule 

than most other 3rd generation cephalosporins and does not fit as well into the binding 

pocket of CTX-M (Delmas et al., 2006). There are at least 19 exceptions to the low 

impact on ceftazadime including CTX-M-15, which is the most dominant variant of CTX-

M in E.coli from humans in Canada, accounting for 86.5% blaCTX-M containing E. coli 

from Canadian medical centers (Peirano and Pitout, 2010). In contrast, blaCTX-M-1 is the 

most frequently identified variant in isolates from Canadian animals (Cormier et al., 

2019a). In addition to blaCTX-M-1, blaCTX-M-14 was frequently the variant found in isolates 

from swine, blaCTX-M-15 was frequently the variant found in isolates from beef cattle and 

dogs, blaCTX-M-55 and blaCTX-M-65 in isolates from beef cattle (Cormier et al., 2019b). In 

chickens and horses, blaCTX-M-1 accounted for the vast majority of ESBLs identified 

(Cormier et al., 2019b). 

1.5.3.4 TEM 

Another gene that can encode resistance to ESCs is blaTEM. When TEM was first 

discovered in Greece from a patient named Temoneira, hence the name, it only 
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conferred resistance to penicillin and 1st generation cephalosporins (Datta and 

Kontomichalou, 1965; Knothe et al., 1983). Since then, more variants have been 

discovered which do fit the ESBL profile. While the most prevalent variant, blaTEM-1, 

does not produce an ESBL phenotype, blaTEM-24, blaTEM-47, blaTEM-52, blaTEM-92, and 

blaTEM-184 are examples of the most common variants that do confer resistance to ESCs 

(González Mesa et al., 2007; Oduro-Mensah et al., 2016; Piccirilli et al., 2018). While 

present in Canadian farm animals, blaTEM has not been identified as a significant 

contributor to ESC resistance, as the variants identified are rarely those that confer and 

ESBL phenotype (Zhang, 2017; Cormier et al., 2019b). 

1.5.3.5 SHV 

Similar to blaTEM, blaSHV is another gene of which only some variants are ESBLs. 

Though there is some variation between different animal species in Canada, blaSHV has 

not been detected frequently in E. coli from food animals but this requires further 

confirmation (Martin et al., 2012; Chalmers et al., 2017). The low frequency of blaSHV 

identified might be biased as a selective enrichment protocol was used to detect 

resistant bacteria and may have selected against blaSHV with a low minimum inhibitory 

concentration. It has been suggested that the selective pressure of different 

antimicrobial treatments commonly used might cause the different resistance profiles 

across animal species (Martin et al., 2012). A study by Chalmers et al. (2017) found that 

0.2% of ceftiofur-resistant E. coli from chickens had the blaSHV gene. In contrast with 

what is seen in Canada in humans and animals, the variant blaSHV-12 is commonly found 

in Enterobacterales from human isolates around the world and accounts for up to 20% 

of ESC-resistant Enterobacterales phenotypes (Perilli et al., 2011; Margulieux et al., 

2018). 

1.5.4 Carbapenemases 

Carbapenemases are another class of β-lactamases that grant high levels of 

resistance to carbapenems, cephalosporins, and penicillins (Rubin and Pitout, 

2014).The most epidemiologically relevant carbapenemases are separated into three 

groups, Ambler class A enzymes, class B metallo-β-lactamases, and class D OXA-type 

carbapenemases (Tzouvelekis et al., 2012). The most prevalent carbapenemase genes 
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are blaNDM, blaVIM, both metallo-β-lactamases, and blaKPC, class A. Spread of these 

resistance genes, blaKPC, blaNDM, and blaVIM, in Enterobacterales, poses a significant 

problem in hospitals leading to infections that are very challenging to treat (Grundmann 

et al., 2010; Ben-David et al., 2012). Most carbapenems were first reported in Europe, 

but have since spread globally. In contrast with this, KPC enzymes were first reported in 

the United states in 2001 and were not detected in other countries until 2005, when they 

were found in France (Yigit et al., 2001; Naas et al., 2005). This gene has now been 

detected all over the world (Virginia Villegas et al., 2006; Leavitt et al., 2007; Cai et al., 

2008; Brink et al., 2012; Leung et al., 2012; Matajese et al., 2019).  

The first Enterobacterales to be identified with blaVIM was in a Klebsiella 

pneumoniae from Greece in and has since become endemic in several European 

countries (Giakkoupi et al., 2003; Luzzaro et al., 2004; Tórtola et al., 2005; Kassis-

Chikhani et al., 2006). Similar to blaKPC, blaVIM has only rarely been reported in human 

isolates from Canada (Pitout et al., 2007; Mataseje et al., 2012). The blaNDM gene was 

first described in India from Klebsiella pneumoniae (Yong et al., 2009). At the time of its 

first identification, it was noted that the patient from whom the Klebsiella was identified 

also had a strain of E. coli in his feces that was NDM-1-positive, suggesting conjugation 

in vivo. Despite its relatively recent emergence, blaNDM-1 has been found in 

Enterobacterales in humans worldwide (Kumarasamy et al., 2010; Bogaerts et al., 2011; 

Gaibani et al., 2011; Solé et al., 2011; Tijet et al., 2011). 

The dominant member of the class D carbapenemases is OXA-48, and was first 

discovered in a K. pneumoniae in Istanbul, Turkey (Poirel et al., 2004). Up until recently, 

the spread of blaOXA had been fairly limited mainly being encountered in Turkey and 

northern Africa with sporadic outbreaks in other European countries (Potron et al., 

2013); however, it has since spread more widely (Boral et al., 2019; Mahon et al., 2019; 

Messaoudi et al., 2019). Hospital surveillance has demonstrated that there have been a 

limited number of cases of blaOXA-48 isolates in Canada identifying this as an emerging 

carbapenem resistance gene(Mataseje et al., 2018). 

Due to international travel and the absence of the same biosecurity measures 

seen on food animal farms, the spread of bacterial resistances is often first seen in 
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humans before spreading into animal populations. No carbapenem resistant isolates 

have been reported in any Canadian production animals. 

1.5.5 Gentamicin Resistance 

There are three types of enzymes encoding for gentamicin resistance based on 

enzymatic inactivation, acetyltransferases, adenylyltransferase, and 

phosphotransferases. A study from Europe from the 1980s suggests that 

acetyltransferases are the predominant family of plasmid-mediated resistance genes 

encoding for gentamicin resistance (Kettner and Krćméry, 1988). This agrees with a 

more recent Canadian study that looked at gentamicin resistance in broiler chickens 

which identified aadB, aac(3)-IV, and aac(3)-VI as the three most prevalent genes 

providing resistance (Chalmers et al., 2017). Of these three genes, aac(3)-IV and 

aac(3)-VI both encode for acetyltransferases and aadB encodes for an 

adenylyltransferase. There are few studies looking at gentamicin resistance in Canadian 

turkeys and these have only assessed phenotypic resistance without examining the 

determinants of resistance (Cook et al., 2009; Boulianne et al., 2016). A study from 

Alberta in 2013 compared the phenotypic resistance patterns in S. Heidelberg isolates 

from poultry, and found no significant difference between the prevalence of resistance in 

broiler chickens and any group of turkeys (St. Amand et al., 2013). As there have been 

no studies looking at the genetic determinants of gentamicin resistance in Canadian 

turkeys, data from Canadian chickens will be described. Gentamicin resistance 

determinants in turkeys from the United States are not well documented either despite 

the larger population. Furthermore, in some parts of Canada chickens and turkeys used 

to be raised in the same barn (Boulianne et al., 2016). Due to the longer grow out period 

of turkeys, when chickens were shipped for slaughter, the dividers separating the two 

poultry species were removed to allow the turkeys more space. This is no longer the 

case but it would have allowed for sharing of resistant isolates and may have 

contributed to the establishment of similar bacterial populations in each animal species. 

Based on previous gentamicin resistance prevalence studies in Canadian food animals, 

only acetyltransferases and adenylyltransferases will be considered further (Chalmers 

et al., 2017; Government of Canada, 2018a). 
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1.5.5.1 Acetyltransferases  

N-acetyltransferases disrupt the activity of gentamicin by adding an acetyl group 

to an amino residue of gentamicin (Shaw et al., 1993). The addition of the acetyl group 

to gentamicin inactivates its antimicrobial properties by preventing the binding of 

gentamicin to the 30S ribosomal subunit. The most prevalent acetyltransferase genes in 

Canadian chickens, aac(3)-IV and aac(3)-VI, both encode for enzymes that acetylate 

the amino group attached to the carbon 3 atom. The aac(3)-VI and aac(3)-IV genes 

were detected at a prevalence of 57.3% and 0.5%, respectively in colibacillosis cases 

from Canadian broiler chickens (Chalmers et al., 2017). In humans from Canada aac(3)-

I and aac(3)-II have also been detected in both E. coli and Salmonella isolates (Mulvey, 

personal communication). 

1.5.5.2 Adenylyltransferase 

 The only reported adenylyltransferase gene with gentamicin resistance in 

Canada chickens is ant(2”)-I (Chalmers et al., 2017), also named aadB (Shaw et al. 

1993). The enzyme for aadB acts by adding adenosine monophosphate to gentamicin 

at the hydroxyl group at the C2” (Shaw et al., 1993). This gene was detected at a 

prevalence of 1.5% in colibacillosis cases from Québec broiler chickens (Chalmers et 

al., 2017).  

1.6 Thesis proposal overview  

The objective of this Master’s research was to assess the prevalence of ESCs 

and gentamicin resistance in Enterobacterales from Canadian turkeys, with a particular 

focus on E. coli. The hypothesis was that strains resistant to either ESCs, gentamicin, or 

both antimicrobials would be widespread in turkeys. The basis of widespread ESC- and 

gentamicin-resistant strains came from the annual CIPARS reports on AMU in turkeys 

(Canadian Integrated Program for Antimicrobial Resistance Surveillance Collaborative, 

2018) and a study conducted in Québec broiler chickens that are raised in a 

comparable fashion to turkeys that found a high frequency of gentamicin-resistant 

strains (Chalmers et al., 2017).Ceftiofur was used frequently in turkeys to prevent 

Gram-negative bacterial infections in poults, which would have selected for bacterial 

strains with resistance to ESCs. In 2014, ceftiofur was voluntarily banned from 
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preventative use and was replaced by gentamicin. From 2014 to 2018, gentamicin was 

used in the majority of poults, which would have created a selective pressure for 

gentamicin resistant strains. It was predicted that blaCMY would be the most frequent 

ESC-resistance determinant as this has consistently been seen in other Canadian food 

animals. It seemed probable that blaCTX-M-1 would be the most frequent blaCTX-M variant 

based on the spread of this variant by HGT and its dominance over other variants in 

blaCTX-M-positive isolates from chickens (Cormier, personal communication). The gene 

aac(3)-VI was predicted to be present in the majority of gentamicin-resistant isolates 

based on observations made in chickens (Chalmers et al., 2017).  

These hypotheses were tested by taking four different approaches. The first 

approach was a selective enrichment of turkey fecal samples for ESC-resistant isolates. 

Aliquots of pooled fecal samples routinely collected by CIPARS from turkey barns in 

Ontario, Quebec, and British Columbia were enriched for ESC-resistant 

Enterobacterales using Enterobacteriaceae Enrichment broth supplemented with 2 

mg/L of ceftriaxone. The choice of ceftriaxone for use in the enrichment broth was 

based on a study conducted by Aarestrup et al. (2010) where it was suggested that 

ceftriaxone provided the clearest separation of ampicillin-resistant isolates from ESBL-

producing isolates based on microbroth dilutions. Ceftriaxone was also the optimal ESC 

at differentiating hyper-producing ampC E. coli from ESBL-producing E. coli. This 

selective enrichment protocol for amplifying ESC resistant bacteria has been used 

before in studies involving other animal species (Zhang, 2017). Our enrichment protocol 

allowed us to amplify the resistant isolates when present in each fecal sample even if 

they were at a low concentration. There is however, some bias using this enrichment 

protocol because the concentration of ceftriaxone needed to select against susceptible 

isolates also selects against isolates with a low MIC, such as those with blaSHV-2 or 

blaSHV-2a. This protocol gave us the frequency of fecal samples with bacteria resistant to 

these antimicrobials in turkeys.  

In a similar manner to the ESC selective enrichment, the second approach was 

using another aliquot of each pooled fecal sample and enriching it for gentamicin-

resistant E. coli using E. coli Enrichment broth supplemented with gentamicin. As there 
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is no established protocol for gentamicin selective enrichment, the use of different 

concentrations of gentamicin in the enrichment broth was evaluated to determine bias. 

Multivariable logistic regression was used to determine if there was a significant 

difference between the prevalence of genotypes at different gentamicin concentrations. 

The results of the multivariable logistic regression were used to select a concentration 

that would be least likely to bias the distribution of genes detected. All isolates from both 

selective enrichments were tested for resistance using the Clinical and Laboratory 

Standards Institute (CLSI) disc diffusion method. Isolates from the ESC selective 

enrichment protocol were tested for resistance to ceftazidime, cefotaxime, cefotaxime 

plus clavulanic acid, cefoxitin, ertapenem, gentamicin, and spectinomycin. Isolates from 

the gentamicin selective enrichment were tested for resistance to spectinomycin, 

gentamicin, ceftazidime, cefotaxime, and cefotaxime plus clavulanic acid. All 

gentamicin- and/or ESC-resistant isolates detected were also genotyped using PCR to 

understand the diversity of resistance genes in bacteria from turkeys. For PCR the ESC 

resistance genes blaCTX-M, blaCMY, blaTEM, and blaSHV were selected as targets based on 

their high prevalence observed in prior studies. For gentamicin resistance genes aadB, 

aac(3)-II, aac(3)-IV, and aac(3)-VI were selected as targets for detection by PCR. All 

isolates recovered from the ESC enrichment were tested for all the genes above. The 

isolates recovered from the gentamicin enrichments were tested for the gentamicin 

resistance genes and only tested for blaCTX-M, blaCMY, blaTEM, and blaSHV if they 

demonstrated increased resistance to ESCs based on the results of the disk diffusion 

test. 

The third approach was to examine the frequency of resistant isolates from 

diagnostic isolates. The frequency of resistance from the selective enrichment studies 

was compared to E. coli isolates from suspected colibacillosis cases provided by the 

Animal Health Laboratory. These diagnostic isolates were also tested using disc 

diffusion and PCR in the same manner as those from the first two approaches.  

The fourth approach was to test the ESC- and gentamicin-resistant E. coli and 

Salmonella isolated by CIPARS (by broth dilution) from the same aliquots of pooled 

fecal samples but without any selective enrichment. These isolates were tested by disk 



22 

 

 

diffusion for consistent reporting on phenotypic resistance and genotyped by PCR. This 

served as a general baseline for comparison with the isolates from the other 

approaches. 

Characterization of plasmids was carried out on a subset of isolates based on the 

results from the selective enrichments. Isolates with blaCTX-M were the focus of plasmid 

characterization and one blaCTX-M isolate per farm was examined by short and long read 

sequencing. Nineteen blaCMY isolates were selected using a random number generator 

then further characterized by transformation of the blaCMY plasmid into a susceptible 

recipient followed by Inc typing by PCR and phenotypic resistance detection by 

microbroth dilution. 

  



23 

 

 

2 Chapter 2 Frequency and distribution of extended-

spectrum cephalosporin-resistant Enterobacterales from 

Canadian turkeys 

2.1 Abstract 

The goal of this study was to determine the frequency of resistance to extended-

spectrum cephalosporins (ESCs) and characterize the associated resistance 

determinants in Enterobacterales from turkeys in Canada. 

Fecal samples were collected from 77 farms across British Columbia, Québec, 

and Ontario. Isolates were obtained with and without selective enrichment cultures and 

compared to isolates from diagnostic submissions of suspected colibacillosis cases. 

Isolates were identified using MALDI-TOF and susceptibility to ESCs was assessed by 

disk diffusion. The presence of blaCMY, blaCTX-M, blaTEM, and blaSHV was tested by PCR. 

Transformation experiments were used to characterize blaCMY plasmids. Genome 

sequencing was performed on a representative sample of blaCTX-M isolates. 

Five hundred-seventy of 610 Enterobacterales isolates from selective enrichment 

cultures (67% of the samples were positive) were E. coli, with only a few other 

Enterobacterales species identified. The frequency of ESC resistance was low in 

isolates from diagnostic submission (5%) and fecal samples without selective 

enrichment (1%). Seventy-one per cent, 18%, 14%, and 8% of ESC-resistant 

Enterobacterales from the selective enrichment were positive for blaCMY, blaTEM, blaCTX-M, 

and blaSHV, respectively. IncI1 was the main incompatibility group for blaCMY plasmids. 

Sequencing revealed the presence of blaCTX-M-1, blaCTX-M-15, blaCTX-M-55, and blaCTX-M-65. 

Although few Enterobacterales from turkeys are resistant to ESCs, they can be 

found at low concentrations in approximately two thirds of turkey fecal samples. Our 

results suggest that a diversity of blaCTX-M persist in Enterobacterales from turkeys, 

despite discontinuation of ESC use. Co-selection of blaCTX-M from multidrug resistance 

plasmids may be contributing to the persistence of blaCTX-M and could contribute to 

preferential selection over blaCMY. 
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2.2 Introduction 

Bacteria of the order Enterobacterales are commonly isolated from the gut of 

healthy turkeys. The main turkey pathogen of this group, Escherichia coli, is also 

regularly isolated from diagnostic submission of colibacillosis cases (Agunos et al., 

2013). These commensal and pathogenic bacteria represent a potential reservoir of 

antimicrobial resistance (AMR) genes (Lalak et al., 2016), and antimicrobials which are 

frequently used in turkey farming for the treatment and prevention of bacterial infection 

(Agunos et al., 2013) contribute to its maintenance. The Veterinary Drugs Directorate of 

Health Canada groups antimicrobials into four categories based on importance to 

human medicine with Category I, including ESCs, being very high importance and 

Category IV being low importance (Government of Canada, 2009).  The World Health 

Organization (WHO) and the World Organization for Animal Health (OIE) define 

extended-spectrum cephalosporins (ESCs) as critically important antimicrobial agents 

(World Organisation for Animal Health, 2015; World Health Organization, 2017b). One 

member of this class, ceftiofur, was used routinely for the prevention of colibacillosis in 

turkeys until 2014, when it was voluntarily withdrawn by the turkey industry in 

accordance with the goal of the elimination of preventative use of Category I 

antimicrobials (Turkey Farmers of Canada, 2019a). The most recent antimicrobial-use 

data for Canadian turkeys from 2016 suggests that 81% of day-old turkey poults were 

injected with gentamicin for the prevention of colibacillosis (CIPARS, 2018) as a 

replacement for ceftiofur use. This has changed in the years since (Agunos, personal 

communication), to reflect the turkey industry’s attempt to eliminate the preventative use 

of Category II antimicrobials by the end of 2018 (Turkey Farmers of Canada, 2019a). As 

of December 1st, 2018, the Veterinary Drugs Directorate of Health Canada changed the 

policies concerning medically important antimicrobials so that they can only be sold by 

veterinary prescriptions (Government of Canada, 2018b). This puts a greater 

responsibility on veterinarians to prescribe antimicrobials with minimal impacts on 

human medicine and is expected to further limit the use of important antimicrobials. 

Even though ESCs were always sold by prescription less use of other antimicrobials will 

potentially limit the possibility for co-selecting isolates with ESC resistance. The industry 
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action coupled with the government policy change reflect an increased emphasis on 

stewardship to ensure antimicrobials are used responsibly. 

The major ESC resistance mechanisms involve the production of extended 

spectrum β-lactamases (ESBL) and AmpC β-lactamases. In Canada, CMY-2, a typically 

plasmid-mediated AmpC β-lactamase, was first detected in Salmonella enterica from 

farm animals in 1995 (Allen and Poppe, 2002). The CMY, SHV, and TEM β-lactamases 

made up most of the ESC resistance in Canadian farm animals until the emergence of 

CTX-M enzymes (Martin et al., 2012; Pouget et al., 2013). In 2008, Canadian chickens 

and swine were sampled for Salmonella enterica and blaCTX-M was not detected in any 

isolate (Sjölund-Karlsson et al., 2013). Turkeys were not routinely sampled at this time. 

The blaCTX-M-15 gene was first detected in human clinical isolates in Canada in 2004 

(Mulvey et al., 2004). Although uncommon, blaCTX-M has since spread amongst bacteria 

from farm animals including beef, chicken, and swine (; Chalmers et al., 2017; Zhang et 

al., 2018; Cormier et al., 2019a, Vounba et al., 2019; Verrette et al., 2019). 

Many of the plasmids carrying ESC resistance genes have been characterized to 

further understand the dissemination of resistance genes throughout Canada and the 

rest of the world. The ESBL variants blaSHV-2 and blaSHV-2a have historically been found 

in Canadian food animals in E. coli and Salmonella (Pouget et al., 2013). CMY-2 is the 

dominant CMY variant in North America and blaCMY-2 has been detected on a variety of 

plasmids from E. coli of farm animals originating in Canada, including FIB, I1, A/C, K, 

K/B, and B/O (Martin et al., 2012; Chalmers et al., 2017; Vounba et al. 2019). Few 

blaCTX-M plasmids from bacteria of animal origin in Canada have been characterized to 

date, but those from chickens have all encoded the CTX-M-1 variant and belonged to 

the IncI1 group (Chalmers et al., 2017; Vounba et al., 2019; Cormier et al., 2019a).  

In contrast with other major food animal species, and despite the economic 

importance of turkey production (Poultry and Egg Statistics, 2012; The World Bank 

Group, 2019), little research has been done to identify the genetic determinants of ESC 

resistance in bacteria from turkeys in general or in Canada in particular. Therefore, this 

study aimed to fill this gap and investigated ESC resistance in Enterobacterales from 

Canadian turkey feces and in E. coli from diagnostic submissions. Extended spectrum 
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cephalosporin resistance determinants and associated plasmids were further 

characterized in detail for a subset of isolates.  

2.3 Materials and Methods 

2.3.1 Fecal sample and bacterial isolate collection 

Pooled fecal samples were collected by the Canadian Integrated Program for 

Antimicrobial Resistance Surveillance (CIPARS) between May 2016 and June 2017 

from 77 sentinel farms in the Canadian provinces of Ontario, Québec, and British 

Columbia (CIPARS, 2018). Four 25 g samples were collected per farm, one from each 

quadrant of a barn. Each sample was diluted 1:10 in Buffered Peptone Water (Becton, 

Dickinson, and Company, Cockeysville, MD, USA) and frozen at -70°C with equal 

amounts of Brucella Broth (Becton, Dickinson, and Company) containing 15% glycerol 

until further use. Cultures with selective media were performed as described earlier 

(Cormier et al., 2019a). Briefly, the equivalent of 90 mg of feces were diluted to a final 

dilution of 1:200 in Enterobacteriaceae enrichment broth (Becton, Dickinson, and 

Company) supplemented with 2 mg/L of cefotaxime. These selective enrichment 

cultures were incubated overnight at 37°C with shaking. Ten μl of these cultures were 

streaked on MacConkey agar plates (Becton, Dickinson, and Company) supplemented 

with 1 mg/L ceftriaxone and incubated overnight at 37°C. Three isolates were 

systematically selected per plate: any non-mucoid, lactose-fermenting colonies were 

selected first followed by any mucoid, lactose-fermenting colonies, if present. Non 

lactose-fermenting isolates were the tertiary priority for sampling other types of colonies. 

Any indicator E. coli isolates obtained by CIPARS without selective agents from 

the same pooled fecal samples with reduced susceptibility to ceftriaxone MIC > 1 µg/ml) 

or cefoxitin (MIC > 8 µg/ml) by broth microdilution were also included in the following 

characterization (CIPARS, 2018). 

All E. coli isolates from turkey colibacillosis cases and Salmonella isolates from 

turkey diagnostic submissions at the Animal Health Laboratory of the University of 

Guelph between October 2015 and April 2017 were included in this study and 

processed in the same manner as isolates from fecal selective enrichment cultures. 
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2.3.2 Isolate identification and antimicrobial susceptibility testing 

Isolates from selective enrichment cultures were screened using oxidase strips 

(Sigma-Aldrich) and catalase tests (in-house reagent). Oxidase-negative and catalase-

positive isolates were identified to the species level using MALDI-TOF MS (Bruker 

Daltonik GmbH, Bremen, Germany) before further characterization. 

Isolates were tested for susceptibility to ceftazidime, cefoxitin, cefotaxime, 

cefotaxime plus clavulanic acid (CTX/CV), ertapenem, and gentamicin, using the disk 

diffusion method following the Clinical and Laboratory Standards Institute’s performance 

standards (CLSI, 2015; CLSI, 2017). Spectinomycin susceptibility was also tested by 

disk diffusion. Only isolates with inhibition zone diameters below the resistance 

breakpoint were included as resistant. Isolates that presented as intermediate or 

susceptible were counted as not resistant for consistency with CIPARS reporting 

(CIPARS, 2018). Cefoxitin, cefotaxime, CTX/CV, and ertapenem were included in the 

panel to provide an indication of the putative ESC resistance mechanism. The potential 

for co-resistance to antimicrobials frequently used in turkeys (CIPARS, 2016) was 

assessed by including gentamicin and spectinomycin.  

2.3.3 PCR screening for ESC resistance genes 

All isolates were screened for the genes blaCMY, blaCTX-M, blaSHV and blaTEM using 

single and multiplex PCR as previously described (Kozak et al., 2009; Cottell et al., 

2013). Additionally, all isolates were screened for the aminoglycoside resistance genes; 

aadA, aadB, aac(3)-II, aac(3)-IV, aac(3)-VI as previously described (Kozak et al., 2009; 

Chalmers et al., 2017). Lysates were prepared by boiling half a loop of bacteria in 1 ml 

of PCR grade water for 15 minutes. Lysates were centrifuged and the supernatants 

were used as PCR templates. Mock templates were made with each batch of lysates 

and run alongside lysates as negative controls in PCRs. Isolates known to have each 

gene of interest were used as positive controls in each PCR. Sanger sequencing at the 

University of Guelph Laboratory Services was used to determine the gene variants in 

isolates where either blaSHV or blaTEM was the only putative ESC resistance gene 

detected (see Table 2.1). 
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2.3.4 Transformation and characterization of CMY plasmids 

One blaCMY-positive isolate from an ESC selective enrichment from each of 

eighteen randomly selected farms was selected by random number generation for 

further characterization by Sanger sequencing of the blaCMY gene. Transformation of the 

CMY plasmid of these isolates was performed using a plasmid mini kit (QIAGEN) and 

ElectroMAX DH10 B competent cells (Thermo Fisher Scientific, Invitrogen, Carlsbad, 

CA) according to manufacturer’s instructions. Transformants were selected on LB agar 

(Becton, Dickinson, and Company) supplemented with 1 mg/L of ceftriaxone. Their 

plasmids were prepared using the plasmid mini-kit, then run on gel electrophoresis to 

confirm transfer of a single plasmid. Co-resistances on the CMY plasmids were tested 

using CIPARS’s Sensititre panel for the antimicrobials amoxicillin/clavulanic acid, 

ampicillin, azithromycin, cefoxitin, ceftriaxone, chloramphenicol, ciprofloxacin, 

gentamicin, meropenem, nalidixic acid, streptomycin, sulfisoxazole, tetracycline, and 

trimethoprim/sulphamethoxazole. Replicon types of the CMY plasmids were determined 

by PCR as previously described (Carattoli et al., 2005). 

2.3.5 DNA preparation, genome sequencing and analysis 

One blaCTX-M-positive isolate per farm was selected using a random number 

generator for further analysis using Illumina MiSeq at the National Microbiology 

Laboratory - Winnipeg. EpiCentre MasterPure DNA Purification Kits (EpiCentre Bio-

technologies, Madison, WI, USA) following the manufacturer instructions were used for 

DNA preparation.  

Sequence assembly was performed using the WGS application for BioNumerics 

v7.6 (AppliedMaths, Austin, TX, USA) together with the SPAdes algorithm, and 

assembly-free and assembly-based allele calling. Escherichia coli isolates were 

assigned a multi-locus sequence type using the cgMLST application for BioNumerics 

and the BioNumerics Escherichia coli/Shigella Enterobase scheme. Klebsiella 

pneumoniae sequence types were assigned using the PasteurMLST website 

(http://bigsdb.pasteur.fr/perl/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef_public). 

AMR genes were identified using the E. coli functional genotyping plugin for 

https://www.sciencedirect.com/science/article/pii/S0378113516304837?via%3Dihub#bib0030
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BioNumerics which uses ResFinder (https://cge.cbs.dtu.dk/services/ResFinder/) from 

the Center for Genomic Epidemiology, DTU. 

Long read sequencing of isolates was performed using Nanopore technologies 

on all blaCTX-M-positive isolates also sequenced using short reads. DNA purification was 

carried out as described above for Illumina sequencing. Library and barcoding 

preparation was done using 1D2 Sequencing Kit (Oxford Nanopore Technologies 

Limited, Oxford, UK) according to manufacturer instructions. Sequencing reactions were 

run on the MinION (Oxford Nanopore Technologies Limited). Hybrid assembly of short 

and long reads was done using Unicycler v.0.4.2 (Wick et al., 2017). Canu was used to 

crosscheck all assemblies where the CTX-M plasmid was not closed (Koren et al., 

2017). Any blaCTX-M bearing plasmid found in more than one isolate was aligned using 

the BioNumerics Mauve plugin and annotated in BioNumerics using the ResFinder 

database. 

2.3.6 Conjugation 

The transfer of the blaCTX-M-65 gene was further studied in a conjugation experiment 

following a previously established protocol (Antibiotics in Laboratory Medicine, p. 487) 

carried out on LB agar (Becton, Dickinson, and Company) and in LB broth at both 37°C 

and room temperature overnight. The blaCTX-M-65-positive isolates, 98.1 (this study) and 

FC-471 (A. C. Cormier et al., n.d.) were used as donor strains. The nalidixic acid-

resistant strain 711-nal (Gyles et al., 1974) was used as a recipient. Transconjugants 

were selected on LB agar containing 50 mg/L nalidixic acid and 4mg/L ceftriaxone. 

Isolate PA3, which is tetracycline-resistant via plasmid, was used as a positive control. 

Transconjugants of PA3 were selected for on LB agar containing 50 mg/L nalidixic and 

16 mg/L tetracycline. 

2.4 Results 

2.4.1 Species identification and distribution of resistance  

Three hundred and eight fecal samples from 77 farms were enriched for ESC-

resistant Enterobacterales, and one or more ESC-resistant isolate was obtained from 

207 samples (67%) (63 farms). Of 610 Enterobacterales isolates, 570 were E. coli, 25 

Klebsiella pneumoniae, 8 Proteus mirabilis, and 7 Enterobacter cloacae (see Table 2.2). 
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Approximately half were also resistant to gentamicin (n = 302). Three isolates (one K. 

pneumoniae, one E. cloacae, and one P. mirabilis) had intermediate resistance to 

ertapenem but their inhibition zone diameters were close to the break point. PCR for the 

most frequently found carbapenemase genes (Mataseje et al., 2012) were all negative. 

The distribution of targeted AMR genes in all Enterobacterales isolated is shown in 

Table 2.3. In contrast with E. coli, blaCMY was not commonly found in K. pneumoniae. 

However, blaCTX-M was found in eight of 25 isolates (6 samples, 4 farms). None of the 

gentamicin-resistant K. pneumoniae had aac(3)-IV. Instead, they possessed either 

aac(3)-II or aac(3)-VI. Neither blaCTX-M nor blaSHV was detected in either E. cloacae or P. 

mirabilis and all isolates of these species presented with an AmpC β-lactamase 

phenotype. 

The blaCMY and blaSHV genes were detected in two and five of the ten indicator E. 

coli isolates from the CIPARS collection resistant to ESCs, respectively. Neither blaCTX-M 

nor blaTEM was detected among them. Only one ESC resistance gene was detected in 

each isolate. The three isolates with no ESC resistance gene detected had an AmpC β-

lactamase phenotype. None of the indicator isolates were characterized further. Six 

Salmonella enterica (three serovar Indiana, two serovar Agona, and one serovar 

Bredeney) of the 63 collected by CIPARS using generic sampling were resistant to 

ESCs. All were blaCMY-positive.  

Four percent (n= 6) of the 160 diagnostic E. coli were resistant to ESCs. The 

blaCMY, blaCTX-M, blaSHV, and blaTEM genes were detected in 3% (n= 5), <1% (n= 1), 0% 

(n= 0) and 20% (n= 31) of isolates respectively. One of 12 Salmonella isolates was 

resistant to ESCs and it had a blaCMY. Only the blaCTX-M E. coli was pursued further from 

the diagnostic isolates. 

2.4.2 blaCMY variants and plasmid characterization 

Sequencing showed that all 18 randomly selected blaCMY-positive isolates from 

selective enrichment cultures carried a blaCMY-2 variant. Replicon typing on the 

corresponding transformants showed that 13 had blaCMY-2 on an IncI1plasmid and the 

remaining five transformants had IncK plasmids. Susceptibility testing of the 

transformants showed that 15 of these plasmids (12 IncI1 and 3 IncK) did not encode 
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other resistances than those mediated by blaCMY-2, while one incI1 and two IncK 

plasmids additionally encoded resistance to gentamicin and sulfonamides. 

2.4.3 blaTEM and blaSHV variants 

For all isolates with an ESBL phenotype and only either a blaTEM or a blaSHV, 

these genes were sequenced. The blaTEM genes of two E. coli were sequenced and 

both were the non-ESBL variant blaTEM-1b. Four blaSHV-2 from four different farms and 

one blaSHV-2a were identified in E. coli, while two blaSHV-148 from two different farms were 

found in K. pneumoniae. 

2.4.4 Genome analysis of CTX-M-positive isolates  

One blaCTX-M isolate per farm was sequenced using both short and long read 

sequencing techniques. The blaCTX-M variant was identified, as was the plasmid on 

which it was detected, any co resistances, replicon type, strain sequence type, and size 

of plasmid (See table 2.4). cgMLST minimum spanning trees (MST) with 1000x 

bootstrapping were built using BioNumerics and show little clustering between isolates 

even between those with the same blaCTX-M variant (Figure 2.1). Plasmid alignments 

show a high similarity between plasmids with the same blaCTX-M variant and Inc type 

(Figures 2.2-2.4). The two IncFIA(HI1)/IncR-blaCTX-M-65 plasmids look highly similar 

based on their alignments (Figure 2.2). These plasmids have the same resistance 

genes present and only a single inversion to differentiate them. The two IncFIB(K) 

plasmids have some conserved regions but also dramatic differences with 

rearrangements and the plasmid from the 43.3 isolate has about 50 kbp that is not 

present in the other plasmid. The three IncFIB(AP001918))/IncFIC(FII)-blaCTX-M-55 

plasmids are also highly similar (Figure 2.3) however the plasmid from the154AHL 

isolate is missing a region with tet(A) and the plasmid from isolate 101.3 is missing a 

section shared by the other two plasmids that contains floR, aadA1, and sul3. The two 

IncFIA/IncFIB(AP001918)/IncFII-blaCTX-M-55 plasmids (Figure 2.4) have four segments 

that have been rearranged but they possess all the same resistance genes. Plasmid 

alignment and analysis of blaCTX-M-1 isolates are presented elsewhere (A. Cormier et al., 

n.d.).  
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2.4.5 Conjugation of blaCTX-M-65 isolates 

The plasmids carrying the blaCTX-M-65 gene could not be transferred by conjugation 

under any of the conditions tested, while the positive control was transferred at high 

frequency (data not shown). 

2.5 Discussion 

Different frequencies of ESC resistance were detected in the three sampling 

groups. The frequency of detecting an Enterobacterales isolate with resistance to ESCs 

in turkey fecal samples was expectedly higher with selective enrichment (67%) than 

without (1%). The contrast between these findings suggests that turkeys carry ESC-

resistant Enterobacterales, but at concentrations too low to be easily detected without 

selective enrichment. One major difference in the distribution of genes detected 

between the indicator and selective enrichment isolates is the frequency at which blaSHV 

was detected. Half of the ESC-resistant isolates from generic sampling had blaSHV 

compared to only 10% in the ESC-selective enrichment samples (p-value = 0.0007 with 

Fisher’s exact test). This is in agreement with a previous study in beef that had similar 

findings (Cormier et al., 2019b). Examination of the blaSHV only isolates revealed they all 

have zone diameters close but above the breakpoint for cefotaxime as is consistent with 

blaSHV-2 and blaSHV-2a. These two variants are the most frequently identified SHV 

variants in Canada (Pouget et al., 2013). It is likely that the ESC concentration in the 

enrichment broth or in the agar used for isolation selected against isolates with such 

low-level resistance. Comparison of detection of blaSHV using qPCR during enrichment 

and conventional PCR after plating of isolates suggests the bias is created by the 

concentration of cefotaxime in the plates (Cormier et al., 2019b).  

Although caution should be used when comparing data sets due to the different 

sampling methods and potential clustering, isolates from clinical submissions were 

slightly more frequently resistant to ESCs than indicator isolates. This difference in 

frequency could be explained by the spread of a virulent strain that has picked up an 

ESC resistance gene, by the higher selection pressure associated with repeated 

exposure to antimicrobial treatments, or by diagnostic bias associated with more 

frequent submission of cases not responding to initial empirical antimicrobial treatment. 
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ESC-resistant E. cloacae was rarely isolated and was found from only two different 

farms. This suggests that there is not a significant population of this species carrying 

ESC resistance genes in the turkey population. While the sampling strategy used did 

favour E. coli, E. cloacae would have still been recovered as the second or third 

morphology on the MacConkey plates if present, however, this was not frequently the 

case. Likewise, P. mirabilis was rarely isolated and these isolates only had blaCMY. 

Based on biology, and relatively similar raising and management practices, broiler 

chickens are comparatively the closest livestock species to turkeys. The diversity of 

ESC-resistant isolates is comparable with a similarly conducted study of Canadian 

broiler chickens where E. coli accounted for >99% of isolates identified from individual 

cecal samples (Zhang, 2017). A slightly higher diversity of species was detected in this 

study, with E. coli making up 93% of Enterobacterales identified. The higher species 

diversity observed in turkey could be attributed to fecal samples taken from turkeys 

compared to the cecal samples taken from the chickens or dissemination of ESC 

resistance genes between bacterial species in the years between the sample collections 

for each study. 

The frequency of ESC-resistant isolates was lower than expected based on 

comparisons with chicken, swine, or beef cattle (Zhang, 2017; Cormier et al., 2019a). A 

similarly conducted study in chickens (Zhang, 2017) found that 98% of chicken cecal 

samples had ESC-resistant isolates. It is possible that the difference in frequency of 

ESC-resistant isolates comes from the different sampling periods and duration since the 

cessation of ceftiofur use. It is also possible that the difference observed in these 

populations comes from a difference in the usage of ceftiofur before it was withdrawn 

from use. Unfortunately, data collection on antimicrobial usage in turkeys was not 

initiated until 2016, after the cessation of ceftiofur use, and thus these hypotheses 

cannot be tested further. The baseline frequency of ESC resistance established in this 

study will, however, allow for the assessment of changes in the frequency of ESC 

resistance going forward. 

Usage of antimicrobials other than ESCs may still be selecting for ESC resistance 

if their resistance genes are located on the same plasmid. While analysis of CMY 
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plasmids revealed few or no co resistances, the analysis of CTX-M plasmids from E. 

coli showed eight out of 17 encoded multidrug resistances. Additionally, ten of the 

blaCTX-M plasmids had a sul gene and 13 had a tet gene. These may be potential factors 

in the maintenance of blaCTX-M in the population, as tetracycline and sulfonamides are 

both still regularly used in turkeys (CIPARS, 2018). Likewise, eight of the 17 sequenced 

blaCTX-M isolates had a gentamicin resistance gene, which may have also contributed to 

the maintenance of this plasmid as gentamicin was still frequently injected into poults at 

the time of this study (Government of Canada, 2018a). All of the blaCTX-M-55 plasmids 

have the gentamicin resistance gene aac(3)-II which may help to explain the higher 

proportion of blaCTX-M-55 among all the blaCTX-M isolates compared to a previous study on 

chicken where gentamicin had not been used as extensively at the time of sampling 

(Zhang, 2017). The accumulation of resistance genes to other antimicrobials frequently 

used in turkeys suggests that even with the recent policy changes to limit the use of 

critically or highly important antimicrobials, resistance to these agents may persist in the 

turkey population due to co-selection. This has been shown in chickens where use of 

spectinomycin in combination with lincomycin increased the frequency of isolates with 

non-β-lactam resistances among ESC-resistant E. coli after the cessation of ceftiofur 

use (Verrette et al., 2019). As blaCMY is often found to be the only resistance gene on its 

plasmid, it is less likely to be selected for by use of other antimicrobials. Therefore, the 

findings of this study suggest a possible continuation in a shift in ESC resistance 

genotypes based on co-selection of CTX-M-producers rather than AmpC-producers. 

We observed two opposing behaviours between blaCTX-M variants with regards to 

their spread in bacteria among animals in Canada. The variants blaCTX-M-1 and blaCTX-M-

55 seem to be very actively transmitted by horizontal genetic transfer, whereas the other 

variants seem to be transmitted almost exclusively by clonal expansion. The blaCTX-M-1 

gene has been suggested to be easily transmissible through horizontal gene transfer 

based on finding it in a broad diversity of isolates (Cormier, personal communication). 

The results of our study provide more evidence for this possibility, as the blaCTX-M-1-

positive isolates were not tightly clustered by cgMLST. Based on the prevalence of 

blaCTX-M-1 and its pattern of emergence in Canadian chickens we expected it to be the 
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dominant variant of CTX-M found in turkeys as well. Instead, blaCTX-M-1 accounted for 

only 44% of blaCTX-M-positive isolates compared to 91% in chickens (Cormier et al., 

2019a). A relatively similar picture was seen with blaCTX-M-55 in turkey isolates for which 

three isolates were found in ST10, two in ST58, and one in ST227, with loose clustering 

within each ST. The three different Inc type markers seen in the blaCTX-M-55 isolates were 

each confined to a single Achtman sequence type, suggesting multiple occurrences of 

this blaCTX-M variant entering the turkey E. coli population. Whereas the 

IncFIA/IncFIB(AP001918)/IncFII plasmids differed only by size (2kb) the other CTX-M-

55 plasmids varied quite significantly based on size and genes present. The 

IncFIA(HI1)/IncR-blaCTX-M-65 plasmids were highly similar to each other, differing only in 

~500 bps and encoded multidrug resistance. The blaCTX-M-65 isolates from this study 

clustered loosely with isolates from beef cattle and the isolates from both sources were 

all ST683. No geographic or physical link could be established between the isolates, 

which originated from different provinces. In strong contrast with blaCTX-M-1, the 

appearance of a loose clonal expansion combined with failure to transfer the blaCTX-M-65 

bearing plasmid in isolates from either turkeys or cattle by conjugation suggests that 

blaCTX-M-65 entered this clone as a rare event and has remained confined to it since. The 

two E. coli isolates bearing blaCTX-M-15 were not from the same ST, which suggests the 

spread of this gene through HGT. There are diverse dynamics involved in the spread of 

the blaCTX-M variants and associated plasmids, blaCTX-M-1 being prone to dissemination 

through HGT, blaCTX-M-65 being probably disseminated through clonal expansion, and 

blaCTX-M-55 being disseminated through a combination of both HGT and clonal spread. 

Overall, this study establishes a baseline for the frequency of ESC-resistant 

Enterobacterales in turkey. Although appearing lower than in other Canadian farm 

animal species, the frequency of ESC-resistant bacteria recovered using selective 

methods was high in pooled fecal samples from turkeys two years after the cessation of 

ceftiofur use. The majority of turkey sentinel farms sampled were positive for ESC-

resistant bacteria, with E. coli being the most commonly isolated bacterial species. 

blaCMY-2 was shown to be the dominant resistance determinant, usually as the only AMR 

gene on its plasmid. It is unlikely that these blaCMY-positive strains will continue to be 
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selected, because of the lack of potential co-selection for the plasmids carrying the 

blaCMY gene and the cessation of ceftiofur use in Canadian turkeys. In contrast, blaCTX-M-

positive isolates were present in one quarter of the farms sampled but this gene was 

frequently carried by MDR-plasmids. Based on the spread of blaCTX-M and associated co 

resistances, careful consideration is required when selecting antimicrobials for use in 

turkeys to prevent further selection and maintenance of MDR bacteria and resistance to 

critically important antimicrobials. 
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2.8 Tables 

Table 2-1. PCR primers for detection and sequencing of AMR genes 

Gene Primer  Sequence Amplicon size  Reference 

blaTEM TEM-F TTCTTGAAGACGAAAGGGC 1150 Briñas et al., 2002 

 TEM-R ACGCTCAGTGGAACGAAAAC   

blaCMY CMYF GACAGCCTCTTTCTCCACA 1000 Kozak et al., 2009  

 CMYR TGGACACGAAGGCTACGTA   

blaSHV blaSHVextFC-OPT GGTTATTCTTATTTGTCGCTTCTT 913 Kozak et al., 2009 

 blaSHVextRC-OPT TACGTTACGCCACCTGGCTA   

 shvcolom-F AGGATTGACTGCCTTTTTG 393 Kozak et al., 2009 

 shvcolom-R ATTTGCTGATTTCGCTCG   

blaCTX-M CTX-M-F ATGTGCAGYACCAGTAA 512 Cottell et al., 2013 

 CTX-M-R CCGCTGCCGGTYTTATC   

aac(3)-II aacC2F ATATCGCGATGCATACGCGG 877 Aprin et al., 2003 

 aacC2R GACGGCCTCTAACCGGAAGG   

aac(3)-

IV 

aac4-L TGCTGGTCCACAGCTCCTTC 653 Kozak et al., 2009 

 aac4-R CGGATGCAGGAAGATCAA   

aac(3)-

VI 

aac3(VI)F TATTCTCGCCTTCGTCTCGT 319 Kozak et al., 2009 
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 aac3(VI)R GCCGATCGACAGGATTTTT   

aadB ant-L GAGGAGTTGGACTATGGATT 208 Kozak et al., 2009 

 ant-R CTTCATCGGCATAGTAAAAG   

aadA 4F GTGGATGGCGGCCTGAAGCC 525 Kozak et al., 2009 

 4R AATGCCCAGTCGGCAGCG   
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Table 2-2. Enterobacterales isolates from ESC selective enrichment cultures identified 

by MALDI-TOF 

Species Isolates 

(n=610) 

Samples 

(n=308) 

 Farms 

(n=77) 

Escherichia coli 570 (93.4%) 201 (65%) 59 (77%) 

Klebsiella pneumoniae 25 (4.1%) 14 (5%) 8 (10%) 

Proteus mirabilis 8 (1.3%) 4 (1%) 3 (4%) 

Enterobacter cloacae 7 (1.1%) 5 (2%) 2 (3%) 

Numbers in parentheses are the percentages of positive isolates, samples, and farms, 

respectively. 

 

Table 2-3. Distribution of antimicrobial resistance genes for Enterobacterales isolates 

from selective enrichment cultures 

Antimicrobial 

resistance genes 

Positive isolates 

(n=610) 

Positive samples 

(n=308) 

Positive farms 

(n=77) 

blaTEM 107 (17.5%) 58 (19%) 26 (34%) 

blaCMY 434 (71.1%) 170 (55%) 55 (71%) 

blaSHV 48 (7.9%) 30 (10%) 15 (19%) 

blaCTX-M 87 (14.3%) 42 (14%) 19 (25%) 

aac(3)-II 48 (7.9%) 27 (9%) 14 (18%) 

aac(3)-IV 31 (5.1%) 16 (5%) 9 (12%) 

aac(3)-VI 228 (37.4%) 108 (3%) 44 (57%) 

aadB 13 (2.1%) 5 (2%) 3 (4%) 

aadA 313 (51.3%) 135 (44%) 50 (65%) 

Numbers in parentheses are the percentages of positive isolates, samples, and farms, 

respectively.
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Table 2-4 Characterized plasmids from the sequenced blaCTX-M positive isolates. 

Isolate 
CTX-M 

gene 

Plasmid size 

(bps) 
Inc type 

Additional AMR genes 

98.1 
blaCTX-M-65 99,596 IncFIA(HI1)/IncR  aadA1,blaOXA-10, qnrS1, floR, clmA, ARR-

2, tet(A), drfA 

202.1 
blaCTX-M-65 99,041 IncFIA(HI1)/IncR  aadA1,blaOXA-10, qnrS1, floR, clmA, ARR-

2, tetA, drfA 

136.2 blaCTX-M-55 136,324 IncFIA/IncFIB(AP001918)/IncFII aac(3)-IId, qnrs1, tet(A) 

268.2 blaCTX-M-55 138,919 IncFIA/IncFIB(AP001918)/IncFII aac(3)-IId, qnrs1, tet(A) 

101.3 blaCTX-M-55 116,675 IncFIB(AP001918)/IncFIC(FII) aac(3)-IId, aph(3')-Ia, aph(3')-IIa, tetA 

176.1 
blaCTX-M-55 132,074 IncFIB(AP001918)/IncFIC(FII) aph(3')-Ia, aadA1, aac(3)-IId, floR, sul3, 

tet(A) 

154AHL blaCTX-M-55 121,434 IncFIB(AP001918)/IncFIC(FII) aac(3)-IId, aadA1, floR, sul3 

28.1 blaCTX-M-55 177,716 IncFIB(AP001918)/IncFIC(FII)/IncN aph(3')-Ia, aadA1, aac(3)-IId, floR, sul3 

43.3 blaCTX-M-15 chromosomal N/A N/A 

162.2 blaCTX-M-15 57,485 IncFIB(K) aac(3)-VIa, aadA1, sul1, tet(A) 

34.1 blaCTX-M-1 chromosomal N/A N/A 

56.2 blaCTX-M-1 not closed IncI1 sul2, tet(A) 

64.1 blaCTX-M-1 not closed IncI1 sul2, tet(A) 

81.1 blaCTX-M-1 122,120 IncI1 aac(3)-VIa, aadA1, sul2, tet(A) 

181.1 blaCTX-M-1 111,912 IncI1 sul2, tet(A) 
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248.3 blaCTX-M-1 110,215 IncI1 sul2, tet(A) 

276.2 blaCTX-M-1 not closed IncI1/IncFIB sul2, tet(A) 
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2.9 Figures 

  

Figure 2-1 Minimum spanning trees based on cgMLST of blaCTX-M isolates with 

1000x bootstrapping coloured by (left) CTX-M variant and (right) sequence typ

250 loci 250 loci 
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Figure 2-2 Mauve alignment of IncFIA(HI1)/IncR-blaCTX-M-65 plasmids. (Top) Mauve genome alignment viewer with locally 

collinear blocks separated by colour. (Bottom) Annotated concatenated Mauve regions. Resistance genes are indicated 

by green arrows and Inc types in grey. From left to right the resistance genes shown are floR, tet(A), Qnrs1, drfA14, 

aadA1, blaOXA-10, cmlA, blaCTX-M-65, IncFIA(HI1), and IncR.  
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Figure 2-3 Mauve alignment of IncFIB(AP001918))/IncFIC(FII)-blaCTX-M-55 plasmids. (Top) Mauve genome alignment 

viewer with locally collinear blocks separated by colour. (Bottom) Annotated concatenated Mauve regions. Resistance 

genes are indicated by green arrows and Inc types in grey. From left to right the resistance genes shown are tet(A) (only 

on 176.1 and 101.3), blaCTX-M-55, aac(3)-IIa, floR (only on 176.1 and 154AHL), aadA1(only on 176.1 and 154AHL), sul3 

(only on 176.1 and 154AHL), aph(3’)-Ia (only on 176.1 and101.3). 
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Figure 2-4 Mauve alignment of IncFIA/IncFIB(AP001918)/IncFII-blaCTX-M-55 plasmids. (Top) Mauve genome alignment 

viewer with locally collinear blocks separated by colour. (Bottom) Annotated concatenated Mauve regions. Resistance 

genes are indicated by green arrows and Inc types in grey. From left to right the resistance genes shown are tet(A), 

blaCTX-M-55, QnrS1, aac(3)-IId, and IncFIA.
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3 Chapter 3 Frequency of gentamicin-resistant 

Escherichia coli from Canadian turkeys and 

distribution of resistance determinants  

3.1 Abstract 

The goal of this study was to determine the frequency of resistance to 

gentamicin and characterize the associated resistance determinants in Escherichia 

coli from turkeys in Canada. 

The frequencies of resistance in E. coli obtained from turkey fecal samples 

with and without selective enrichment were compared; the frequency of 

gentamicin-resistant isolates from diagnostic submissions of suspected 

colibacillosis cases was also determined. Isolates were collected from 77 farms 

across British Columbia, Québec, and Ontario. Isolate identification was performed 

using MALDI-TOF and susceptibility to antimicrobials was assessed by disk 

diffusion following CLSI standards. The presence of aminoglycoside resistance 

genes was tested by PCR. The genome of a subsample of isolates was sequenced 

using the Illumina platform. 

The prevalence of gentamicin resistance was 40% in isolates from diagnostic 

submissions, 20% in fecal samples without selective enrichment, and 100% of 

fecal samples using selective enrichment. Fifty percent, 29%, 19%, and <1% of 

gentamicin-resistant isolates were positive for aac(3)-VI, aac(3)-II, aac(3)-IV, and 

aadB, respectively.  

Comparison of gentamicin resistance isolates between selective enrichment 

and generic sampling suggested that gentamicin resistance is widespread in 

turkeys, but not at high concentrations within fecal samples, as sampling without 

selective enrichment detected a much lower frequency of gentamicin-resistant E. 

coli than sampling with selective enrichment. cgMLST of 30 gentamicin-resistant 

isolates showed little clustering, suggesting gentamicin resistance is not being 

spread by the clonal expansion of a few gentamicin-resistant strains. 
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3.2 Introduction 

Escherichia coli is ubiquitous in the gut of turkeys; most strains are 

commensal and a small proportion are pathogenic. Escherichia coli is the most 

prominent agent of bacterial disease in turkeys and is the cause of colibacillosis. 

Escherichia coli is also a reservoir for antimicrobial resistance (AMR) genes 

maintained by the selective pressure exerted by antimicrobial use (AMU) in 

animals. Selective pressure potentially arises from any AMU, and a high proportion 

of turkey farms use antimicrobials. In 2016, accounting for all routes of 

administration, 87% of turkey flocks included in the Canadian Integrated Program 

for Antimicrobial Resistance Surveillance used antimicrobials (Government of 

Canada, 2018a).  

In Canadian turkey production, gentamicin is used to prevent Gram-negative 

bacterial infections, and AMU data from 2016 showed that 81% of poults were 

injected with gentamicin (Government of Canada, 2018a). Gentamicin use has 

declined since 2016 (Agunos et al., 2019; Agunos, personal communication) with 

the poultry industry’s target of being to eliminate the preventative use of 

antimicrobials of Category II, high importance, to human medicine by the end of 

2018 (Government of Canada, 2009). No AMU data has been published since the 

target cessation date at the time of this study. The poultry industry’s proactive 

approach to decreasing AMU is complementary to the governing policies of Health 

Canada, that is, to decrease the availability of medically important antimicrobials. 

As of December 1st, 2018, antimicrobials identified as being of medium, high or 

very high importance to human medicine by the Veterinary Drugs Directorate of 

Health Canada must be sold by prescription (Government of Canada, 2018b). The 

goal of eliminating the preventative use of medically important antimicrobials is to 

slow down the spread of resistance to antimicrobials frequently used in human 

medicine. Other antimicrobials of importance to human medicine that are 

frequently used in both chickens and turkeys are tetracyclines and sulphonamides 

(Government of Canada, 2018a). Lincomycin-spectinomycin has been used in the 

chicken industry to replace or to alternate with gentamicin for injection to prevent 
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Gram-negative bacterial infection. Despite similar management practices, 

lincomycin-spectinomycin does not seem to be frequently used in turkeys at the 

time of this study. 

Research specifically on the genetic determinants of gentamicin resistance in 

bacteria from animals in Canada is rare, and, to our knowledge, none have been 

done using a selective enrichment protocol to target gentamicin-resistant 

Enterobacterales. As has been previously demonstrated, bacterial isolation with 

selective enrichment greatly increases the likelihood of isolating resistant bacteria 

(Cormier et al., 2019b), which is beneficial to understand how widespread these 

strains are even if they are not highly prevalent. Therefore, this study aimed to first 

design using a novel selective enrichment protocol then use that protocol to 

investigate gentamicin-resistant E. coli from the feces of Canadian turkeys. The 

frequency and distribution of gentamicin resistance genes from isolates obtained 

with and without selective enrichment were compared to each other and E. coli 

from diagnostic submissions, which provided an indication of the frequency of 

gentamicin resistance among disease causing isolates. Co-resistance between 

gentamicin and any resistance to other antimicrobials was further characterized in 

detail for a subset of isolates.  

3.3 Materials and Methods 

3.3.1 Development of selective enrichment protocol 

EC broth (Becton, Dickinson, and Company, Cockeysville, MD, USA), 

supplemented with gentamicin, was used as a basis for the selective enrichment of 

gentamicin-resistant E. coli. The optimal concentration of gentamicin used in both 

the enrichment broth and MacConkey agar plates (Becton, Dickinson, and 

Company) was determined by testing for the recovery of strains with known 

gentamicin resistance genes after spiking EC broth containing varying 

concentrations of gentamicin. Broth and plates with 0, 1, 2, 4, 8, 16, and 32 mg/L 

were initially tested with the strains ATCC 25922 (gentamicin-susceptible, MIC 

0.25-1 mg/L), 42.1 (aac(3)-IV-positive, MIC 32 mg/L), and 64.2 (aac(3)-VI-positive, 

MIC 132 mg/L).  
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Fifty turkey fecal samples were then tested using 4 and 8 mg/L gentamicin 

in both broth selective enrichments and agar plates to assess potential 

concentration-associated differences in the isolates recovered. For this purpose, a 

comparison of species and gene distribution was conducted using multivariable 

logistic regression. 

3.3.2 Fecal sample and bacterial isolate collection 

As a part of the Canadian Integrated Program of Antimicrobial Resistance 

and Surveillance (CIPARS) programme, a total 308 pooled fecal samples from 77 

farms distributed between Ontario, Québec, and British Columbia (4 samples per 

farm) were collected. One 25 g sample was taken from each quadrant of a single 

barn per farm. Each sample was diluted 1:10 in buffered peptone water (Becton, 

Dickinson, and Company) and frozen at -70°C in an equal amount of Brucella 

Broth (Becton, Dickinson, and Company) with 15% glycerol. Ninety mg aliquots 

were then diluted to a final concentration of 1:200 in Escherichia coli enrichment 

broth (Becton, Dickinson, and Company) supplemented with 4 mg/L of gentamicin. 

The resulting selective enrichment cultures were incubated for 16-18 hours at 37°C 

with shaking. One loop (10 μl) of enrichment culture was streaked on 

MacConkey agar plates supplemented with 4 mg/L gentamicin and incubated 

overnight at 37°C. A single pure culture was taken per plate for further analysis. 

Preference was given to isolates that were non-mucoid and lactose fermenting. In 

the absence of these isolates, mucoid colonies were selected. 

Escherichia coli isolates with a gentamicin MIC > 4 µg/ml recovered by 

CIPARS without selective agents, using the same samples as for the selective 

enrichment were also included in the subsequent characterization 

studies(Government of Canada, 2018a). 

All E. coli isolates recovered by the Animal Health Laboratory between 

October 2015 and April 2017 from organs submitted in suspected colibacillosis 

cases of turkeys were also included for further characterization in the same 

manner as isolates from fecal enrichments. 
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3.3.3 Isolate identification and antimicrobial susceptibility testing 

Screening of enrichment isolates was done using oxidase strips (Sigma-

Aldrich) and catalase tests (in house reagent). Presumptive Enterobacterales were 

then identified to the species level using MALDI-TOF MS (Bruker Daltonik GmbH, 

Bremen, Germany). 

Isolates were tested for susceptibility to ceftazidime, cefotaxime, cefotaxime 

plus clavulanic acid (CTX/CV), and gentamicin using the disk diffusion method 

following the Clinical and Laboratory Standards Institute’s performance standards 

(M02 Performance Standards for Antimicrobial Disk Susceptibility Tests, 2018, 

M100 Performance Standards for Antimicrobial Susceptibility Testing A CLSI 

supplement for global application. 28th Edition, 2018). Isolates were also evaluated 

using spectinomycin. Isolates that presented as either intermediate or susceptible 

were categorized as “not resistant” for consistency with CIPARS reporting 

(Government of Canada, 2018a). The potential for co-resistance to gentamicin was 

assessed by including spectinomycin, ceftazidime, ceftriaxone, and CTX/CV.  

3.3.4 PCR Screening for ESC resistance genes 

Isolates selected for further characterization were screened for the 

aminoglycoside resistance genes; aadA, aadB, aac(3)-II, aac(3)-IV, and aac(3)-VI 

as previously described (See table 3-1). Single and multiplex PCRs for the genes 

blaCMY, blaCTX-M, blaSHV and blaTEM were used to screen for ESC resistance genes 

as previously described (See table 3-1). Half a loop of each culture was boiled at 

95°C in 1 ml of MilliQ water for 15 minutes. Boiled cultures were centrifuged, and 

the supernatant was used as a lysate for PCR. Every PCR run included negative 

controls, mock lysates; and positive controls (known isolates with the genes under 

investigation). 

3.3.5 DNA preparation, genome sequencing and analysis 

Ten gentamicin-resistant isolates with each of aac(3)-II, aac(3)-IV, and 

aac(3)-VI were selected through a random number generator for further analysis 

using Illumina MiSeq (Illumina, San Diego, CA, USA) at the National Microbiology 

Laboratory - Winnipeg. Only a single isolate for each gene was selected per farm 
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to avoid clustering bias. EpiCentre MasterPure DNA Purification Kits (EpiCentre 

Bio-technologies, Madison, WI, USA) were used to purify DNA from pure cultures. 

Sequences were assembled with BioNumerics v7.6 (Applied Maths, Belgium) 

using the SPAdes algorithm with assembly-free and assembly-based allele calling. 

Sequence types were assigned using the BioNumerics Escherichia coli/Shigella 

Enterobase scheme. AMR genes were identified using the E. coli functional 

genotyping plugin for BioNumerics, which uses ResFinder 

(https://cge.cbs.dtu.dk/services/ResFinder/) from the Center for Genomic 

Epidemiology, DTU. cgMLST was used to build minimum spanning trees with 

1000x bootstrapping to observe the relatedness of the isolates. 

3.3.6 Statistics 

Fischer’s exact test was used to compare the distribution of genes present in 

the isolates recovered using selective enrichments and the isolates recovered 

without enrichment from the same aliquots. Multivariable logistic regression was 

used to compare for the distribution of genes in isolates recovered using different 

concentration of gentamicin in the enrichment broth and selective media while 

developing the enrichment protocol. This model was used to account for clustering 

by farm, pooled fecal sample, and bacterial species. 

3.4 Results 

Zero, 1, and 2 mg/L of gentamicin used in the enrichment broth and agar 

failed to inhibit the growth of the negative control strain ATCC 25922, and both 16 

and 32 mg/L prevented the growth of 42.1. These concentrations were deemed 

unsuitable and were not pursued further. Use of 4 and 8 mg/L inhibited growth of 

ATCC 25922 while allowing growth of both 42.1 and 64.2. No significant difference 

was observed in the gene distribution between either concentration (See appendix 

Table 6.1), granted a small sample sized was used. Four mg/L was selected as the 

concentration for future enrichments to limit the potential for selecting against 

gentamicin-resistant isolates with a low MIC.  
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To establish a cut-off for spectinomycin the diameter of the zone of inhibition 

for isolates with and without the associated resistance gene, aadA, were 

compared. Ninety seven aadA positive E. coli and 101 aadA negative E. coli from a 

previous study using the same pooled fecal samples as in this study (Moffat et al., 

n.d.) plus one aadA-positive E. coli (n=183) and aadA-negative (n=109) E. coli per 

fecal sample from this study were compared (Figure 3.1). As isolates were 

recovered from the same pooled fecal samples but using different enrichment 

methods, any E. coli with resistance to an ESC from this study were excluded from 

the analysis to avoid potential duplication of isolates. Based on the distribution of 

the aadA gene, we propose the cut-off of all isolates with ≤15 mm diameter for the 

zone of inhibition should be considered non-susceptible and will be referred to as 

such for this study. This provides a sensitivity of 93% and a specificity of 84%. 

3.4.1 Species identification and distribution of resistance of selective 

enrichment isolates 

  Of the 308 isolates characterized from the selective enrichment cultures, all 

were Enterobacteriaceae: 300 E. coli (100% of farms) and 8 Klebsiella 

pneumoniae (5% of farms). Approximately two thirds were also resistant to 

spectinomycin (n=203) and 4% were resistant to either ceftriaxone or ceftazidime 

(n= 11). Of the 11 ESC-resistant isolates three had an ESBL phenotype and eight 

had and AmpC phenotype. 

The distribution of genes between all isolates from selective enrichment are shown 

in Table 3-2. In order of frequency, the gentamicin resistance genes identified 

among resistant isolates were aac(3)-VI, aac(3)-IV, aac(3)-II, then aadB. One 

difference was noted between the distribution of genes in E. coli and K. 

pneumoniae: none of the latter had aac(3)-IV whereas 30% E. coli carried this 

gene. 

CIPARS reported that 20% of E. coli isolates were resistant to gentamicin with 

direct plating of these same fecal samples (Government of Canada, 2018a). All the 

CIPARS isolates that were identified as non-susceptible (intermediate or resistant) 

were tested for aminoglycoside resistance genes. Of these 103 isolates, 47 had 
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aac(3)-VI, 31 had aac(3)-IV, 23 had aac(3)-II, one had aadB, and five were 

negative for all the gentamicin resistance genes tested. None of the indicator 

isolates were characterized further. 

Forty-four percent (n= 75) of the 170 diagnostic isolates were resistant to 

gentamicin. aac(3)-VI, aac(3)-IV, aac(3)-II, and aadB genes were detected in 

24.7% (n= 42), 5.8% (n= 10), 4.1% (n= 7) and 2.4% (n= 4) of isolates respectively. 

3.4.2 Genome analysis of isolates with major gentamicin resistance genes 

Ten gentamicin-resistant isolates with each of aac(3)-II, aac(3)-IV, and 

aac(3)-VI from the selective enrichment isolates were sequenced using short read 

sequencing techniques. The single isolate with aac(3)-IIa was a K. pneumoniae. 

The remaining 29 isolates were all E. coli. Sequence types and any co resistances 

were identified (See Table 3-3). cgMLST minimum spanning trees coloured by 

gentamicin resistance genes and by ST are shown in Figure 3.2 . The aac(3)-IId 

isolates all had blaTEM-1b and most of these also had a tet gene. The nine isolates 

with aac(3)-IId were split between seven STs with ST48 occurring three times. The 

aac(3)-IIa positive K. pneumoniae was multidrug resistant with genes encoding 

resistance to aminoglycosides, chloramphenicol, ESCs, fluoroquinolones, 

fosfomycin, sulphonamides, tetracycline, and trimethoprim. The aac(3)-IVa isolates 

were split between nine STs yet all had aph(4)-Ia, strA/strB, and tet(B). The aac(3)-

VIa isolates were split between nine STs and while all had aadA1, there was little 

consistency in the other resistance genes present. 

3.5 Discussion 

Different frequencies of gentamicin resistance were detected from the three 

sampling groups. The frequency of detecting an Enterobacteriaceae with 

resistance to gentamicin in turkey fecal samples was higher with selective 

enrichment (100%) than without (20%). The contrast between these findings 

suggests that most turkeys carry gentamicin-resistant Enterobacterales, but these 

are present in low numbers in a fecal sample. As the selective enrichment and 

isolate selection targeted E. coli, it is not surprising that this was the dominant 

species identified. With only characterizing one isolate per fecal sample those 
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where K. pneumoniae were identified likely did not have a gentamicin-resistant E. 

coli as those would have been preferentially selected since both the enrichment 

broth and isolate selection protocol targeted E. coli. The high frequency of 

gentamicin resistance observed in diagnostic isolates may be from co-localization 

of virulence genes with gentamicin resistance genes or more likely due to a 

diagnostic bias where resistant isolates were selected for in sick birds by the prior 

use of antibiotic treatments. This study establishes a baseline of gentamicin-

resistant bacteria, and suggests that they are present in the majority of or possibly 

all commercial turkeys in Canada. It will be interesting to monitor this going forward 

as the poultry industry has limited the use of gentamicin with their voluntary ban on 

preventively using Category II antimicrobials. Without continued selective pressure 

from the preventative use of gentamicin, it is expected that the frequency of 

gentamicin resistance will fall in the years following this study. Co-resistance with 

other antimicrobials such as sulphonamides and tetracycline was observed in our 

gentamicin-resistant isolates. However, these antimicrobials are only used as a 

treatment for diseased turkeys as opposed to preventatively and will not provide as 

much selective pressure as occurred with the routine preventive injection of 

gentamicin into most poults. 

The distribution of gentamicin resistance genes was examined in the three 

study populations. A similar distribution of genes was found among gentamicin-

resistant E. coli collected with selective enrichment and the CIPARS isolates 

collected without enrichment. Fisher’s exact test was used to compare the 

proportions for each of the gentamicin resistance genes, aac(3)-II (p-value = 

0.6736), aac(3)-IV (p-value = 0.1788), aac(3)-VI (p-value = 1.0), and aadB (p-value 

= 1.0). This suggests that no bias was created by the enrichment procedure for a 

specific gene. The most frequent gentamicin resistance gene in both datasets was 

aac(3)-VI. It is unlikely that this higher frequency is solely the result of the aac(3)-VI 

having a high MIC, as aac(3)-II has also been shown to manifest a high MIC (32 to 

>512 mg/L) (Jakobsen et al., 2007). Isolates with aac(3)-II and aac(3)-VI also had 

a smaller zone of inhibition, corresponding to a higher MIC, compared to the 
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isolates with aac(3)-IV (data not shown). If the frequency of isolates with different 

gentamicin resistance genes is distributed based on MIC it would be expected that 

aadB, aac(3)-II, and aac(3)-VI would all be more frequent than aac(3)-IV. Instead, 

aac(3)-IV was the second most frequently identified gene. Thus, the distribution of 

gentamicin resistance genes suggests that the injection of poults with gentamicin 

did not preferentially select for genes corresponding to higher MICs.  

The frequency of aadA (66% of isolates) was higher than might be expected 

given that no spectinomycin was used in any of the flocks from which feces were 

collected during this study (Government of Canada, 2018a; Agunos personal 

communication). The high frequency of aadA can, in part, be explained by its 

location in the same integron as aac(3)-VI (Fernández-Alarcón et al., 2011; 

Chalmers et al., 2017). Additionally, aadA was frequently found in isolates with 

aac(3)-II and rarely with aac(3)-IV. This explains why the frequency of aadA is 

greater than aac(3)-VI. The most frequent gentamicin resistance gene was aac(3)-

VI, being identified in more than half of all three sample sets. The diversity of STs 

identified from the ten sequenced aac(3)-VI-positive isolates (Figure 3-2) suggests 

its higher frequency is not the result of clonal expansion. This highlights how 

widespread this gene is and strongly suggests horizontal gene transfer (HGT) as 

the main means of dissemination. Interestingly, all ten aac(3)-VI-positive isolates 

carried tetracycline resistance genes, unlike the isolates with the other dominant 

gentamicin resistance determinants. Possible co-selection from tetracycline may 

aid in the spread of this gene. Complete plasmid assembly would be required to 

support this hypothesis.  

Similar to the aac(3)-VI isolates, a high diversity of STs was present among 

the isolates carrying the other gentamicin resistance genes, suggesting they were 

not primarily spread by clonal expansion. One notable exception to this is three out 

of ten aac(3)-IId-positive isolates belonging to ST48. This suggests that there might 

be some clonal spread contributing to the dissemination of this gene; however, 

further investigation would be needed to assess if some epidemiological link (e.g. 

same source hatchery) is behind these genetic similarities. 
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Most of the STs identified here are not known to be associated with virulence; 

however, there were two STs of note. One isolate was ST131, a well-known ST in 

human medicine for being globally disseminated, associated with extra-intestinal 

infections, and frequently resistant to ESCs and fluoroquinolones (Matsumura et 

al., 2017). Interestingly, there are several aminoglycoside resistance genes in this 

isolate as well as blaTEM-1b, sul2, and tetB, but no resistance genes nor any 

mutations, which might encode resistance to extended-spectrum cephalosporins or 

fluoroquinolones in our isolate. Although probably quite different from those found 

in human infections, to our knowledge, this is the first report of an ST131 in any 

Canadian production animal. Three isolates were ST117, a well-documented 

APEC (Mora et al., 2012; Dissanayake et al., 2014). Given ST117 is well adapted 

to turkeys it is not surprising that several of these strains were also gentamicin 

resistant..  

Overall, this study highlights the high frequency at which gentamicin-resistant 

isolates can be found in turkeys and establishes a baseline for comparison for 

future studies. The findings suggest that the dissemination of gentamicin 

resistance is not primarily from clonal expansion of a few STs. The dominant 

gentamicin resistance gene was aac(3)-VIa and was frequently found together with 

both tetracycline and sulphonamide resistance. This provides a potential source for 

co-selection and maintenance in the healthy turkey population even after the 

elimination of preventative gentamicin use. This is the first study reporting a 

selective enrichment protocol for gentamicin-resistant E. coli, and suggests that 4 

mg/L of gentamicin in both enrichment broth and agar provides optimal results for 

excluding background isolates while not introducing a significant bias towards 

isolates with a higher MIC. This study also proposes a cut-off value for determining 

spectinomycin non-susceptibility using disk diffusion. Based on the distribution of 

over 600 E. coli isolates with and without aadA, we propose E. coli with a zone of 

inhibition ≤15 mm should be classified as non-susceptible. This cut-off will allow for 

improved detection of spectinomycin with aadA and comparison of isolates 

between studies. 
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3.8 Tables 

Table 3-1 PCR primers for detection and sequencing of AMR genes 

Gene Primer  Sequence Amplicon size  Reference 

blaTEM TEM-F TTCTTGAAGACGAAAGGGC 700 Briñas et al. 2002 

 TEM-R ACGCTCAGTGGAACGAAAAC   

blaCMY CMYF GACAGCCTCTTTCTCCACA 1000 Kozak et al., 2009  

 CMYR TGGACACGAAGGCTACGTA   

blaSHV shvcolom-F AGGATTGACTGCCTTTTTG 393 Kozak et al., 2009 

 shvcolom-R ATTTGCTGATTTCGCTCG   

blaCTX-M CTX-M-F ATGTGCAGYACCAGTAA 512 Cottell et al., 2013 

 CTX-M-R CCGCTGCCGGTYTTATC   

aac(3)-II aacC2F ATATCGCGATGCATACGCGG  877 Aprin et al., 2003 

 aacC2R GACGGCCTCTAACCGGAAGG   

aac(3)-IV aac4-L TGCTGGTCCACAGCTCCTTC 653 Kozak et al., 2009 

 aac4-R CGGATGCAGGAAGATCAA   

aac(3)-VI aac3(VI)F TATTCTCGCCTTCGTCTCGT 319 Kozak et al., 2009 

 aac3(VI)R GCCGATCGACAGGATTTTT   

aadB ant-L GAGGAGTTGGACTATGGATT 208 Kozak et al., 2009 

 ant-R CTTCATCGGCATAGTAAAAG   

aadA 4F GTGGATGGCGGCCTGAAGCC 525 Kozak et al., 2009 
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 4R AATGCCCAGTCGGCAGCG   
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Table 3-2. Distribution of antimicrobial resistance genes for Enterobacterales isolates 

from selective enrichment cultures 

Antimicrobial 

resistance genes 
Samples (n=308) Farms (n=77) 

aac(3)-II 59 (19.1%) 17 (22%) 

aac(3)-IV 91 (29.4%) 27 (35%) 

aac(3)-VI 163 (52.9%) 51 (66%) 

aadB 3 (0.9%) 1 (1%) 

aadA 203 (65.9%) 56 (73%) 

Numbers in parentheses are the percentages of positive samples and farms, 

respectively  

Table 3-3 Antimicrobial resistance genes present in gentamicin resistant isolates 

gentamicin 

resistance gene 
Isolate 

Sequence 

type 
Other resistance genes 

aac(3)-IId 146.1 ST131 aph(3’)-Ia, blaTEM-1b, strA/strB, sul2, tet(B) 

 156.1 ST1406 aadA1, blaTEM-1b, strA/strB, tet(A), tet(B) 

 200.1 ST3580 aadA1, blaTEM-1b, tet(A) 

 218.1 ST345 aadA1, blaTEM-1b, tet(A) 

 236.1 ST58 blaTEM-1b, strA/strB, sul2, tet(A) 

 26.1 ST10 blaTEM-1b 

 287.1 ST48 aadA1, blaTEM-1b, drfA14, strA/strB, sul2, tet(A) 

 85.1 ST48 blaTEM-1b 

aac(3)-IId, 

aac(3)-VI 
79.1 ST48 aadA1, blaTEM-1b,floR, strA/strB, sul2, tet(A) 

aac(3)-IIa 72.1* ST45 
aac(6’)Ib-cr, blaCTX-M-15, blaOXA-1, blaSHV-148, 

blaTEM-1B, catB3, drfA14, fosA, oqxA, oqxB, 
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QnrB1, strA/strB, sul2, tet(A) 

aac(3)-IVa 135.1 ST973 aph(4)-Ia, blaTEM-1b, strA/strB, tet(B)  

 151.1 ST1406 aph(4)-Ia, blaTEM-1b, strA/strB, sul2, tet(B) 

 184.1 ST212 aph(4)-Ia, strA/strB, tet(A), tet(B) 

 193.1 ST10 aph(4)-Ia, strA/strB, tet(A), tet(B) 

 244.1 ST117 aph(4)-Ia, strA/strB, tet(B) 

 273.1 ST10 aph(4)-Ia, strA/strB, tet(B) 

 54.1 ST3580 aph(4)-Ia, strA/strB, tet(B) 

 66.1 ST155 aph(4)-Ia, strA/strB, tet(B) 

 76.1 ST117 aph(4)-Ia, strA/strB, tet(B) 

 82.1 ST1844 aph(4)-Ia, strA/strB, tet(B) 

aac(3)-VIa 100.1 ST3057 aadA1, sul1, tet(A) 

 147.1 ST10 aadA1, floR, strA/strB, sul2, tet(A) 

 215.1 ST34 aadA1, strA/strB, sul1, tet(B) 

 21.1 ST38 aadA1, sul1 

 224.1 ST155 aadA1, blaCMY-2, sul1, tet(A) 

 22.1 ST38 aadA1, aph(3’)-Ia, strA/strB, sul2, tet(B) 

 264.1 ST1326 aadA1, aph(3’)-Ia, blaHERA-3, strA/strB 

 62.1 ST47 aadA1, sul1, tet(C) 

 75.1 ST974 aadA1, sul1, tet(A) 

 88.1 ST117 aadA1, strA/strB, sul2, tet(A) 

All isolates are Escherichia coli except the one marked by a * which is a Klebsiella 
pneumoniae 
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3.9 Figures 

 

Figure 3-1 Distribution of spectinomycin zones of inhibition for E. coli with and without 

aadA.

Proposed cut-off for 
spectinomycin resistance 
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Figure 3-2 Minimum spanning tree based on cgMLST MST with 1000x bootstrapping of 29 randomly selected gentamicin-

resistant E. coli colored by (left) gentamicin-resistance gene (right) sequence type. 
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4 Chapter 4 Discussion and conclusions 

4.1 Discussion  

ESC-resistant isolates were frequently recovered from turkey fecal samples 

collected from May 2016 to June 2017 using selective enrichment despite the two to 

three years since the cessation of preventative ceftiofur use in 2014. Likewise, E. coli 

with resistance to gentamicin were also frequently recovered when using selective 

enrichment. The persistence of resistant strains in turkeys poses a potential hazard to 

human health, as fecal isolates can contaminate carcasses during slaughter and 

subsequently retail meat, and be spread to humans by mishandling or improperly 

cooking turkey meat (Projahn et al., 2019). The prevalence of both E. coli and 

Salmonella resistant to gentamicin increased in turkey meat between 2012 and 2016 

(Government of Canada, 2018a). Additionally, antimicrobial resistant strains are 

problematic for maintaining flock health if these bacteria cause infection in turkeys. 

Resistance to ESCs appears to be falling with a decrease of prevalence in the years 

since withdrawal of ceftiofur from preventative use (Government of Canada, 2018a; 

Agunos et al., 2019; Verrette et al., 2019). In chickens, the frequency of non-β-

lactamase resistance among ESC-resistant isolates began to increase with the 

introduction of lincomycin-spectinomycin as an alternative to either ESCs or gentamicin 

(Verrette et al., 2019). In turkeys this has not happened (Agunos, personal 

communication). Instead, many hatcheries have not substituted another antimicrobial 

for gentamicin now that it has also been removed from preventative use, but instead 

have stopped preventively using antimicrobials active against Gram-negative bacteria. 

While follow-up studies are needed to confirm the success of eliminating ceftiofur use 

on the decline of ESC-resistant isolates, the low prevalence of ESC-resistant isolates 

from generic sampling and diagnostic isolates suggests that this will be successful in 

reducing the prevalence of ESC-resistant bacteria. 

As this is the first study on the frequency of ESC- and gentamicin-resistance 

genes from Enterobacterales in Canadian turkeys it cannot be determined if there has 

been a decline in the prevalence of specific resistance genes for these antimicrobials. 
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The majority of ESC-resistant isolates possess blaCMY-2 alone on an IncI1 or IncK 

plasmid, thus reducing the chance for spread of this resistance with the removal of 

direct selective pressure. This contrasts with other ESC resistance determinants that 

are present with a greater diversity of variants, such as blaCTX-M. A decline in blaCMY-

bearing ESC-resistant strains is predicted in the years following this study, assuming 

there is a fitness cost associated with maintaining these plasmids (Subbiah et al., 2011). 

The variants of blaCTX-M from this study share similarities with both those found in 

human and other farm animal isolates. The variants blaCTX-M-15 and blaCTX-M-55 are found 

in both humans and turkeys (Denisuik et al., 2013; Mulvey, personal communication) 

whereas blaCTX-M-1 is found mostly in bacteria from farm animals (Cormier et al., 2019). 

Beef cattle are the only other Canadian farm animal to have E.coli with more than ten 

percent of their blaCTX-M variants be comprised of either blaCTX-M-15 or blaCTX-M-55 

(Cormier et al., 2019a). Comparison based on genetic relatedness would be required to 

determine if there is overlap in E. coli population between humans, turkeys, and beef 

cattle. It is plausible that blaCTX-M-15 and blaCTX-M-55 are spread between turkeys and 

humans by direct contact or consumption of contaminated turkey meat. It seems less 

likely that there would be transfer of E. coli between cattle and turkeys based on less 

opportunity for these species to interact.a 

In contrast with the blaCMY, there may be an increase in the frequency of blaCTX-M 

isolates based on the pattern of HGT for specific plasmids, such as those bearing 

blaCTX-M-1 and blaCTX-M-55. Multiple entries for each of the three blaCTX-M-55 hybrid 

plasmids into the turkey strains are suggested by clustering of three ST-Inc type 

combinations. A single entry point for blaCTX-M-55 into the E. coli is possible but would 

have required multiple recombination events with other plasmids to account for the 

three plasmid types distributed between three Achtman sequence types. The frequency 

of blaCTX-M will depend on the balance of HGT, fitness cost, and potential co-selection by 

use of other antimicrobials. Despite how widespread blaCTX-M-1 is in chickens (Zhang, 

2017) and the likelihood of spread by HGT (Cormier, personal communication), it is less 

frequent in turkeys. More research on the transmission of these variants will be needed 

to understand the dissemination of blaCTX-M variants. Co-location of genes encoding 
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resistance to other antimicrobials frequently found on the same plasmids as blaCTX-M 

may aid in the continued expansion of these plasmids despite the elimination of ceftiofur 

and gentamicin use in turkeys. For example, sul and tet were frequently on the same 

plasmid as blaCTX-M and will allow for selection of the blaCTX-M-plasmid when either 

tetracycline or sulphonamides are used to treat infections. Competition studies 

conducted in vivo would give a better indication if these multidrug resistant plasmids 

could compete with plasmids bearing only sul or tet. 

As this is the first study to report on the frequency of resistance to critically 

important antimicrobials with the inclusion of genotypes in Enterobacterales from 

Canadian turkeys, it establishes a baseline for comparison for future studies. It should 

be noted that the low frequency of isolates with blaSHV was observed with selective 

enrichment methods may be due to a bias in the enrichment process. If the majority of 

isolates with blaSHV have variants with low MICs, such as blaSHV-2 and blaSHV-2a, as seen 

previously (Chalmers et al., 2017), then the concentration of CTX in the enrichment 

broth used to eliminate susceptible strains may have inadvertently also selected against 

blaSHV-isolates. The significantly smaller proportion of isolates with blaSHV after selective 

enrichment suggests this is a potential limitation of the enrichment protocol used here. 

Despite this potential limitation, the enrichment procedure has the distinct advantage of 

isolating ESC-resistant strains even if present in low concentrations. This allows for a 

better understanding of how widespread ESC-resistant strains are in turkeys. The 

higher frequency of isolates detected with selective enrichment suggests that 

enrichment is required to ensure detection of ESC-resistant bacteria if they are present 

in low proportions in turkey feces.  

Gentamicin-resistant isolates were frequent using selective enrichment of fecal 

samples. Fortunately, the Canadian turkey industry has moved to eliminate the use of 

this antimicrobial as we suspect that gentamicin-resistant isolates can be found in all 

turkeys. Injection of gentamicin in poults selects for resistant isolates while still in the 

hatchery. If gentamicin-resistant strains are common in hatcheries, it may help to 

explain how widespread these strains seem to be. The high frequency of resistance to 

ESCs and gentamicin seen after selective enrichment for resistant isolates highlights 
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the need for reducing the use of these medically important antimicrobials in order to 

preserve their usefulness. The high frequency of strains resistant to medically important 

antimicrobials is not only an issue for maintaining flock health but also a risk for human 

health. Transfer of bacteria from turkeys to humans is possible through direct transfer, 

in the case of farmers, or through indirect transmission with consumption of meat that 

has been contaminated (van den Bogaard, 2001; Huijbers et al., 2014). Contamination 

of turkey carcasses during slaughter and scalding has previously been demonstrated 

(Franceschini et al., 2019; Projahn et al., 2019). 

The development of a gentamicin selective enrichment protocol will benefit 

research in humans where gentamicin resistance is present (10%) among E. coli 

infections (Zhanel et al.,, 2013) and chickens where gentamicin has recently been 

removed from preventive use (Turkey Farmers of Canada, 2019a). While bias was not 

seemingly introduced by this selective enrichment process, a larger sample size 

generated by continued use of this protocol will allow for more accurate evaluation of its 

value in selecting for gentamicin-resistant strains. Additionally, the protocol used here is 

adapted for the enrichment of E. coli isolates but could be easily altered to target 

species of interest in antimicrobial resistance, such as other Enterobacterales or all 

Gram-negative bacteria. Adaption of this protocol could be achieved by changing the 

enrichment broth to EE for all Enterobacterales or to MAC broth for all Gram-negatives. 

The establishment of a cut-off for spectinomycin will allow for improved reporting 

of acquired resistance mechanisms to this antibiotic of medium importance 

(Government of Canada, 2009), in future studies. One suggestion is the use of this cut-

off in the testing of E. coli from Canadian chickens where lincomycin-spectinomycin is 

used as a gentamicin alternative to prevent Gram-negative infections. At this time, to 

our knowledge, there is no established test for determining spectinomycin resistance by 

either MIC or disk diffusion in Canada. With the increased use of spectinomycin in 

combination with lincomycin in chicken since the withdrawal of ceftiofur (Government of 

Canada, 2018a) there is an increase in selective pressure for strains that are resistant 

to spectinomycin. Testing of indicator E. coli collected by CIPARS from chicken cecal 

samples from 2014-2018 using disk diffusion and the cut of established here would be 
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sufficient to establish a trend in how the increase in spectinomycin use has changed the 

proportion of E. coli resistant to this antimicrobial. The cut-off developed in this study will 

aid in the surveillance of resistant strains. 

4.2 Future steps 

As this study only introduces a baseline for the frequency of ESC- and gentamicin-

resistant determinants in Enterobacterales, continued studies in turkeys are needed to 

determine trends in the frequency of resistant bacteria and associated resistance 

genes. Since the cessation of ceftiofur use and subsequent switch to use of gentamicin 

between 2014 and 2018 when gentamicin was also voluntarily banned from preventive 

use, CIPARS has observed, using standard non-selective isolation procedures, a 

decrease in ESC-resistant E. coli in both chickens and humans (Government of 

Canada, 2018a). However, an increase gentamicin-resistant E. coli has been observed 

in chickens. The same has likely happened in turkeys given the similar raising practices 

of turkeys and chickens including the same voluntary ban on preventive gentamicin use, 

but a follow up study with selective methods of turkey fecal samples, collected from 

2017-2019, would be required to establish a trend in ESC resistance. As gentamicin use 

has declined in turkeys during 2018 (Agunos, personal communication) it would be 

desirable to monitor resistance to this antimicrobial using our novel selective enrichment 

protocol for more time before concluding a trend in gentamicin resistance and its 

associated resistance determinants. With the turkey industry’s reduction and goal of 

eliminating gentamicin from preventative use (Agunos, personal communication; Turkey 

Farmers of Canada, 2019a), it is expected that the frequency of gentamicin-resistant 

strains will decline. This can be monitored in the following years with the surveillance 

programs already in place to understand the overall prevalence and the selective 

enrichment protocol developed here to understand the distribution of resistance genes. 

The fitness cost associated with plasmids is much debated (Petersen et al., 2009). It 

has recently been shown in an in vitro competition assay that E. coli ST131 carrying 

ESBL-plasmids do not appear to have an added fitness cost and there is some 

evidence that carrying the ESBL-plasmid enhanced competition with wild-type strains 

(Ranjan et al., 2018). The possibility of no fitness cost associated with the maintenance 
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of AMR-plasmids in addition to co-selection by use of less medically important 

antimicrobials provide a means of ESC- and gentamicin-resistant strains persisting in 

turkeys despite elimination of ceftiofur and gentamicin use. Based on current 

observations of frequency and potential co-resistances it is likely that aac(3)-VI will 

remain the most prevalent of the gentamicin resistance genes. Unlike the distribution of 

gentamicin resistance genes, current observations suggest that there will be a shift in 

the frequency of ESC resistance determinants to favour blaCTX-M over blaCMY. 

Association with additional resistance genes may allow for blaCTX-M to continue being 

selected for by antimicrobial use. If blaCTX-M does become more prominent this may 

pose an increased health risk to turkey flocks and individuals consuming turkey meat 

because infections with multidrug resistant isolates are more difficult to treat. Limiting 

the use of antimicrobials associated with blaCTX-M will reduce this risk. Fortunately, the 

Canadian poultry industry has a target of adding the elimination of Category III, medium 

importance, antimicrobials to the already existing policies. This will limit the use of all 

medically important antimicrobials in turkeys. 

The large diversity of STs observed in the randomly sampled gentamicin-resistant 

isolates suggests this resistance is not primarily spread by clonal expansion of resistant 

strains. Complete plasmid alignments of gentamicin-resistant isolates using long read 

sequencing would help to support the hypothesis that this resistance is being spread by 

HGT by showing their relatedness. Following this up with quantitative conjugation 

experiments on gentamicin-resistant isolates with different plasmids would further 

support this hypothesis. 

4.3 Conclusions 

Resistance to medically important antimicrobials is a global threat to both 

veterinary and human medicine. In Canadian turkeys both ESC- and gentamicin-

resistant Enterobacterales are widely disseminated both geographically and by source, 

although not necessarily the predominant strains as frequencies are much lower without 

selective methods. Selective pressure for these resistant isolates has come in the past 

from the preventative use of ceftiofur and gentamicin to stop Gram-negative bacterial 

infections. The Canadian poultry industry has taken a proactive approach in withdrawing 
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the use of VDD Category 1 and 2 antimicrobials in order to limit further spread of these 

resistant bacteria. This study has established a baseline for future research to compare 

the frequency of ESC- and gentamicin-resistant Enterobacterales and thus assess the 

success of limiting the use of medically important antimicrobials on preserving their 

efficacy. Future studies will benefit from the increasing feasibility of using WGS to 

characterize AMR-encoding plasmids as the cost continues to decrease. Plasmid 

assemblies using long reads provide useful insights into the transmission pathways of 

resistance genes. 

Overall, these studies have shown the frequency of ESC- and gentamicin-resistant 

Enterobacterales in healthy flocks and diseased birds. The findings suggest that while 

widespread, ESC- and gentamicin-resistant Enterobacterales are not present in high 

concentrations in samples from turkeys. The most common gene encoding ESC 

resistance was blaCMY, as was expected based on studies in other Canadian farm 

animals. Though only emerging in the last decade, a diversity of blaCTX-M variants was 

found across about one quarter of turkey flocks. Horizontal gene transfers with multiple 

events of entering the turkey population is likely the main means of dissemination for 

the two most common variants, blaCTX-M-1 and blaCTX-M-55 based on the diversity of STs 

bearing related plasmids. Gentamicin resistance was predominately encoded by aac(3)-

VI. Similar to the ESC-resistant E. coli, dissemination of gentamicin resistance appears 

to be predominately by HGT though future research is required to confirm this 

hypothesis. 
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6 Appendix 

Table 6-1 Frequency of gentamicin resistance genes with two Enterobacterales isolates 
taken from each of 50 fecal samples 

Gene Frequency from 4 mg/L 
enrichment (n=100) 

Frequency from 8 mg/L 
enrichment (n=100) 

aac(3)-II 5% 6% 

aac(3)-IV 20% 15% 

aac(3)-VI 69% 70% 

aadB 0% >1% 

 

 


