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ABSTRACT
The first major objective of this thesis was to determine the antimicrobial
susceptibilities from the most common pathogens isolated from clinical samples, from
food animals and companion animals submitted to the bacteriology diagnostic laboratory
at Atlantic Veterinary College over a 20 years period, which is described in chapters 2
and 3. The second major objective was to determine the antimicrobial resistance and the
associated

resistance

genes

to

extended-spectrum

cephalosporins

(ESC)

and

fluoroquinolones in enteric bacteria from dairy cattle and humans within the Maritime
Provinces using selective culture (chapters 4 to 6). Chapter 5’s objective was to explore if
colostrum was a potential source of ESC and fluoroquinolone resistance identified in
calves from chapter 4.
Antimicrobial susceptibility patterns and resistance trends in pathogens from
cattle, small ruminants and pigs were described in chapter 2. Staphylococcus aureus,
Streptococcus uberis, and Escherichia coli were the predominantly isolated agents of
bovine mastitis, while E. coli, P. multocida, M. haemolytica, and H. somni were the
major bacteria isolated from small ruminants and non-mastitis clinical samples of cattle.
Escherichia coli, S. suis, and P. multocida accounted for over 70% of the total pathogens
isolated from clinical samples originating from pigs. A high proportion of the food animal
pathogens were susceptible to the antimicrobials tested over the entire study period,
especially the mastitis pathogens and pathogens isolated from small ruminants.
Decreased resistance to aminoglycosides was consistent in all three food animal species.
However, increased resistance to ceftiofur was found in E. coli from cattle and pigs over
the period. In general, multi-drug resistance (MDR) was higher in cattle and pigs
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compared to small ruminants. In cattle isolates (mastitis and non-mastitis pathogens),
MDR was higher in Gram-negative pathogens, especially E. coli, and in small ruminants,
MDR was most commonly found in M. haemolytica and P. multocida. Interestingly in
swine, MDR was common in Gram-positive isolates, such as Erysipelothrix
rhusiopathiae and Staphylococcus spp.
Antimicrobial susceptibility patterns and AMR trends in pathogens from horses,
cats, and dogs were described in chapter 3. Streptococcus zooepidemicus and E. coli were
the most commonly isolated pathogens of horses. Similar bacterial pathogens were
isolated from both dogs and cats with E. coli and Staphylococcus spp. being the most
frequently isolated Gram-negative and Gram-positive pathogens, respectively. Among
the horse pathogens, lower susceptibility frequencies were common to tetracycline, TMS,
and ampicillin, while isolates were frequently susceptible to ceftiofur. Higher
susceptibilities (compared to horses) were seen in dog and cat pathogens, although cat
pathogens were more likely to be susceptible to tested antimicrobials compared with
bacterial species recovered from dogs. Generally, among the companion animals, most
AMR trends were stable over the study period. While increased resistance was seen to
both amikacin and gentamicin in Actinobacillus spp., and Streptococcus zooepidemicus to
TMS in the horse. Increased antimicrobial resistance trends were commonly seen to
enrofloxacin and amoxicillin-clavulanate in dog pathogens. Increased resistance to
cefovecin was also observed in coagulase-positive Staphylococcus spp. in dogs.
Decreasing AMR trends were found to the aminoglycosides in dog and cat pathogens.
Multi-drug resistance in equine pathogens was low, however, when it was seen, it was
more commonly found in Gram-negative pathogens, especially Klebsiella spp. and E.
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coli. Multi-drug resistance was generally low in dog and cat pathogens, but the frequency
was significantly higher in dogs compared to cats and horses. All methicillin-resistant
Staphylococcus spp. from dogs were MDR in this study.
In chapter 4, the frequency and risk factors of reduced susceptibility to extendedspectrum cephalosporin resistance were examined in Salmonella enterica and E. coli
from fecal samples from 488 dairy calves from eight herds using selective culture. The
frequency of fecal carriage of Salmonella enterica was low (3.3%). The recovered
Salmonella isolates were pan-susceptible, and ESC resistance was not detected. All the
Salmonella enterica isolates belonged to three serovars: Senftenberg, Typhimurium
DT02, and Derby. Eighty-one percent of calves were positive for E. coli with reduced
susceptibility to ESC (sESC-R E. coli). From the selected sESC-R E. coli (n=100), 88%
demonstrated phenotypic resistance to ESC (ceftriaxone and/or ceftiofur) based on MIC
testing. From these 88 ESC-R E. coli; blaTEM was detected in 84.1%, blaCMY-2 was
detected in 52.2%, 15.9% were blaCTX-M-9 positive, 9.1% blaCTX-M-1 positive, 9.1% were
blaCTX-M-2 positive, and blaSHV was detected in 1.1% of isolates. Sixty percent (60%) of
the ESC-R E. coli had two or more β-lactamase resistance genes. Plasmid-mediated
quinolone resistance genes were detected from seven of the nine isolates with reduced
susceptibility to quinolones. Five isolates were positive for qnrB alone, and two isolates
were positive for both qnrB and qnrS. Neonatal age calves (OR=2.42), regular ceftiofur
use on the farm (OR=3.83) feeding of unpasteurized, non-saleable milk (OR=1.6), use of
florfenicol (OR=2.02) and use of ceftiofur for the treatment of respiratory diseases
(OR=0.57) were associated with the fecal recovery of E. coli with reduced susceptibility
to ESC.
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In chapter 5, the potential role of dairy colostrum as a source of antimicrobial
resistant bacteria to newborn dairy calves was examined. ESC-R E. coli were detected
in 20 (4.43%) of the 452 colostrum samples. At least one ESC-R E. coli isolate was
detected in 6 (75%) of the 8 dairy herds. All ESC-R E. coli had phenotypic MDR
profiles. No blaCTX-M group genes were detected, but blaCMY-2 and blaTEM genes were
detected in nine (45%), and seven (35%) of the twenty ESC-R E. coli isolates recovered.
In chapter 6, the frequency of humans’ fecal carriage of vancomycin-resistant
Enterococcus spp., carbapenem-resistant E. coli, and generic E. coli with reduced
susceptibility to ESC and fluoroquinolones were examined. The recovery of ESCresistant and quinolone-resistant E. coli was low (<10%) out of 489 human fecal samples.
Carbapenem-resistant E. coli and vancomycin-resistant Enterococcus faecalis or faecium
were not detected in any samples in this study. The β-lactamase-resistance gene profile of
the 26 ESC-R E. coli isolates was as follows: 25 (96.2%) of harbored blaTEM, 18 (69.2%)
harbored blaCMY-2, 16 (61.5%) harbored blaCTX-M groups (blaCTX-M-1 = 9, blaCTX-M-9 = 5,
and blaCTX-M-2 =2 isolates), and two (7.7%) isolates harbored blaSHV resistance genes.
The majority of isolates (92.3%) harbored two or more resistance genes. Twenty-one
(8.3%) out of 253 human fecal samples were positive for qnr-producing E. coli isolates.
Of the E. coli isolates, Three (14.3%) harbored qnrB, five (23.8%) harbored qnrS, and
thirteen (61.9%) were positive for both qnrB and qnrS genes.
Overall, this research has provided valuable information on the antimicrobial
susceptibility patterns of commonly cultured pathogens from food and companion
animals from the Atlantic region of Canada. This information may influence the rational
use of antimicrobials by clinicians in choosing empirical therapies and treatment
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protocols within the food animal industries and companion animal veterinary practices in
Atlantic Canada. Also, this study has provided an estimate of extended spectrum
cephalosporin and fluoroquinolone resistance in dairy calves and humans, as well as
carbapenem and vancomycin resistance in humans within Prince Edward Island.
Additionally, this research has provided information on the resistance genes associated
with the occurrence of ESC and fluoroquinolone resistance in Atlantic Canada.
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1.0 INTRODUCTION
1.1 Antimicrobial resistance
Numerous national and international agencies consider antimicrobial resistance
(AMR) to be an increasingly serious threat to global public health. (WHO Advisory
Group on Integrated Surveillance of Antimicrobial Resistance and World Health
Organization, 2012; Public Health Agency of Canada, 2014). Movement of people and
international trade of food and animals between countries have provided the opportunities
for the spread of antimicrobial-resistant microbes across the globe. AMR is developing
faster than new antimicrobials are being developed, and antimicrobial discovery and
research are becoming increasingly difficult and expensive (Davies, 2014). In general, the
reasons for increasing resistance includes antimicrobial use (AMU) for prophylaxis and
treatment of infections in humans and animals, noncompliance with infection-prevention
and control practices, and AMU in agriculture for growth promotion (Byarugaba, 2010).
Concerns surrounding the impact of the veterinary use of antimicrobials have evolved
during the past decades; impacts on human and animal health have been based on an
understanding of the effects of AMR created by AMU (Singer et al., 2007; Call et al.,
2008). From animals, resistant bacteria can be transmitted to humans through direct
contact, via the food chain and contamination of the environment (McEwen and FedorkaCray, 2002). The emergence of antimicrobial resistant bacteria associated with veterinary
usage of antimicrobials and its potential impact on human health include: treatment
failures leading to more severe or prolonged illnesses with prolonged hospitalization,
reduced livelihoods and increased mortality as well as food insecurity; and higher health
care cost (Angulo et al., 2004; Heuer et al., 2009). The major consequence of AMU and
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the subsequent selective pressure exerted on bacteria is that resistance has been
documented for every known antimicrobial (World Health Organization, 2012).
Considering this, reduction of AMR dynamics requires a global collaboration.

1.2 Antimicrobial resistance monitoring and surveillance
AMR surveillance and monitoring programs have several important goals which
include: determining and predicting AMR trends in bacterial pathogens, measuring the
geographical distribution of AMR, detecting emerging AMR bacteria, monitoring the
impact of interventions and infection control strategies, and providing scientific data for
antimicrobial prudent use guidelines, to stakeholders and policy-makers (Karlowsky and
Sahm, 2002; Critchley and Karlowsky, 2004). Active and passive surveillance are two
methods commonly used to collect AMR data (World Health Organization, 2014). Active
surveillance is a detailed and planned data collection method often involving targeted and
representative samplings, while passive surveillance usually involves ongoing monitoring
of pathogens based on diagnostic isolates submitted from clinical cases (Mather et al.,
2016). Both surveillance methods can be used to generate AMR data for human, animal,
and food samples (Doyle et al., 2013).

1.2.1 Laboratory based antimicrobial resistance monitoring and surveillance
Laboratory based surveillance is a common form of passive surveillance and is
considered to be the most cost-effective surveillance approach (Nsubuga et al., 2006).
This includes a system of routine data collection from public and private sector
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laboratory databases on antimicrobial susceptibility testing data as well as detailed
information on the pathogens isolated from clinical samples from diseased animals or
human subjects. Analysis and reports are generated which can be beneficial to clinicians
for empirical therapy and government policy-makers both regionally and internationally
(Grundmann, 2014). However, laboratory-based data are inherently biased because of
variation in laboratory method of antimicrobial susceptibility and the possibility of
overestimation of inference from such data since information may have originated from
non-responsive cases to empirical therapy or those with prior antimicrobial treatments
(Baker et al., 2012).

1.2.1.1 Antimicrobial resistance surveillance in food animals
Most internationally and nationally established surveillance programs of food
animal pathogens are focused on food borne pathogens such as Escherichia coli,
Salmonella enterica, Campylobacter spp., Enterococcus spp. Some European programs
also include Staphylococcus spp., Streptococcus spp., Pasteurella spp., Clostridium spp.
(Hendriksen et al., 2008). The VetPath non-governmental and non-profit surveillance
program of European Animal Health Study Centre (CEESA) incorporates all major
disease causing bacteria in cattle, pigs, and poultry in their surveillance program (de Jong
et al., 2014; El Garch et al., 2016). Some of the well-established programs monitoring
trends in AMR of food-borne importance and targeted food animals’ pathogens includes:
the United States National Antimicrobial Resistance Monitoring System (NARMS),
Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS),
Danish Integrated Antimicrobial Resistance Monitoring and Research Programme
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(DANMAP), German Resistance Monitoring in Veterinary Medicine (GERM-Vet), and
Swedish Veterinary Antimicrobial Resistance Monitoring programme (SVARM)
(Gnanou and Sanders, 2000; de Jong et al., 2009; de Jong et al., 2013).

1.2.1.2 Antimicrobial resistance surveillance in companion animals
Antimicrobial surveillance and monitoring in companion animals is limited and
has received little attention compared with food animals. Considering that most
companion animals live in close contact with humans, they have the potentials to
disseminate pathogens and AMR genes to humans (Guardabassi, 2004). Some examples
of surveillance programs in companion animals include ComPath, of the CEESA. This
program track major pathogens for companion animals (Moore and Lund, 2009; de Jong
et al., 2013), however, the majority of AMR data from companion animals are derived
from targeted research studies and retrospective diagnostic laboratory data from many
parts of the world (Weese, 2015). AMR data on companion animals pathogens are
necessary for the development of AMU policies in small animal practices and the risk
assessment of the zoonotic transmission of AMR between pets and humans (Guardabassi,
2004).

1.2.2 Zoonotic and indicator bacteria in antimicrobial resistance surveillance
AMR surveillance programs at the national and international levels monitor AMR
in food animal production to gain a better understanding of AMR dynamics in animals
and humans. Most of the bacterial species monitored are human enteropathogens and are
also considered sentinel AMR indicator species, such as Campylobacter spp., Salmonella
4

spp., E. coli and Enterococcus spp. (European Food Safety Authority, 2012). These
bacteria are typically used because they: (i) can be isolated from healthy animals; (ii) are
relatively easy to culture; (iii) is of importance in human disease; and (iv) have
established minimum inhibitory concentration (MIC) breakpoints for human infections
(Cameron and McAllister, 2016). Generic E. coli, Enterococcus spp. are used as
indicators of the Gram-negative and Gram-positive commensal intestinal flora
respectively, while Salmonella spp. and Campylobacter spp. are major foodborne
pathogens (Wang et al., 2006).
Monitoring these bacteria for resistance to very highly important antimicrobials with
respect to human health, such as ESCs, vancomycin, carbapenems, and fluoroquinolones
(DeFrancesco et al., 2004), is essential for understanding resistance trends and the
emergence of

AMR in human populations. Antimicrobial susceptibility patterns of

indicator bacteria reflect the selective pressure exerted by AMU and the potential of these
bacteria to serve as a reservoir of AMR genes (European Food Safety Authority, 2012).
These AMR genes, commonly found on plasmids, could be shared between other
bacteria, including other commensal bacteria, as well as human and animal pathogens
(Fluckey et al., 2007).

1.2.3 Use of antimicrobial susceptibility data in empirical therapy
The empirical selection of an appropriate antimicrobial drug the time of diagnosis
of an infection is essential to both human and animal health (Spohr et al., 2012).
Antimicrobial selection should be based on expected therapeutic efficacy while
minimizing the promotion of selecting for resistant bacteria (Weese et al., 2015).
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Empirical therapy is commonly used in veterinary and human medicine especially in
severe or life-threatening infections, including, septicemic conditions, neutropenic
patients, and in infections causing pain or discomfort (Weese et al., 2011). Empirical
therapy is instituted before results from culture and sensitivity testing are available as a
de-escalation strategy (Tamma et al., 2012). This initial antimicrobial selection is based
on the knowledge of local or regional AMR patterns. Such knowledge is often derived
either from clinical experience or preferably from diagnostic laboratory-based
surveillance of antimicrobial susceptibility testing data. This data provides information
on historical susceptibilities to veterinarians who are instituting empirical treatments
(Checkley et al., 2010).
To make an informed decision with respect to empirical antimicrobial selection, a
clinician has to have knowledge of the most common bacterial pathogens causing
infections in the different organ systems (Tamma et al., 2012). Additionally, the use of
diagnostic cytology to determine the Gram staining characteristics of the inciting bacteria
can also help in making the appropriate empirical antimicrobial selection (Leekha et al.,
2011). While empirical therapy is an integral part of veterinary medicine, however,
therapeutic failures have been reported underlying the importance of diagnostic cultures
and sensitivities (Micek et al., 2010).
The use of empirical therapy must be done with caution to ensure prudent use of
antimicrobials. Culture is recommended for further sensitivity testing for bacterial
pathogens with unpredictable susceptibility. Unnecessary use of antimicrobials should be
avoided, and use of narrow-spectrum antimicrobials over broad-spectrum antimicrobials
is preferable (Micek et al., 2010).

6

1.3 Antimicrobial use in animals
1.3.1 Antimicrobial use in food animal productions
Antimicrobials are used in food animal production for the treatment of diseases,
for control and prevention of infections and for growth promotion. The therapeutic use of
antimicrobials is a critical step in food animal production for the management of disease
and the prevention of poor welfare (Hao et al., 2014). Therapeutic treatments may be
administered to individual animals. However, AMU in food animal productions are
commonly prophylactic rather therapeutic (Giguère et al., 2013). Often a group
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animals is treated with antimicrobials in-feed or water during high-risk periods of
infection (Giguère et al., 2013). This is a common practice in intensive food animal
production systems involving poultry, pigs, cattle and rabbits. Metaphylaxis is a concept
similar to prophylaxis is with the intention of providing therapy to not only the animals
with clinical disease but to also treat the susceptible animals in the group for the
prevention of further spread of disease (Giguère et al., 2013).
There is not always a clear distinction between AMU for treatment and for
prevention, and in most cases, there is an overlap in the definitions. Additionally, the
definitions vary from country to country (Landers et al., 2012). In the United States of
America, prophylactic and metaphylactic treatments are considered therapeutic uses
while such treatments are considered non-therapeutic in European countries (Cameron
and McAllister, 2016). Use of antimicrobials solely for growth promotion is still a
common practice in some countries such as in Asia and Africa; however, this practice is
no longer permitted in the European Union and is being discontinued in North America.
Growth promotion utilizes sub-therapeutic doses of antimicrobials fed for a prolonged
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period, often continuously throughout the production cycle for improved feed efficiency
and increased growth rate (Van Boeckel et al., 2015). Most antimicrobials used for
growth promotion in some part of the world, such as neomycin, penicillin G,
sulfamethazine, tylosin, and chlortetracycline, are also often approved for prophylaxis
treatment. This gives rise to an overlap in the use of the antimicrobials without a clear
distinction in the reason for usage especially between growth promotion and prophylactic
use.
In the dairy industry, intramammary infections are a major health problem and are
responsible for most of the AMU in dairy cattle (Erskine et al., 2002). Clinical cases in
individual lactating cows may be treated by intramammary infusion and also systemically
if the cow is systemically ill. Dairy cattle are often treated at the end of lactation with an
intramammary antimicrobials to treat existing clinical and subclinical infections during
the dry period and future lactations (Barkema et al., 2006). Similar antimicrobials are
used for dry cow therapy and for clinical or subclinical mastitis treatment in Canada
(Saini et al., 2012a). First and third generation cephalosporins, penicillins, penicillin
combined with other antimicrobials are the most commonly used for both dry cow
therapy and intramammary antimicrobials for the treatment of mastitis. While β-lactams
(penicillin, ceftiofur), tetracyclines, trimethoprim-sulfonamide combinations are the
commonly reported systemic antimicrobials for the treatment of clinical mastitis in
Canada. This is also similar to reports from USA and Europe where β-lactams and
tetracycline were commonly used for systemic treatments of mastitis (Hill et al., 2009;
De Briyne et al., 2014).
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In beef cattle production, AMU for prophylactic and metaphylactic treatments are
common practices especially in feedlot cattle production (Cameron and McAllister,
2016). Gow and Waldner (2009) examined antimicrobial usage in 203 Canadian beef
cow-calf herds from western Canada and found that 61% of the herds reported the using
of antimicrobials during the calving season. Oxytetracycline, sulfonamides, florfenicol,
and penicillin were the most frequently used antimicrobials among the herds during this
period. Diarrhea, pneumonia, and navel infections were the most common indications for
treatment in calves. Adult heifers and cows mainly received long and short acting
oxytetracycline and penicillin for the treatment of metritis, interdigital necrobacillosis
and retained placenta.
AMU for growth promotion or disease prophylaxis is more common in the swine
industry compared with other food animal production systems (Van Boeckel et al., 2015),
largely due to intensive systems of management. Pigs are commonly medicated in feed
particularly the young age groups. Reports on AMU from 25% of Alberta’s swine herds
suggest that the vast majority of the antimicrobials used on these farms were
administered in feed and occasionally in water (Rajic et al., 2006). Prophylactic use of
chlortetracycline-sulfamethazine-penicillin combination and tylosin were the most
frequently used in-feed antimicrobials in weaner pigs and growers/finishers, respectively
(Rajic et al., 2006). Ceftiofur, penicillin, tetracycline, tiamulin, lincomycin, and
macrolides have reportedly been used in the treatment of clinical respiratory diseases,
gastroenteritis due E. coli and Clostridium perfringens, swine dysentery (Brahyspira
hyodysenteriae), Streptococcus suis infections and ileitis due to Lawsonia intracellularis
in swine production systems (De Briyne et al., 2014; Economou and Gousia, 2015).
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There are few antimicrobial drugs labeled for use in small ruminants in Canada as
such, extra-label AMU is an essential part of small ruminant production medicine (Avery
et al., 2008). Penicillin, tetracycline and, to a lesser extent, trimethoprim-sulfadoxine
have been reported to be the most commonly used antimicrobials in small ruminants
based on studies from Ontario and Alberta, Canada (Avery et al., 2008; Moon et al.,
2010). Mastitis, respiratory diseases, and post-lambing metritis are the commonest
reasons for the use of injectable antimicrobials in adult sheep from both studies, while in
lambs, pneumonia and scours were the common indications for antimicrobial treatment.

1.3.2 Antimicrobial use in companion animal veterinary practices
Antimicrobials are frequently used for therapeutic and prophylactic purposes in
companion animals (Pomba et al., 2016). In recent years, AMU in companion animals
has become the subject of discussion. This is because companion animals live in close
contact with humans and can be a source of AMR bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA) and as a potential source of multidrug resistant (MDR)
pathogens for people (Prescott and Boerlin, 2016). Also, most common antimicrobial
classes used in companion animals are identical to those used in humans including those
considered to be critically important antimicrobial classes with respect to human
medicine (Guardabassi, 2004). Antimicrobial consumption data is often unavailable or
incomplete, especially for each companion animal species, however reports from
Denmark and a recent report from Canada indicate that of the antimicrobials distributed
for veterinary use, less than 1% were used for companion animals with the majority used
for food animal production (Spohr et al., 2012; Gyles, 2016). However, the highly
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important

antimicrobials,

such

as

the

fluoroquinolones

and

broad-spectrum

cephalosporins, are used much more frequently in companion animals compared to food
animals.

If fact, over 50% of AMU of these very highly important drugs used in

veterinary medicine are used in companion animals (Heuer et al., 2005; Spohr et al.,
2012). This relatively high use of fluoroquinolones and cephalosporins in companion
animals, despite a generally low antimicrobial consumption overall, creates a potential
risk for resistance development to these antimicrobials, which have been categorized by
WHO as 'critically important' with respect to human health (Prescott and Boerlin, 2016).
The most frequently prescribed antimicrobials for dogs and cats reported from
different countries such as Denmark, Italy, Finland, and United Kingdom are β-lactam
antimicrobials (Hölsö et al., 2005;Mateus et al., 2011; De Briyne et al., 2014; Buckland et
al., 2016), (Escher et al., 2011; De Briyne et al., 2014). In Canada, the most frequently
prescribed antimicrobials for dogs and cats were β-lactam antimicrobials and to lesser
extent fluoroquinolones (Murphy et al., 2012). Cephalexin and amoxicillin-clavulanic
acid were commonly used for dogs while amoxicillin-clavulanic acid and cefovecin were
commonly used in cats. Another report from North America indicates that amoxicillinclavulanate, and first and second generation cephalosporins were commonly used
antimicrobials for dogs and cats (Wayne et al., 2011). Other antimicrobials including the
fluoroquinolones, clindamycin, the macrolides, doxycycline, nitroimidazoles, and
trimethoprim-sulfonamides have also been reportedly used in both dogs and cats, but at
lower proportions compared with β-lactams (Mateus et al., 2011; Murphy et al., 2012; De
Briyne et al., 2014). The most common reasons for antimicrobial treatment in dogs and
cats are skin and wound infections (including abscesses, bites, and scratches in cats),
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otitis externa, respiratory infections, gastrointestinal infections, and dental/oral and
urinary tract infections (Guardabassi, 2004; Murphy et al., 2012).
AMU reports in horses are limited, penicillins and trimethoprim-sulfonamide are
the most commonly used antimicrobials followed by aminoglycosides and extended
spectrum cephalosporins (Weese and Sabino, 2005; Dallap Schaer et al., 2012; De Briyne
et al., 2014). Multiple drug combination therapy is sometimes used in horses.

For

example, the use of penicillin, gentamicin, and metronidazole, in combination for the
treatment of life-threatening infections such as pleuropnuemonia and peritonitis has been
reported (Guardabassi et al., 2008). This triple antimicrobial treatment is considered the
most broad-spectrum coverage possible for equine pathogens. Antimicrobials are
reportedly mainly used in horses for the treatment of skin infections including wounds
and abscesses, respiratory diseases, perioperative and postoperative uses, and to a lesser
extent, genito-urinary tract infections including endometritis and placental retention
(Weese and Cruz, 2009; Dallap Schaer et al., 2012; De Briyne et al., 2014).

1.4 Antimicrobial resistant bacteria in food animals
1.4.1 Antimicrobial resistance among mastitis pathogens from ruminants
AMR among mastitis pathogens has been reported for nearly four decades, but
despite routine and common use of antimicrobial therapy, current scientific evidence has
not demonstrated widespread, emerging AMR among mastitis pathogens (Oliver and
Murinda, 2012). While Staphylococcus aureus remained the major causative agent of
bovine mastitis, studies have reported that coagulase-negative staphylococci (CNS)
exhibit greater AMR than does Staphylococcus aureus (Oliver and Murinda, 2012).
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However, of great importance is the emergence of methicillin-resistance in both CNS and
Staphylococcus aureus. There is available evidence that CNS may serve as carriers of
AMR genes that could be transmitted to S. aureus potentially resulting in the emergence
of MDR-MRSA strains (Oliver et al., 2011). Very low level prevalence of MRSA isolates
from bovine mastitis has been reported to range from 1.1% to 17.3% notably from
Europe and Asia (Oliver and Murinda, 2012), while it’s uncommon in North America, a
prevalence of 0.05% has been reported in a study in Canadian dairy farms (Saini et al.,
2012b).
Environmental mastitis pathogens such as Escherichia coli and Klebsiella spp. are
commonly associated with widespread acquired MDR. A study from Canadian dairy
farms has reported that 62.8% and 55% of the resistant E. coli and Klebsiella spp. isolates
were MDR respectively (Saini et al., 2012b). A majority of MDR E. coli were resistant to
kanamycin, streptomycin, ampicillin, sulfisoxazole, trimethoprim-sulfamethoxazole
(TMS), and tetracycline. Recent studies from the Maritime Provinces have also reported
an association between the phenotypic AMR and genotypic resistome as well as other
epidemiological factors in Streptococcus uberis and S. dysgalactiae (Cameron et al.,
2016; Velez et al., 2017)

1.4.2 Antimicrobial resistance among non-mastitic pathogens from ruminants
Apart from mastitis, Bovine Respiratory Disease (BRD) complex is the most
common and economically important cattle disease (Lubbers and Hanzlicek, 2013). The
bacterial pathogens commonly associated with this condition include Mannheimia
haemolytica, Pasteurella multocida, and Histophilus somni. This group of pathogens is a
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major target of AMU (Cameron and McAllister, 2016). AMR to tetracycline,
spectinomycin, trimethoprim–sulfonamide and tilmicosin have been commonly reported
in these pathogens (Hendriksen et al., 2008; Portis et al., 2012).
MDR has also been reported in BRD pathogens. A study from North American
feedlot cattle reported that all three bacterial pathogens exhibited a high rate of AMR.
45% of the isolates were MDR with some demonstrating resistance to seven different
antimicrobial

classes,

including

the

aminoglycosides,

the

penicillins,

the

fluoroquinolones, the lincosamides, the macrolides, the pleuromutilins, and the
tetracyclines (Klima et al., 2014). Similarly, a retrospective study from the Kansas State
Diagnostic Laboratory found an increase in MDR (to 5 or more antimicrobials) in 5% of
isolates in 2009 to 35% of isolates in 2011 (Lubbers and Hanzlicek, 2013). Co-resistance
to

seven

antimicrobial

drugs

including

ceftiofur,

enrofloxacin,

florfenicol,

oxytetracycline, spectinomycin, tilmicosin and tulathromycin.in M. haemolytica was
common.
Gram-negative bacteria including E. coli and Salmonella spp. are other major
reservoirs of AMR genes and MDR. Forty percent of E. coli isolates from feces of
healthy lactating dairy cattle have been reported to be MDR (Sawant et al., 2007).
However, frequency as high as 96% of ceftiofur-resistant E. coli isolates harboring
blaCMY-2 gene from healthy dairy calves has been reported from USA (Donaldson et al.,
2006). Dissemination of blaCMY-2-mediated cephalosporin resistance in commensal
Escherichia coli isolates and Salmonella enterica, especially MDR-AmpC Salmonella
Newport have also been commonly reported from cattle in the USA (Zhao et al., 2003;
Daniels et al., 2009). Other studies from Canada have also reported MDR blaCMY2
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producing E. coli and Salmonella spp. from cattle (Mataseje et al., 2010; Martin et al.,
2012).

1.4.3 Antimicrobial resistance among pathogens from pigs
Pigs are known to be major carriers of MDR pathogens (Malik et al., 2011).
Prevalence as high as 97% of E. coli isolated from swine samples in the USA has been
reported to have AMR to important antimicrobials such as ceftiofur, gentamicin,
ampicillin, neomycin and TMS (Malik et al., 2011). Similar findings have also been
reported from a study involving many European countries (Hendriksen et al., 2008b).
Extended-spectrum β-lactamase (ESBL)-producing E. coli have also been
reported in pigs from Asia (Gao et al., 2015; Xu et al., 2015). Most of these isolates were
also MDR, and the majority of them are only susceptible to the carbapenems. However,
recently, a highly transmissible metallo-β-lactamase gene, blaIMP-27,

which confers

resistance to carbapenem antimicrobials, was detected from E.coli and Proteus mirabilis
that was recovered from the environment of a swine farrow-to-finish operation in the
United States (Mollenkopf et al., 2016). Similarly, a significant increase in MDR in
Pasteurella multocida isolates of swine origin has been reported (Glass-Kaastra et al.,
2014). A study from Canada reported that this increased MDR coincides with a period of
increased antimicrobials use for the treatment of clinical signs of porcine circovirus
associated disease (Glass-Kaastra et al., 2014).
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1.5 Antimicrobial-resistant bacteria in companion animals
Antimicrobial resistant pathogens have been reported in companion animals
(Ewers et al., 2012) and can be responsible for treatment failures in the animals as well as
has the potential for transmission between companion animals and humans (Pomba et al.,
2016). MRSA, methicillin-resistant Staphylococcus pseudintermedius (MRSP) and ESBL
producing Enterobacteriaceae have emerged over the years in both apparently healthy
and clinically ill

dogs and cats (Pomba et al., 2016). In horses, ESBL producing

Enterobacteriaceae, and methicillin-resistant Staphylococci are currently the most
important MDR bacteria in equine practice (Maddox et al., 2015). AMR in companion
animal pathogens may vary considerably based on the geographic location, the history of
antimicrobial exposure, and the specific pathogen of interest (Clarke, 2006).
Methicillin-resistant Staphylococcus aureus has been isolated from a variety of
clinical cases in companion animals including skin and soft tissue infections, postsurgical wound infections, joint infections, pneumonia, and urinary tract infections
(Baptiste et al., 2005). MRSA has also been associated with both nosocomial infections
and outbreaks in equine and small animal veterinary hospitals (Weese et al., 2006; Catry
et al., 2010). MRSP is one of the most important pathogens in dogs and cats (van
Duijkeren et al., 2011). MRSP has increasingly been reported from veterinary clinics
around the world as a serious challenge to both dog and cat health (Moodley et al., 2014).
This is because they are commonly MDR to a variety of antimicrobials including all βlactam antimicrobials and most other available treatment options (Moodley et al., 2014).
MRSP cause a myriad of infections in dogs and cats such as pyoderma, ear infections,
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urinary tract infections, respiratory infections, surgical wound infections, and also
septicemic conditions (Van Duijkeren et al., 2011).
Enterobacteriaceae in companion animals are mainly commensals of the
gastrointestinal tract and are important causes of bacterial infections such as otitis and
pyoderma, wound infections, arthritis, and sepsis (Pomba et al., 2016). However, of
particular importance are the β-lactamase producing Enterobacteriaceae including ESBL
and plasmid mediated AmpC producing species such as Escherichia coli. There are
limited available reports on β-lactamase producing Enterobacteriaceae in clinical cases
of companion animals however, ESBL (including blaCTXM-15, blaTEM, and blaSHV and
plasmid mediated AmpC) producing E. coli have been recovered from urinary tract
infections in both dogs and cats (Teshager et al., 2000; Smet et al., 2010). Also, ESBL
genes such as blaCTXM, blaOXA-10 and blaSHV12 have been reported in Klebsiella isolates
and Citrobacter isolates from dogs, cats, and horses (Ewers et al., 2011; Ewers et al.,
2012; Haenni et al., 2012), as well as from veterinary hospitals (Timofte et al., 2016).
Other gram-negative bacteria of increasing concern are MDR Pseudomonas aeruginosa
and Acinetobacter baumannii. Their high level of intrinsic AMR together with their
ability to acquire genes conferring resistance to different classes of antimicrobials has led
to their emergence as important pathogens (van Spijk et al., 2016).

1.6 Antimicrobial categorizations with respect to importance in human medicine
WHO has categorized antimicrobials importance into three groups: ‘critically
important,' ‘highly important’ and ‘important’ to human medicine (Collignon et al.,
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2016). European Medicines Agency (EMA) has classified antimicrobials into two
groups: low/limited risk to public health and high risk to public health (EMA Committee
for Medicinal Products for Veterinary Use (CVMP) and EFSA Panel on Biological
Hazards (BIOHAZ) et al., 2017). Health Canada has categorized antimicrobials into 4
groups: very high importance, high importance, medium importance and low importance
(Table 1.1) (Health Canada, 2009). However, irrespective of different categories
available from different agencies, categorizations are based on two criteria: (i) spectrum
of activity of the antimicrobial class and use of the antimicrobial class in the treatment of
serious bacterial infections in humans; and (ii) availability of alternative antimicrobial
drugs in cases of resistance (Health Canada, 2009; Collignon et al., 2016). Prioritization
of the antimicrobials within the critically important antimicrobial category proposed by
WHO was done based on antimicrobial agents for which risk-management strategic
measures are needed most urgently to help allocate resources (WHO Advisory Group on
Integrated Surveillance of Antimicrobial Resistance and World Health Organization,
2012). Three criteria have been used in the prioritization of antimicrobials: (i) a high
number of people affected by bacterial infections for which the antimicrobial class is the
only or one of few available antimicrobial agents available to treat those infections; (ii)
high frequencies of use of the antimicrobial class for any indication in human medicine
(since AMU may favor AMR selection); and (iii) the antimicrobial class is used to treat
human infections for which there is evidence of resistant-bacteria transmission (e.g., nontyphoidal Salmonella and Campylobacter spp. or resistance genes (Escherichia coli and
Enterococcus spp.) from non-human sources.
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Table 1.1: Health Canada categorization of antimicrobials with respect to human medicine
Very High importance
Carbapenems
Cephalosporins (3rd and 4th generations)

Fluoroquinolones
Glycopeptides
Glycylclines
Ketolides
Lipopeptides
Monobactams
Nitroimidazoles (metronidazole)
Oxazolidinones
Penicillin-β lactamase inhibitor
combinations
Polymyxins (Colistin)
Therapeutic agents for tuberculosis (e.g.
ethambutol, isoniazid, pyrazinamide, and
rifampin)

High importance
Aminoglycosides (except topical
agents)
Cephalosporins (1st and 2nd
generations including
cephamycins)
Fusidic acid
Lincosamides
Macrolides
Penicillins
Quinolones (except
fluoroquinolones)
Streptogramins
TMS

19

Medium importance
Aminocyclitols

Low importance
Flavophospholipols

Aminoglycosides
(topical agents)

Ionophores

Bacitracins
Fosfomycin
Nitrofurans
Phenicols
Sulphonamides
Tetracyclines
Trimethoprim

1.7 β-lactam antimicrobials
The penicillins, cephalosporins, carbapenems, and monobactams are referred to as
β-lactam antimicrobials. These classes of antimicrobials share a unique structure called βlactam ring. Substitutions can be made on the β-lactam ring for specific purposes: (i) for
enhancing the spectrum of activity against bacterial pathogens; and (ii) for reducing
susceptibility to clinically important β-lactamase resistant genes. Four core ring systems
have been identified namely penam, cephem, carbapenem and monobactam ring
structures. These rings serve as precursors for the design of other semi-synthetic β-lactam
antimicrobials with more potent and broad-spectrum activities (Fernandes et al., 2013). βlactam antibiotics prevent bacterial cell wall synthesis through interference in the final
stage of peptidoglycan synthesis (Giguère et al., 2013). They inhibit the activities of the
transpeptidase,

and

other

peptidoglycan-active

enzymes

(transglycosylases,

carboxypeptidases, and endopeptidases) called penicillin binding proteins (PBPs), which
catalyze the polymerization and cross-linking of the glycopeptide polymer units of
peptidoglycans that form the bacteria cell wall. The prevention of cross-linkage in the cell
wall results in accumulation of cell wall precursors which ultimately leads to bacteria
cell death due to osmotic instability (Kong et al., 2010). β-lactam antibiotics exert a
bactericidal action. However the spectrum of activity of the different groups within the βlactam antimicrobials depends on the affinity of the antimicrobials for the PBPs, the
ability of the drugs to penetrate the bacterial outer cell membrane and the level of
resistance to β-lactamase enzymes (Giguère et al., 2013).
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1.7.1 Extended-spectrum cephalosporins
Extended-spectrum cephalosporins (ESC) are third generation cephalosporins that
based on their microbiological spectrum of activity, are an improvement over the
previous generation of cephalosporins and β-lactamase stability. In general, ESC has
decreased activity against Gram-positive cocci and enterococci. However they have an
enhanced antibacterial activity against Gram-negative bacteria (Bush and Jacoby, 2010).
They are often used in the treatment of life-threatening gram-negative bacterial infections
and in immunocompromised patients. Common ESC drugs used in humans’ infections
are ceftriaxone, cefotaxime, ceftazidime, and cefepime (4th generation). Ceftiofur and
cefquinome are the only ESCs licensed for use in food animals, while cefovecin and
cefpodoxime are licensed for use in companion animals (Giguère et al., 2013).

1.7.2 Antimicrobial resistance to β-lactam drugs
Bacteria especially the Gram-negative bacteria have evolved over time by
developing cellular and enzymatic infrastructures in order to withstand the effects of βlactam antimicrobials. This is achieved by four basic mechanisms of resistance: i)
production of different PBPs with low affinity to β-lactam antimicrobials; ii) mutations
that lead to loss or under expression of porins that prevent permeability of β-lactams into
the bacterial cell; iii) active efflux pumps that remove β-lactams in the periplasmic space
to outside the bacterial cell and; iv) production of β-lactamase enzymes that inactivate the
β-lactam ring of β-lactams through hydrolysis (Giguère et al., 2013). Out of these
mechanisms, inactivation by β-lactamase enzymes is the most important and most
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common mechanism used by bacteria to prevent β-lactam drugs from working
(Fernandes et al., 2013).
1.7.2.1 β-lactamases and their classifications
β-lactamase resistance genes represent a family name for all plasmid and
chromosomal mediated resistance genes that inactivate β-lactam drugs by hydrolysis.
Over 1000 distinct β-lactamases are recognized (Bush and Fisher, 2011; Seiffert et al.,
2013). Classification of β-lactamases has evolved over the past 4 decades, and different
systems have been proposed to classify them. However, two general classification
systems have been proposed: the Ambler molecular and Bush-Jacoby-Medeiros
functional classifications (Ambler, 1980; Bush, 1989; Bush et al., 1995; Bush and
Jacoby, 2010).
The Bush-Jacoby-Medeiros functional classification was based on antimicrobial
substrate hydrolytic activities and β-lactamase inhibitory characteristics and is classified
as groups 1, 2, and 3 with subgroups in each grouping (Table 1.2). The Ambler molecular
classification was based on nucleotide and amino acid sequence homology of the
enzymes. Based on the Ambler classification, four molecular classes have been
recognized, namely Ambler molecular class A, B, C, and D. This classification also
correlates with their functional classification. Classes A, C, and D are considered as
serine β-lactamases due to the presence of serine radicals, while class B β-lactamases are
referred to as metallo β-lactamases because zinc is required for their mechanism of
action. Class A and C are the most commonly found β-lactamases in Enterobacteriaceae
in humans and animals, and confer resistance to different β-lactam classes (Bush and
Fisher, 2011).
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Table 1.2: Updated functional classification of major β-lactamases and correlated molecular categories
BushJacoby
group
(2009)

Inhibited by
Ambler
molecular
class
Distinctive substrate(s)

CA or
TZBa

EDTA

Defining characteristic(s)

Representative
enzyme(s)

1

C

Cephalosporins

No

No

Greater hydrolysis of cephalosporins
than benzylpenicillin; hydrolyzes
cephamycins

E. coli AmpC, P99,
blaACT-1, blaCMY-2, blaFOX1, blaMIR-1

1e

C

Cephalosporins

No

No

Increased hydrolysis of ceftazidime and
often other oxyimino- β-lactams

blaGC1, blaCMY-37

2a

A

Penicillins

Yes

No

Greater hydrolysis of benzylpenicillin
than cephalosporins

blaPC1

2b

A

Penicillins, early
cephalosporins

Yes

No

Similar hydrolysis of benzylpenicillin blaTEM-1, blaTEM-2, blaSHVand cephalosporins
1

2be

A

Extended-spectrum
cephalosporins,
monobactams

Yes

2br

A

Penicillins

No

2ber

A

Extended-spectrum
cephalosporins,
monobactams

2c

A

Carbenicillin

Yes

2ce

A

Carbenicillin, cefepime

2d

D

Cloxacillin

No

Increased hydrolysis of oxyiminolactams (cefotaxime, ceftazidime,ceftriaxone, cefepime, aztreonam)

blaTEM-3, blaSHV-2,
blaCTXM-15, blaPER-1,
blaVEB-1

No

Resistance to clavulanic acid,
sulbactam, and tazobactam

blaTEM-30, blaSHV-10

Increased hydrolysis of oxyimino- lactams combined with resistance to
clavulanic acid, sulbactam, and
tazobactam

blaTEM-50

No

Increased hydrolysis of carbenicillin

blaPSE-1, blaCARB-3

Yes

No

Increased hydrolysis of carbenicillin,
cefepime, and cefpirome

blaRTG-4

Variable

No

No

No
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Increased hydrolysis of cloxacillin or

blaOXA-1, blaTEM-10

oxacillin
2de

D

Extended-spectrum
cephalosporins

Variable

No

Hydrolyzes cloxacillin or oxacillin, and
oxyimino- -lactams

blaOXA-11, blaOXA-15

2df

D

Carbapenems

Variable

No

Hydrolyzes cloxacillin or oxacillin and
carbapenems

blaOXA-23, blaOXA-48

2e

A

Extended-spectrum
cephalosporins

Yes

No

Hydrolyzes cephalosporins, inhibited by
clavulanic acid but not aztreonam

blaCepA

2f

A

Carbapenems

Variable

No

Increased hydrolysis of carbapenems,
oxyimino- -lactams, cephamycins

blaKPC-2, blaIMI-1, blaSME-1

3a

B (B1)

Carbapenems

No

Yes

Broad-spectrum hydrolysis including
carbapenems but not monobactams

blaIMI-1, blaVIM-1, blaCcrA,,
blaIND-1

Broad-spectrum hydrolysis including
carbapenems but not monobactams

blaL1, blaCAU-1, blaGOB-1,
blaFEZ-1

B (B3)

Carbapenems

Preferential hydrolysis of
3b

B (B2)

Carbapenems

No

Yes

Adapted from Bush and Jacoby, 2010
a

CA, clavulanic acid; TZB, tazobactam.

b

NI, not included.
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carbapenems

blaCphA,, blaSfh-1

1.7.2.1.1 The first generation β-lactamases
BlaTEM-1 was described in the early 1960s from E. coli isolated from the blood of
a female patient named Temoniera in Greece, and the enzyme was subsequently named
after the patient. It was isolated from a single strain of E. coli which showed resistance
mainly to the aminopenicillins (Datta and Kontomichalou, 1965; Salverda et al., 2010).
Within a few years, the blaTEM-1 β-lactamase had been recognized worldwide. In 1969,
blaTEM-2, a closely related β-lactamase to blaTEM-1 was found in a Pseudomonas
aeruginosa isolate in Great Britain (Medeiros, 1997). It differed from blaTEM-1 in only one
amino acid but not in its substrate profile. Another enzyme group with the same
resistance profile, blaSHV-1, was detected in Klebsiella pneumoniae in 1979 and
subsequently in other members of the Enterobacteriaceae family (Nüesch-Inderbinen et
al., 1997). The blaSHV-1 enzyme shares 68% amino acid homology with blaTEM-1 and has
better activity against aminopenicillin.
Both blaTEM-1 and blaSHV-1 are narrow-spectrum β lactamases carried by
conjugative transposons and plasmids, which facilitated their rapid spread among the
Gram-negative bacteria (Bradford, 2001). In 1983, the first plasmid-encoded extendedspectrum β-lactamase capable of hydrolyzing the extended-spectrum oxyiminocephalosporins was found in a strain of Klebsiella ozaenae in Germany, and it was a
variant form of the blaSHV-1 and was named blaSHV-2. These SHV enzymes differ from
each other by only one amino acid substitution (Knothe et al., 1983).
The first blaTEM-derived β-lactamase conferring resistance to a 3rd generation
cephalosporin, cefotaxime, was initially named blaCTX-1 and was reported in several K.
pneumoniae isolates from France in 1985 (Sirot et al., 1987). The enzyme, now termed
25

blaTEM-3, differed from blaTEM-2 by two amino acid substitutions (Petit et al., 1990). In
1989, a non- blaTEM/blaSHV-1 producing E. coli isolate which efficiently hydrolyzed
cefotaxime was recognized in Munich and was designated blaCTXM (Bauernfeind et al.,
1990).

1.7.2.1.2 Extended-spectrum β-lactamases (ESBLs)
ESBLs are a β-lactamase group that is capable of hydrolyzing penicillins, first-,
second-, and third-generation cephalosporins, and aztreonam but not cephamycins
(cefoxitin and cefotetan) or carbapenems (imipenem or meropenem). ESBLs are inhibited
by β-lactamase inhibitors such as clavulanic acid, tazobactam, and sulbactam (Bush and
Fisher, 2011). Based on the Bush-Jacoby-Medeiros classification, ESBLs belong to group
2be, and group 2de ESBLs are of molecular class A, according to the Ambler molecular
classification.
The most clinically important and the main families of class A ESBLs are the
blaTEM, blaSHV, and blaCTXM-types. BlaTEM and blaSHV type ESBLs arise due to substitutions
in strategically positioned amino acids from the natural narrow spectrum blaTEM-1/blaTEM2

and blaSHV-1, respectively. BlaCTXM enzymes are closely related to the chromosomally

determined blaKLUG-1 β-lactamases found in Kluyvera spp. (Poirel et al., 2002). BlaCTXM
β-lactamases have ≤40% identity with blaTEM and blaSHV type ESBLs (Bonnet, 2004).
BlaTEM and blaSHV differ from the blaCTXM enzymes based on the affinity for ceftazidime
and cefotaxime. While blaTEM and blaSHV have more affinity to ceftazidime than to
cefotaxime, blaCTXM enzymes have the higher hydrolytic efficiency to cefotaxime than to
ceftazidime (Fernandes et al., 2013). ESBLs have been observed in several members of
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Enterobacteriaceae including Enterobacter spp., Salmonella spp., Proteus spp.,
Citrobacter spp., Morganella morganii, Serratia marcescens, and Shigella dysenteriae as
well as in other Gram negative bacteria such as Acinetobacter baumannii

and

Pseudomonas aeruginosa (Kong et al., 2010).

1.7.2.1.2.1 blaTEM
BlaTEM-types β lactamases have been increasing rapidly, and new genes continue
to appear. These blaTEM variants differ in amino acid sequence, and many of them cause
different resistance phenotypes. There are 219 blaTEM type β-lactamases documented (as
of 2016) (http://www.lahey.org/Studies/TEMtable.asp). Of these, 92 (42%) are ESBLs
belonging to the 2be subgroup, 62 (28.3%) are currently unclassified, 38 (17.4%) are
inhibitor-resistant blaTEM belonging to the 2br subgroup, 11 (5%) are complex mutant
blaTEM (CMT) with both extended-spectrum activity and inhibitor-resistant properties
belonging to the 2ber subgroup and the remaining 16 (7.3%) are non-ESBLs belonging to
2b subgroup. BlaTEM-3, blaTEM-10, blaTEM-12, blaTEM-26 and blaTEM-52 are the most commonly
reported blaTEM ESBLs worldwide, including North America (Bradford et al., 1994;
(Bush, 2008).

1.7.2.1.2.2 blaSHV
The first blaSHV ESBL was due to a single amino acid substitution of glycine by
serine at the 238 position in the precursor blaSHV-1,and it was designated as blaSHV-2
(Kliebe et al., 1985). Within few years of its discovery, blaSHV ESBLs had been reported
from most every country in the world; globally blaSHV-2a, blaSHV-5,and blaSHV-12 are the
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common blaSHV ESBLs reported (Liakopoulos et al., 2016). Currently, there are 194
blaSHV types documented (http://www.lahey.org/Studies/webt.asp#SHV). Of these, 103
(53.1%) are unclassified, only 47 (24.2%) are ESBLs belonging to the 2be subgroup,
37(19.1%) are non-ESBL belonging to the 2b subgroup, while 7 (3.6%) are non-ESBL
inhibitor-resistant types belonging to the 2br subgroup.

1.7.2.1.2.3 blaCTXM
BlaCTXM was named for “Cefotaximase Munich,” which reflects the potent
hydrolytic activity of this group of β-lactamases against cefotaxime and where it was first
detected (Bonnet, 2004). BlaCTXM-ESBLs hydrolyze cefepime with high efficiency. High
catalytic potency against ceftazidime, particularly for blaCTXM-15., is also possible in the
presence of a strong promoter such as the insertion sequence ISEcp1 (Cantón et al.,
2012). There has been a rapid spread of the blaCTXM β-lactamases worldwide compared to
the blaTEM and blaSHV ESBL types, and it has been described as the most prevalent ESBL
worldwide (Paterson and Bonomo, 2005).
Currently,

172

different

blaCTXM

types

have

now

been

documented

(http://www.lahey.org/Studies/other.asp#table1) and they are divided into 5 phylogenetic
groups based on their amino acid sequence homology: blaCTXM-1, blaCTXM-2, blaCTXM-8,
blaCTXM-9, and blaCTXM-25. Other minor ESBL types have also been described that are
unrelated to the major ESBLs. These minor ESBLs are plasmid mediated and have been
reported from some parts of the world. These include blaOXA, blaPER, blaVEB, and blaGES
(Sullivan and Schaus, 2015). Continued surveillance of these minor ESBLs is important
to identify increasing prevalence.
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1.7.2.1.3 AmpC β-lactamases
AmpC β-lactamases are a group of enzymes belonging to Ambler molecular
classification C. They confer resistance to extended-spectrum cephalosporins,
cephamycins (cefoxitin and cefotetan) and β-lactam/β-lactamase inhibitor combinations
(e.g., amoxicillin-clavulanate) but do not hydrolyze carbapenems, cefepime, and
monobactams (Philippon et al., 2002). AmpC β-lactamases can be chromosomally or
plasmid mediated. Chromosomal AmpC β-lactamases (cAmpC) are normally found in P.
aeruginosa, and many Enterobacteriaceae including Enterobacter cloacae, C. freundii,
and Serratia marcescens in a repressed state or constitutively expressed at a low level
(Kong et al., 2010). However, they can be derepressed under certain circumstances, such
as the presence of a β-lactam, or when there are mutations in the promoter regulatory
regions, such as ampR, ampD, and ampG which leads to constitutive hyper-production of
the AmpC β-lactamase resulting in β-lactam resistance (Jacobs et al., 1997; Jacoby,
2009).
Although AmpC β-lactamases initially were chromosomal cephalosporinases,
changes occurred that allowed the chromosomal enzyme regulated by weak promoters to
become a strong constitutively expressed plasmid-mediated gene that has disseminated
among many members of the Enterobacteriaceae (Bush and Fisher, 2011). Plasmidmediated AmpC β-lactamases (pAmpC) includes 8 resistance gene clusters and are
derived from cAmpC producing bacteria (Jacoby, 2009): blaCMY-1 (Aeromonas
hydrophilia), blaCMY-2 (Citrobacter freundii), blaMIR-1 (Enterobacter cloacae), blaACT-1
(Enterobacter asburlae), blaDHA-1 (Morganella morganii ), blaACC-1 (Hafnia alvei),
blaMOX-1 (Aeromonas hydrophilia), blaFOX-1 Aeromonas (caviae), and blaLAT-1
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(Citrobacter freundii). A variety of mobile genetic elements, especially the insertion
sequence ISEcp1 has been implicated in the mobilization of AmpC genes onto plasmids
especially in many blaCMY alleles including blaCMY-2 (Haldorsen et al., 2008).
A recently updated functional classification table by Bush and Jacoby has
reported a new variant of pAmpC that has increased activity against ceftazidime and other
ESCs (Bush and Jacoby, 2010). This new variant has been referred to as group 1e
extended-spectrum AmpC (ESAC) β-lactamases and it includes blaGC1 in E. cloacae,
plasmid-mediated blaCMY-10, blaCMY-19 and blaCMY-37 (Bush and Jacoby, 2010; Bush and
Fisher, 2011). Currently, 136 different blaCMY alleles, 38 blaACT alleles, 23 blaDHA alleles,
18 blaMIR alleles, 11 blaMOX alleles, 5 blaACC alleles, and 1 blaLAT-1 have been
documented (http://www.lahey.org/Studies/other.asp#table1).
The most common and clinically important AmpC β-lactamases are the blaCMY
group, especially blaCMY-2 (Seiffert et al., 2013). The blaCMY-2 AmpC β-lactamase has
been reported from different food animals including dairy cattle, pigs, and poultry, as
well as in companion animals (Giguère et al., 2013). They are most prevalent in North
America, especially in Salmonella spp. and E. coli isolates. However they have been
reported from different countries around of the world (Martin et al., 2012). One attribute
of the clinical importance of the blaCMY-2 AmpC β-lactamase is its ability to spread
rapidly and be transferred between zoonotic pathogens, especially members of
Enterobacteriaceae. Evidence of transfer between E. coli and Salmonella in turkey
poults’ intestinal tracts (Poppe et al., 2005) and also between food animals and humans
(Winokur et al., 2001) has been documented.
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1.7.3 ESBLs and AmpC β-lactamases in dairy cattle and humans
1.7.3.1 Dairy cattle
Studies have demonstrated the remarkable spread of ESC-resistant bacterial
isolates among food-producing animals and ESC-R-E. coli and Salmonella spp. are the
major species commonly reported (Ewers et al., 2012; Seiffert et al., 2013). Prevalence of
ESC-R E. coli varies from country to country and also within dairy cattle populations. In
Europe, ESC-R-E.coli prevalence ranged from 6-25% in Switzerland (Geser et al., 2012;
Endimiani et al., 2012; Reist et al., 2013), Turkey (Aslantaş et al., 2016), and France
(Madec et al., 2008; Hartmann et al., 2012). Prevalence as high as 42% have also been
reported from United Kingdom (Snow et al., 2012) and 32.8% in herds in Germany
(Schmid et al., 2013) Retrospectively, the Netherlands had an increasing prevalence of
ESC-R E coli in veal calves from 4% in 1998 to 39% in 2010 (Hordijk et al., 2013a)
while prevalence from veal calves at slaughter was 66% among the herd (Hordijk et al.,
2013b).
In North America, different studies have reported on the prevalence of ESC-R E.
coli in dairy cattle using selective culture techniques. Prevalence ranges of 88-95% have
been reported (Donaldson et al., 2006; Mollenkopf et al., 2012; Davis et al., 2015) in the
USA. In Canada, information on ESC-resistant E. coli is limited. However a prevalence
of 92% have been reported from beef cattle in Alberta (Cormier et al., 2016).
In general, blaCTXM-1, blaCTXM-14, and blaCMY-2 are the most frequently reported βlactamases conferring resistance to ESC in food-producing animals worldwide (Seiffert et
al., 2013). Studies from some European countries have reported that blaCTXM type ESBLs
is the major β-lactamase group circulating among the cattle population with reported
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prevalences ranging from 12-100% (Seiffert et al., 2013). Specifically, blaCTXM-1 and
blaCTXM-14 have been commonly reported from Europe (Ewers et al., 2012; Seiffert et al.,
2013).
ESC-R in cattle within North America has been attributed mainly to the blaCMY-2
group AmpC β lactamases (Winokur et al., 2001; Heider et al., 2009; Seiffert et al.,
2013). In the USA, prevalence in the range of 85-100% of blaCMY-2 producing E. coli
have been reported from fecal samples of cattle (Donaldson et al., 2006; Daniels et al.,
2007; Mollenkopf et al., 2012; Schmidt et al., 2013) and ESC-R Salmonella (Winokur et
al., 2001; Frye and Fedorka-Cray, 2007) using selective culture. Previous studies within
Canada have also reported blaCMY-2 is the predominant β-lactamase in S. enterica and E.
coli from beef cattle from Alberta, (Mulvey et al., 2009; Mataseje et al., 2010; Martin et
al., 2012). Recently, blaCMY-2, blaCTXM, blaSHV and blaTEM β-lactamases have been
reported from beef cattle in Alberta Canada (Cormier et al., 2016).
In North America, blaCTXM was first reported from dairy cattle in North America
in Ohio dairy cattle (Wittum et al., 2010) where 6% of the ESC-R E. coli isolates
harbored blaCTXM-1 and a subsequent study from Ohio dairy cattle yielded 9.4% but
detected blaCTXM-1, blaCTXM-14, and blaCTXM-15 alleles in ESC-R E. coli isolates
(Mollenkopf et al., 2012). A recent study from Washington State reported widespread
dissemination of blaCTXM among dairy farms with a prevalence as high as 53.5% adult
cattle pooled fecal samples

(Davis et al., 2015). This may suggest the possible

emergence of blaCTXM within North America dairy cattle.
Various risk factors for the fecal shedding of ESC-resistant E. coli in dairy cattle
have been documented. Use of ceftiofur (Snow et al., 2012; Saini et al., 2013; Schmidt et
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al., 2013) (Gonggrijp et al., 2016), age of cattle (Hoyle et al., 2004; (Berge et al., 2006),
type of housing (Pereira et al., 2014), diets and feeding practices (Edrington et al., 2012),
waste milk feeding practices (Khachatryan et al., 2004; Brunton et al., 2014; Randall et
al., 2014; Duse et al., 2015), herd size (Cummings et al., 2009), production type (organic
or conventional) (Sato et al., 2005) and other environmental and management factors
have been reported (Edrington et al., 2012).

1.7.3.2 Humans
The distribution and frequencies of ESC-R among Enterobacteriaceae in humans
varies worldwide. In general, the prevalence of ESC-R E. coli worldwide ranges from 039%, and they have been documented in Europe, North America, Africa, Asia, and
Australia (Seiffert et al., 2013). For most countries, especially in Europe, the prevalence
of ESC β-lactamase producing Enterobacteria has increased steadily over time (Cantòn
and Coque, 2006). BlaCTXM-15, blaCTXM-14, and blaCMY-2 have been reported to be the
predominant ESC resistance genes in humans, and they have displaced blaTEM and blaSHV
β-lactamases (Cantón et al., 2012). The relative prevalences of ESBL-producing E. coli,
based on continental distribution, are as follows (Seiffert et al., 2013): blaCTXM-15
(Europe: 22–93%; America: 47–73%; Africa: 59–100%; Asia/Australia: 7–50%),
blaCTXM-14 (Europe: 4–60%; America: 11–26%; Africa: 32%; Asia/Australia: 33%), and
blaCMY-2 (Europe: 12–40%; America: 3–16%; Asia: 50%). Recently, blaCTXM-15 has
become the most prevalent blaCTXM type and the most common ESBL in humans
(Livermore et al., 2006). Clonal analysis using Multilocus Sequence Typing (MLST) has
indicated that blaCTXM-15 is internationally associated with the pandemic spread of the
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IncF plasmid carrying E. coli ST 131, which is responsible for many hospitals acquired
and community related infections (Peirano and Pitout, 2010; Johnson et al., 2013).
Overlapping of β-lactamase types, bacterial sequence types (STs) and/or plasmid
characteristics between human and food animals ESBL/AmpC-producing E. coli have
been reported. Which indicates the possibility of transmission in both directions (Ewers
et al., 2012).
In North America, the earliest report of β-lactamase-producing bacteria in the
USA was due to blaTEM-10 -producing K. pneumoniae in Chicago (Quinn et al., 1989) with
subsequent reports of outbreaks due to blaTEM-10, blaTEM-12, and blaTEM-26. These blaTEM
genes, together with blaSHV types (blaSHV-2, blaSHV-5, blaSHV-7 , and blaSHV-12), commonly
circulated in US hospitals (Bradford et al., 1994; Bradford et al., 1995; Rankin et al.,
2005; Bush, 2008). The blaCTXM type ESBLs were not detected in the United States until
2001 -2002 (Moland et al., 2003). They were considered rare in the United States;
however they are presently considered as emerging and now the predominant ESBLs in
the USA health care system (Lewis et al., 2007; Sidjabat et al., 2009) with blaCTXM-14 and
blaCTXM-15 being the most commonly reported (Castanheira et al., 2008; (Park et al.,
2012).
In Canada, blaCTXM producing Escherichia coli strains were detected in humans in
2000 (Mulvey et al., 2004) with BlaCTXM-15 and blaCTXM-14 being the predominate types
reported from Canadian hospital surveillance (Pitout et al., 2004; Baudry et al., 2009;
Pitout et al., 2009; Pitout, 2010; Peirano et al., 2012; Denisuik et al., 2013). Other ESBLs
that are less common but usually co-detected with the blaCTXM types are blaSHV (blaSHV-2
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and blaSHV-12) and blaTEM (blaTEM-26 and blaTEM-52) (Pitout et al., 2009; Peirano et al.,
2012; Denisuik et al., 2013).
The blaCMY-2 gene is the most frequent ESC β-lactamase gene found in
Salmonella clinical isolates from humans, in North America (Frye and Fedorka-Cray,
2007; Mataseje et al., 2009; Sjölund-Karlsson et al., 2011). Recently, blaCMY-2 was
reported as the dominant ESC β-lactamase in the enteric flora of patients at a tertiary
health care center in Ohio (Landers et al., 2016). BlaCMY-2 has also been reported in E.
coli from Canadian hospital surveillance programs (Mulvey et al., 2009; Simner et al.,
2011; Denisuik et al., 2013).
Various human risk factors have been associated with the increased colonization
or infection by ESBL-producing bacteria, including consumption of contaminated meat
(EFSA Panel on Biological Hazards (BIOHAZ), 2011), international travel (Tangden et
al., 2010), contact with pets and wildlife animals (Literak et al., 2010), hospitalization,
and antimicrobial use, particularly 3rd generation cephalosporins or fluoroquinolones
(Jacoby and Munoz-Price, 2005). Other risk factors include increased age, sex, recurrent
urinary tract infection, follow-up in outpatient clinic (Rodriguez-Bano et al., 2008a;
Rodríguez-Baño et al., 2008b) nursing home residence, transfer from between health care
facilities,

severity of clinical status, stay in the surgical ward, invasive medical

procedures, use of mechanical ventilator, presence of central venous catheter,
hemodialysis, and diabetes mellitus have been associated with healthcare related to
acquisition of ESBL-producing organisms in patients (Calbo, 2006; Falagas and
Karageorgopoulos, 2009; Ruppé et al., 2012; Kim et al., 2013).
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1.8 Quinolone
The quinolone antimicrobial agents are a potent, broad-spectrum synthetic
antimicrobial class commonly used for the treatment of a variety of bacterial infections in
both human and veterinary medicine. Nalidixic acid was the first member of this class.
Chemical modifications of the core quinolone nucleus due to the addition of a fluor-atom
at position C6 resulted in the development of a more potent second generation of
quinolones referred to as fluoroquinolones (Hooper and Jacoby, 2015). This generation
has an extended spectrum of activity and lower frequency of development of resistance
compared to the first generation (Aldred et al., 2014).
Norfloxacin and ciprofloxacin were the first fluoroquinolones used in human
medicine, and they are effective against a variety of Gram-negative and selected Grampositive bacteria. Other newer generation fluoroquinolones include levofloxacin,
sparfloxacin, and moxifloxacin and they are licensed for the treatment of Gram-positive
respiratory infection in humans (Aldred et al., 2014). In veterinary medicine,
enrofloxacin and marbofloxacin have been used for the treatment of respiratory, urinary
tract infection and otitis externa and interna (Hooper and Jacoby, 2015). Health Canada
has classified fluoroquinolones as very highly important antimicrobials with respect to
human medicine (VDD, Health Canada, 2009).

1.8.1 Quinolone resistance
Quinolones act by directly inhibiting the bacterial DNA synthesis (Chen et al.,
1996; Hooper, 2001). In the bacterial cell, the fluoroquinolones inhibit the two essential
enzymes of bacterial topoisomerase II enzymes. Both enzymes DNA gyrase and
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topoisomerase IV are critical in recombination, transcription, and replication of bacterial
DNA. Fluoroquinolones bind to the complex of these enzymes and bacterial DNA; the
resulting fluoroquinolone-topoisomerase II- DNA ternary complex subsequently results
to the double-stranded breaks in bacterial DNA, which disrupts the process of DNA
replication. Ultimately, this interference results in irreversible damage to the bacterial
DNA and subsequently bacterial cell death (Drlica et al., 2008; Dalhoff, 2012) .
Resistance to quinolones is mediated by two mechanisms, chromosomal mutations, and
plasmid-mediated resistance.

1.8.1.1 Chromosomal mutation
Chromosomal mediated resistance is developed due to mutations in DNA gyrase
(gyrA and gyrB) and topoisomerase IV (parC and parE) and is the major mechanism of
quinolone resistance (Guan et al., 2013). These point mutations are clustered and
observed in the highly conserved domain of the topoisomerase II known as the quinolone
resistance determining the region (QRDR). This mutation depends on the bacterial
species, in Gram-negative bacteria, DNA gyrase (gyrA) is the primary target of
fluoroquinolones, whereas topoisomerase IV (parC) is the target of fluoroquinolones in
Gram-positive bacteria. The level of resistance to fluoroquinolones depends on the
number of mutations in the QRDR. The cumulative effects of several mutations in the
QRDR of gyrA and/or parC result in a manifold increase in the MICs and results in
resistance to the fluoroquinolones. Other resistance mechanisms caused by chromosomal
mutations, such as altered fluoroquinolone permeation mechanism mediated by proteins
that constitute outer membrane diffusion channels or cytoplasmic membrane efflux
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pumps, can also play a role in quinolone resistance expression (Redgrave et al., 2014;
Hooper and Jacoby, 2015).

1.8.1.2 Plasmid-mediated resistance
Plasmid-mediated quinolone resistance (PMQR) is associated with three different
types of mechanisms: (i) protection of DNA topoisomerase II enzymes by pentapeptide
repeat proteins encoded by qnr genes (Strahilevitz et al., 2009); (ii) plasmid-mediated
quinolone specific efflux pumps encoded by QepA (Yamane et al., 2007; Périchon et al.,
2007); and an MDR pump oqxAB (Hansen et al., 2007) and (iii) a modification of
quinolones by an altered aminoglycoside acetyltransferase encoded by aac(6’)-1b-cr
capable of reducing ciprofloxacin activity (Robicsek et al., 2006). The presence of
PMQR genes is associated with reduced susceptibility, usually below the MIC clinical
breakpoints. These genes, however, facilitate the selection of mutants with manifold
increase in MIC levels and resistance to quinolones (Mammeri et al., 2005). The first
PMQR qnr gene was described by Martínez-Martínez et al. in 1998. The qnr genes are
the largest family of PQMR genes. Currently, six different sub-families of qnr resistance
genes have been documented qnrA (7 alleles), qnrB (89 alleles), qnrC (1 allele), qnrS (9
alleles), qnrD (2 alleles) and qnrVC (7 alleles) (http://www.lahey.org/qnrStudies/).
Studies have suggested that PMQR genes originated from the chromosome of aquatic
environmental bacteria (Poirel et al., 2005; Wang et al., 2009).
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1.8.2 Occurrence of qnr-mediated resistance genes in Enterobacteriaceae
In the last decade, PMQR genes have been detected in bacterial isolates of clinical
importance worldwide including the USA, Europe, Asia and Africa (Rodriguez-Martinez,
2003; Nordmann, 2005; Veldman et al., 2011). Qnr genes have been found in a variety of
Enterobacteriaceae species. However, qnr genes have been more commonly detected in
Enterobacter spp, K. pneumoniae and to a lesser extent in E. coli (Poirel et al., 2012). A
study reviewing published reports involving qnr genes in a total of 20,960
Enterobacterial species over a 10 year period, revealed the average prevalences of qnrA,
qnrB and qnrS in this review were 1.5%, 4.6%, and 2.4%, respectively (Strahilevitz et al.,
2009). A prevalence as high as 39% has been reported in a sample of E. cloacae isolates
at one hospital in China (Zhao et al., 2010). The occurrence and prevalence of qnrB genes
are overall higher than other qnr genes. However, for non-typhoidal Salmonella spp. the
qnrS gene is most commonly identified (Sjölund-Karlsson et al., 2010; Veldman et al.,
2011).
Qnr genes are usually found on MDR plasmids associated with other resistance
gene determinants including β-lactamase genes. Reports of the association of ESBLs and
AmpC genes with qnr genes have been documented (Cattoir et al., 2007; Crémet et al.,
2011; Jeong et al., 2011).
The majority of studies on qnr genes have been from human clinical isolates, and
less frequently in isolates from animals, food, or the environment (Hooper and Jacoby,
2015). In cattle, there are limited studies reporting qnr genes however PMQR mediated
by qnrS1 has been reported from one E. coli isolate from a cow in the United Kingdom
(Kirchner et al., 2011), while qnrB19 has been reported from an E. coli from a veal calf
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from the Netherlands (Hordijk et al., 2011) and two Salmonella isolates from
environmental samples from a dairy farm in the USA (Cummings et al., 2016). In
Canada, there are limited studies on qnr-mediated quinolone resistance. In humans,
qnrA1 was first detected in two ciprofloxacin-resistant E. coli isolates from a urinary tract
infection in Alberta (Poirel et al., 2006). Subsequently, Pitout et al. (2008) reported the
detection of qnrS from the Calgary health surveillance program. Recently, all three qnr
genes have been reported from human Salmonella isolates from Alberta (Kim et al.,
2016).

1.9 Glycopeptides
Glycopeptide antimicrobials are important for the treatment of life-threatening
nosocomial and community-acquired infections caused by MDR Gram-positive bacteria,
such as Streptococcus spp., Staphylococcus aureus, Enterococcus spp. and Clostridium
difficile (Binda et al., 2014). They are classified as very highly important antimicrobials
with respect to human medicine (VDD, Health Canada). Vancomycin and teicoplanin
represent the first generation of clinically important glycopeptides. They inhibit bacterial
cell wall formation similar to β-lactam antimicrobials (Allen and Nicas, 2003). The
glycopeptides bind to the D-Ala-D-Ala dipeptide terminus of the peptidoglycan
precursors, thus interfering with the transpeptidation and transglycosylation reactions in
the late extracellular stages of peptidoglycan cross-linking. This action ultimately results
in destabilizing the cell wall integrity, with bacterial cell death occurring due to osmotic
instability.
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1.9.1 Glycopeptide resistance and Van-phenotypes
Vancomycin resistance is attributable to a series of transposable mobile genetic
elements collectively referred to as Van gene complexes. These genes also confer
resistance to teicoplanin and, to variable degrees, other glycopeptides (Cetinkaya et al.,
2000). This is achieved through a strategic change in the glycopeptide target. The acyl-DAla-D-Ala terminus of peptidoglycan precursors to which glycopeptides bind is replaced
with acyl-D-Ala-D-lactate with the loss of a critical hydrogen bond in the binding site
(Reynolds and Courvalin, 2005). This results in a more-than-1,000-fold lowering of
vancomycin affinity for its target. Glycopeptide resistance phenotypes in Enterococci
spp. are classified based on Van genes inducibility, resistance to vancomycin and
teicoplanin based MIC values, and level of resistance (Binda et al., 2014). Eight distinct
phenotypes are known. Both VanA and Van B phenotypes are the most clinically
important mechanisms and are most commonly seen in both Enterococcus faecium and E.
faecalis. The Van genes are highly transferable, and are inducible in the presence of
glycopeptides and may be a plasmid or chromosomal mediated. However, other inducible
phenotypes include VanE, VanG, VanL, and VanM are chromosomally mediated and
show low-level glycopeptide resistance, while VanN is plasmid mediated. Low-level
resistance to vancomycin and sensitivity to teicoplanin, are recognized as an intrinsic
characteristic of certain Enterococcus spp. especially in E. gallinarum, E. flavescens and
E. casseliflavus. VanC gene clusters are constitutive, chromosomal mediated, and shows
intrinsic glycopeptide resistance.
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1.9.2 Vancomycin-resistant Enterococcus spp. in humans
Colonization and infection with Vancomycin-resistant Enterococcus spp. (VRE)
has occurred worldwide following the initial recovery from patients in France and United
Kingdom in 1986. VRE has been reported from the USA, Australia, Canada, Denmark
and some Asian countries (Woodford et al., 1995). VREs have been recognized as an
important cause of endocarditis, biliary infections, surgical wound infections, urinary
tract and intra-abdominal infections as well as other hospital-related infections. The first
wave of VRE infections coincided with the period of increasing use of third-generation
cephalosporins to which Enterococcus spp. are intrinsically resistant, while the second
wave in the early 1990s was due to Enterococcus faecalis infections (Cetinkaya et al.,
2000). However, recently E. faecium represents the major reservoir of acquired resistance
and the main cause of VRE infections in humans worldwide, including North America
(Deshpande et al., 2007; O’Driscoll and Crank, 2015).
In Europe, according to EARS-net recent report, the population-weighted mean
percentage for vancomycin resistance Enterococcus faecium was 8.3% in 2015. In the
USA, an average of 82% and 9% of Enterococcus faecium and Enterococcus faecalis
hospital-associated infections were resistant to vancomycin respectively (Weiner et al.,
2016). In Canada, a recent report indicated that all VRE infections were due to E. faecium
(Simner et al., 2015). VanA is responsible for most human cases of VRE around the
world and is mostly carried by E. faecium (Werner et al., 2008; Simner et al., 2015). The
occurrence of VanA is more prevalent in VRE from North America (76%) compared with
Europe (40%) and the rest of the world (Deshpande et al., 2007). In North America, as
many as 90% of the VRE are VanA, while the remaining 10% were VanB (Zhanel et al.,
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2013; McCracken et al., 2013; Simner et al., 2015). In Europe, the VRE infections
increased from 6.2% in 2011 to 8.3% in 2015 with an increased resistance trend observed
in the 12 of 26 participating countries (EARS-net, 2015). Although at lower rate compare
with Europe, VRE infections have tripled in Canadian hospitals, from 1.8% to 6.0%
between from 2007 to 2013 (Simner et al., 2015). Another study involving a Canadian
nosocomial infection surveillance program has reported an increasing trend in VRE
infections in western and central Canada (McCracken et al., 2013).
Various risk factors for VRE colonization and infections in humans have been
reported. Colonization with VRE precedes and is a prerequisite for VRE infection (Patel
and Gallagher, 2015). The use of avoparcin for growth promotion in food animal
production was common in Europe (Werner et al., 2008) resulting in potential human
exposure to VRE through direct animal contact and the food chain. Parenteral
vancomycin use and treatment with third-generation cephalosporins are considered the
most important risk factor for VRE (Van der Auwera et al., 1996). Within the health care
system, VRE has been isolated from virtually all sites, objects and medical equipment of
health care facilities, as well as from the contaminated hands of health care workers
(Zirakzadeh and Patel, 2006). Other risk factors include: longer duration in the intensive
care unit; prolonged hospitalization; long-term care facility residence; serious comorbid
conditions; physical proximity to VRE colonized patients; hospitalization in units with a
high prevalence of VRE; increased Acute Physiology and Chronic Health Evaluation
(APACHE) II scores; hematological malignancies; immunosuppression; and organ
transplantation (Huycke et al., 1998; Arias and Murray, 2012; Patel and Gallagher, 2015;
O’Driscoll and Crank, 2015).
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1.10 Summary
Over the last decade, there has been increase of infections due to antimicrobialresistant bacteria in animals and human populations. It is reported that the use of
antimicrobials such as ceftiofur in food animal species has contributed to the
development and spread of resistant-bacteria such as Salmonella spp. and E.coli in animal
and human populations. In Canada, available AMR study in dairy farms has reported
limited information on resistance to ESC without any molecular data (Saini et al., 2013).
Studies investigating the genetic mechanisms of resistance to extended-spectrum
cephalosporins and quinolones in S. enterica and E. coli in the Atlantic region of Canada
are also limited. However, information on molecular characteristics of the isolated
bacterial species including circulating β-lactamase resistance genes is important for better
understanding of the epidemiology and spread of ESCs –R bacteria. Also, information at
the farm level on risk factors and AMR to ESCs or other antimicrobials is also limited. In
Maritimes Provinces of Canada, with the exception of provincial antimicrobial
susceptibility empirical data from Health PEI, information on the frequencies and
distributions of AMR and associated resistant genes to the very important antimicrobials
including ESC, fluoroquinolone, and vancomycin in humans is also limited especially in
Prince Edward Island.
Monitoring of AMR, particularly to the very high important antimicrobials
generally involved the use of indicator and zoonotic bacteria due to the risk of food-borne
related infections in humans. However, AMR monitoring of animal pathogens has also
been advocated. Also, knowledge of local or regional AMR patterns is useful for making
empirical therapeutic antimicrobial decisions. Such data is derived from antimicrobial
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susceptibility testing of clinical isolates from diagnostic laboratories. Summary of this
information has not been done in Atlantic Canada.

1.11 Objectives of the study
The hypothesis for this research study was divided into two: firstly, I
hypothesized that the AMR to ESCs, quinolones and vancomycin antimicrobials is
occurring in dairy cattle and humans in the Maritime Provinces. Secondly, I hypothesized
that resistance for some antimicrobial- veterinary pathogen combinations in food and
companion animals have changed over time. Therefore, the overall objectives of this
thesis were (i) to determine the AMR to selected pathogens from clinical samples from
both food and companion animals using retrospective data from a referral diagnostic
laboratory in Atlantic Canada over a 20 years period, and (ii) to determine the AMR to
some very highly important antimicrobials including ESC, fluoroquinolone and
vancomycin in some enteric bacteria from dairy farms and humans within the Maritimes
Provinces.
Specific Objectives were to:
•

Chapter 2: determine the most commonly isolated food animal bacterial
pathogens from clinical samples submitted to the PEI Bacteriology Diagnostic
Laboratory and determine the AMR patterns and trends over a 20-year period.

•

Chapter 3: determine the most commonly isolated bacterial pathogens from
clinical samples from companion animals submitted to the PEI Bacteriology
Diagnostic Laboratory and determine the AMR patterns and trends over a 20-year
period.
45

•

Chapter 4: determine the frequency of fecal carriage and antimicrobial
susceptibility patterns in S. enterica and ESC-R E. coli from Holstein dairy calves
using selective culture technique, and to describe the phenotypic AMR patterns
and identify the AMR genes conferring ESC -R in these isolates. Another
objective was to determine the risk factors for fecal recoveries of Salmonella
enterica and ESC-R Escherichia coli with from Holstein dairy calves. Additional
objectives were to explore the MDR in S. enterica and ESC-R E. coli and, when
these MDR isolates had quinolone resistance, to determine if they harbored
PMQR qnr genes.

•

Chapter 5: determine the potential role of dairy colostrum as a source of ESC-R
E. coli using a selective culture technique and to describe the phenotypic AMR
patterns of and identify the AMR genes conferring ESC -R in these isolates.

•

Chapter 6: determine the frequency of fecal carriage of vancomycin-resistant
Enterococcus spp. (VRE), carbapenem-resistant E. coli (CRE), and generic E. coli
with reduced susceptibilities to ESCs and quinolones in patients on PEI using
selective culture techniques. These isolates were further characterized
phenotypically with MIC testing and associated AMR genes were determined.
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CHAPTER 2

ANTIMICROBIAL RESISTANCE IN PATHOGENS ISOLATED FROM FOOD
ANIMALS AT A REFERRAL DIAGNOSTIC LABORATORY IN ATLANTIC
CANADA FROM 1994-2013
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2.1 ABSTRACT
The study was carried out to determine the antimicrobial susceptibility patterns
and resistance trends of selected pathogens isolated from samples from cattle, small
ruminants, and pigs submitted to a referral diagnostic laboratory. Antimicrobial
susceptibility data was retrieved from the Atlantic Veterinary College Diagnostic Services
Bacteriology Laboratory from 1994-2013. Antimicrobial susceptibilities were presented
as proportional risks. Logistic regression was used to detect the antimicrobial resistance
trends over time. Among mastitis pathogens from cattle, Staphylococcus aureus and
Streptococcus uberis were the most commonly isolated bacteria over the period. Mastitis
pathogens were generally susceptible to the antimicrobials tested. The antimicrobial
resistance trends (AMR) were generally stable over time. Multi-drug resistance (MDR)
was observed in 3% of the pathogens.
Among the non-mastitis ruminant pathogens, Pasteurella multocida, Mannheimia
haemolytica, and Escherichia coli were the most frequently isolated pathogens over the
study period. Low susceptibility to streptomycin was consistent in all the pathogens;
however, the pathogens were highly susceptible to florfenicol and ceftiofur. The AMR
trends over the study period were stable, with the exception of a decreased trend in AMR
to streptomycin, which was found in both small ruminants and cattle. The recovery of
MDR was more likely in cattle compared to small ruminants (P<0.001). In pigs,
Escherichia coli and Streptococcus suis were most commonly isolated. These pathogens
were more resistant to lincomycin and oxytetracycline than to ceftiofur. In pigs, like other
food animal species, antimicrobial resistance trends were stable to most pathogenantimicrobial combinations. However, we observed a decreased AMR trend to
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aminoglycosides. Overall, among the pig pathogens isolated, 27% were MDR. This study
has provided valuable information on the antimicrobial resistance patterns of commonly
cultured pathogens from food animals from the Atlantic region of Canada. This
information from sample submission to a diagnostic lab will support clinicians in
choosing empirical therapies and treatment protocols to improve the prudent use of
antimicrobials within the food animal industries in Atlantic Canada, but should be used
with caution, knowing the results are only proportional percentages, and the sampled
population does not represent a random sample of cases seen routinely in private practice.
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2.2 INTRODUCTION
Antimicrobials are used in food animals for the treatment or prevention of
diseases, and until recently in industrialized countries, also for growth promotion.
Individuals or groups of animals may be treated depending on the level of risk posed by
infectious diseases (McEwen and Fedorka-Cray, 2002). However, there is considerable
evidence to support the fact that antimicrobial use in food animal production selects for
resistance in commensal and pathogenic bacteria (Government of Canada, 2013), and
this is a growing concern in veterinary and human health (Landers et al., 2012;
Winokur et al., 2000). Development of multi-drug resistant (MDR) bacteria in foodproducing species is a further concern, as these MDR organisms may be transferred to
people in the food supply, they may transfer genetic material to other bacteria which may
lead to treatment failures in animals and humans, and they also may lead to increased
costs of animal production (Bengtsson and Greko, 2014).
For veterinarians, clinical microbiologists, public health officials, and government
agencies, knowledge of the common bacterial causes of infection in food animal species
and their antimicrobial resistance patterns is important in guiding optimal empirical and
pathogen-specific therapy (Blondeau and Tillotson, 1999; Lubbers and Hanzlicek, 2013;
Rocha et al., 2014). Thus, resulting in improved therapeutic outcomes and prudent use of
antimicrobial drugs (Klastersky, 2009). Surveillance and reporting of antimicrobial
resistance (AMR) and antibiotic usage are a global health priority (McEwen and ReidSmith, 2004). Antimicrobial susceptibility patterns and bacterial distribution varies from
herd-to-herd and from one region to another, which demonstrates the importance of
regional or local surveillance data (Checkley et al., 2010). Additionally, surveillance is
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important in identifying emerging animal pathogens and changes in antimicrobial
resistance.
Diagnostic laboratory data form an important passive surveillance system, and
they have been used in public health jurisdictions for policy purposes (Cantón, 2005;
Checkley et al., 2010). Nonetheless, there is a paucity of published data regarding the
dynamics of antimicrobial resistance in pathogens from food animals, particularly over a
long-term period. The objectives of this study were to identify the most commonly
isolated bacterial pathogens from samples submitted from food animal species and to
determine trends in their antimicrobial susceptibility dynamics over a 20 year period.

2.3 MATERIALS AND METHODS
Bacterial pathogens and their antimicrobial susceptibility data obtained from
samples submitted for culture and susceptibility testing from cattle, small ruminants, and
pigs from 1994 to 2013 to the Atlantic Veterinary College Diagnostic Services
Bacteriology Laboratory were retrieved from the database. Pathogens were isolated using
standard clinical, microbiological isolation techniques, and antimicrobial susceptibility
was determined by the Kirby-Bauer disk diffusion method. Zones of growth inhibition
were interpreted according to Clinical and Laboratory Standards Institute (CLSI)
guidelines at the time of initial testing (CLSI, 2002). For mastitis pathogens,
antimicrobial susceptibility was determined to the following antimicrobials: ceftiofur,
cephalexin, cloxacillin, oxytetracycline, penicillin-novobiocin, pirlimycin, neomycin, and
trimethoprim-sulfamethoxazole (TMS).
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For pathogens isolated from other animal body sites other than mammary glands
of ruminants, susceptibility testing included the following antimicrobials: ceftiofur,
erythromycin, oxytetracycline, penicillin, streptomycin, florfenicol, tilmicosin, and TMS.
Antimicrobials included in susceptibility testing for swine pathogens included:
cephalexin, oxytetracycline, penicillin, neomycin, TMS, apramycin, lincomycin,
gentamicin, lincomycin, and spectinomycin.

2.3.1 Data management and statistical analysis
Pathogen information and their respective susceptibility profile were selected
from the retrieved data for this study. Information on pathogens that commonly cause
diseases in food animals was specifically selected. Data were tabulated using a
computerized spreadsheet (Microsoft Excel, 2010). Antimicrobial susceptibility was
tabulated as a proportional risk, only acquired resistance was reported. Intrinsic resistance
was not reported. Susceptibility was classified as predictable and unpredictable based on
the percent antimicrobial susceptibility. Susceptibility < 70% was considered
unpredictable. Predictable susceptibility was further divided into very effective and
effective with respect to empirical treatment selection. Susceptibility ≥90% was
considered very effective while the susceptibility range from 70-89% was considered
effective for empirical therapy but with a proviso, that selection must be made with
caution. A pathogen resistant to at least one antimicrobial in at least three antimicrobial
classes was categorized as MDR (Magiorakos et al., 2012).
Logistic regression was used to detect the changes in AMR over time. The year
was used as the variable, and each antimicrobial resistance was the binary outcome. Each
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pathogen-antimicrobial trend was modeled to evaluate the changes in AMR over time.
The year was categorized into four groups of five year differences: 1994-1998, 19992003, 2004-2008 and 2009-2013 and modeled as a categorical variable. In the case where
there was not enough data for a pathogen-antimicrobial combination to be examined over
five year periods, the year was categorized into two groups of ten year differences: 19942003 and 2004-2013. The Wald test was used to determine the statistical significance of
each pathogen-antimicrobial trend. Comparisons in AMR between food animal species
were carried out using the Chi-square test. The level of significance was considered at
P<0.05. All statistical analysis was done using STATA 14 (College Station, Texas).

2.4 RESULTS
2.4.1 Antimicrobial resistance in selected mastitis pathogens isolated from dairy
cattle
S. aureus (n=1559), S. uberis (n=1194), and E. coli (n=719) were the most
commonly isolated mastitis pathogens. Generally, most of the mastitis isolates
were ≥90% susceptible to all the antimicrobials, with the exception of E.coli
isolates which were <70% susceptible to cephalexin and neomycin (Table 2.1).
All the isolates had 70-90% susceptibility for oxytetracycline except S. aureus,
which was highly susceptible. The trends of antimicrobial resistance over the
study period were stable for all pathogen/drug combinations, with the exception
of an increased AMR trend for TMS in E. coli (P=0.016), oxytetracycline in
Staphylococcus aureus (P<0.001), and oxytetracycline in Streptococcus uberis
(P<0.001).

Although a high proportion of E. coli isolates were resistant to
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cephalexin and neomycin, the percent of isolates resistant to these drugs
decreased during the 20 year period (P<0.003). Likewise, decreased resistance
was seen in coagulase-negative staphylococcus and Staphylococcus aureus to
neomycin (P<0.001), and in Streptococcus uberis to pirlimycin and TMS
(P<0.001). Three percent (3%) of the mastitis pathogens were MDR, on average,
ranging from 0.3% of Streptococcus spp. and Staphylococcus aureus to 12.7% of
Escherichia coli (Table 2.2).

2.4.2 Antimicrobial resistance in selected pathogens isolated from non-mastitis
pathogens from cattle
E. coli (n=489), Pasteurella multocida (n=238), Mannheimia haemolytica
(n=187), H. somni (n=87) and Trueperella pyogenes (n=74) were the major pathogens
isolated over the study period.

Antimicrobial susceptibility frequencies among the

pathogens are presented in Table 2.3. Among all isolates, lower susceptibility were more
frequent to streptomycin than to ceftiofur, penicillin, and florfenicol. The antimicrobial
resistance trends over the study period were stable with the exceptions of increased
resistance to ceftiofur (P<0.05), TMS (P<0.05) and florfenicol (P<0.001) in Escherichia
coli; erythromycin (P<0.01) in P. multocida, and oxytetracycline (P<0.01) in Trueperella
pyogenes. The only decreased AMR trend observed was for streptomycin in Escherichia
coli (P=0.03). Multi-drug resistance was observed in 28.2% of the pathogens, on average,
ranging from 0% in Actinobacillus spp. to 48% in E. coli (Table 2.4).
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2.4.3 Antimicrobial resistance in selected pathogens isolated from small ruminants
M. haemolytica (n=133), E. coli (n=74), Corynebacterium pseudotuberculosis
(n=45) and P. multocida (n=42) were the most commonly isolated pathogens from sheep
and goats. All the pathogens had a high proportion of isolates that were less susceptible to
streptomycin than other antimicrobials but were highly susceptible to florfenicol,
ceftiofur and TMS (Table 2.5). The antimicrobial resistance trends over the study period
were stable, with the exception of a decreased resistance to streptomycin (P<0.001) in E.
coli. Sixteen percent (16%) of the pathogens were MDR, on average, ranging from 5.4%
in E. coli to 38.1% in P. multocida (Table 2.6). Corynebacterium pseudotuberculosis,
Salmonella spp., Streptococcus spp. and Treuperella pyogenes were non-MDR.

2.4.4 Antimicrobial resistance in selected pathogens isolated from pigs
E. coli (n=863), Streptococcus suis (n=485), P. multocida (n=437) and
Actinobacillus spp. (n=167) were the most commonly isolated pig pathogens. Among the
pig pathogens, the lowest antimicrobial susceptibility was seen in Erysipelothrix
rhusiopathiae, and the highest frequency of antimicrobial susceptibility was found in
Haemophilus parasuis. Isolates commonly had reduced susceptibility to lincomycin and
oxytetracycline and were likely to be susceptible to the cephalosporin drugs (Table 2.7).
For Actinobacillus spp., antimicrobial resistance increased to gentamicin,
neomycin, and spectinomycin (P<0.001) but decreased to oxytetracycline (P<0.05) over
the study period. In E. coli, decreased AMR to apramycin, neomycin, and spectinomycin
(P<0.001) was observed, while increased resistance was observed to ceftiofur (P<0.001).
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In Salmonella spp., decreased resistance was observed to both apramycin and neomycin
(P<0.05).

For P. multocida, a significant change in AMR was observed to the

aminoglycosides (P<0.001), with increased AMR to both gentamicin and neomycin and a
decreased AMR to apramycin. Antimicrobial resistance in S. suis increased significantly
to ceftiofur, oxytetracycline, penicillin and spectinomycin (P<0.05) over the study period.
Twenty-seven percent (27%) of the pig pathogens were MDR on average,
ranging from 2.6% of H. parasuis isolates to 87.5% for E. rhusiopathiae isolates (Table
2.8).
2.5 DISCUSSION
This study looked at the antimicrobial susceptibility patterns and trends in
selected pathogens from cattle, small ruminants, and pigs, using data from a referral
diagnostic laboratory from Atlantic Canada over a 20 year period. This represented a
long-term retrospective study involving a large number of food animal pathogens. In
previous retrospective studies, AMR data were evaluated over a shorter time frame and a
limited number of pathogens (Nam et al., 2009; Hendriksen et al., 2008; Checkley et al.,
2010; Glass-Kaastra et al., 2014), making our study more comprehensive and exhaustive
when looking for AMR trends.
From this study, a high proportion of the food animal pathogens were susceptible
to the antimicrobials tested over the study period, especially the mastitis pathogens and
pathogens isolated from small ruminants. Generally, AMR trends were stable over the
study period in the food animal pathogens. Stable trends indicate predictable
susceptibilities which should result in a high probability of therapeutic success when
these antimicrobials are used to treat infections without prior antimicrobial susceptibility
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testing. Empirical therapy is an integral part of veterinary medicine, and retrospective
antimicrobial susceptibility studies provide helpful information to veterinarians in the
prudent selection of antimicrobial therapy (Checkley et al., 2010). Use of broad-spectrum
antimicrobials as first-line empirical therapy, especially those considered to be very
important with respect to human medicine, should be with caution to maintain their
effectiveness. The regional variation in antimicrobial susceptibilities of common
pathogens must be considered important in making prudent antimicrobial empirical
therapy decision (Blondeau and Tillotson, 1999; Klastersky, 2009).

2.5.1 Mastitis Pathogens
Staphylococcus aureus was the predominantly isolated agent of bovine mastitis in
this study (Table 2.1). This finding is consistent with other published reports (Sargeant
et al., 1998; Oliver and Murinda, 2012). Among S. aureus isolates from our study, a high
proportion of them were susceptible to the antimicrobials tested, including penicillin,
which is comparable to other published studies (Anderson et al., 2006; Persson et al.,
2011; De los Santos et al., 2014). Antimicrobial resistance trends in mastitis pathogens
observed in our study were consistent with previous studies within North America (Saini
et al., 2012b; Lindeman et al., 2013). Antimicrobial resistance levels in the majority of
the antimicrobials tested against the mastitis pathogens remained unchanged, and in some
cases, decreased over the 20 year period, despite most of the antimicrobials having been
used to treat mastitis for several decades. Similar findings have been reported in
Michigan and Wisconsin (Makovec and Ruegg, 2003; Erskine et al., 2002) and in a
review of resistance trends among mastitis pathogens (Oliver and Murinda, 2012). An
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increased resistance for the TMS/E. coli combination was found in our study, which is
consistent with the previous report by Rocha et al., (2014). This increased trend could be
due to TMS being commonly used for treatment in lactating dairy cattle on Canadian
dairy farms (Saini et al., 2012a). The findings from the study support the evidence
presented by the National Mastitis Council’s Expert Group that antimicrobial resistance
in mastitis pathogens is uncommon, with little evidence of increasing resistant trends
(Oliver and Murinda, 2012).
The proportion of mastitis pathogens with MDR was also low (Table 2.2). The
majority of isolates with MDR were Gram-negative mastitis pathogens, especially E. coli.
This MDR result is similar to the findings of Ahmed and Shimamoto, 2011 from Egypt
and Saini et al., (2012b) from Canada. Apart from the therapeutic implications of such
MDR in E. coli, these environmental mastitis pathogens may play an important role in the
dissemination of antimicrobial resistance within the dairy industries.
2.5.2 Ruminants
The pathogens from both small and large ruminants and their associated
antimicrobial susceptibility patterns were similar over the study period. However,
antimicrobial resistance (Tables 2.3 and 2.5), as well as MDR (Tables 2.4 and 2.6), was
higher in cattle compared to small ruminants. This MDR observation in ruminants may
be due to differences in antimicrobial usage patterns in cattle compared to small
ruminants. Dairy and beef cattle are more likely than small ruminants to have bacterial
disease challenges, possibly due to increased animal density, and are frequently treated
with antimicrobials compared to sheep and goats (Cummings et al., 2009).
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Escherichia coli was one of the predominant pathogens isolated from both cattle
and small ruminants in our study, which is consistent with other studies (Sawant et al.,
2007; Carballo et al., 2013). E.coli is a major primary pathogen but can also cause coinfections with other bacterial and viral species as well. Furthermore, some types of E.
coli are important food-borne pathogens (Tadesse et al., 2012). Enterotoxigenic strains of
E. coli have been implicated as a primary bacterial cause of calf scours, and other strains
are a major cause of extra-intestinal infections in both humans and animals (Nataro and
Kaper, 1998). In our study, antimicrobial susceptibility patterns in Escherichia coli in
both cattle and small ruminants were similar in that low proportions of isolates were
susceptible to oxytetracycline, streptomycin, and TMS. This susceptibility pattern has
been reported in Europe and North America (Guerra et al., 2003; Checkley et al., 2010;
Tadesse et al., 2012), and may be due to the prescribing practices and administration of
these antimicrobials for the metaphylactic treatment of diseases and/or for the promotion
of feed efficiency in food animal production.
Respiratory diseases are a major cause of morbidity and mortality in dairy, beef
and small ruminant production systems (Avery et al., 2008; Grissett et al., 2015). M.
haemolytica, P. multocida, and H. somni were the predominant respiratory pathogens
isolated from both cattle and small ruminants in our study. While P. multocida was
frequently isolated from cattle, M. haemolytica was more common in small ruminants. H.
somni was least common in cattle and not isolated in small ruminants. These three
pathogens have also been reported to be the commonly isolated bacteria from bovine
respiratory disease complex (Larson, 2005; Snowder et al., 2007; Tahamtan and Hayati,
2014). A high proportion of these pathogens were susceptible to ceftiofur, florfenicol,
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oxytetracycline, TMS and penicillin in both cattle and small ruminant. Similar
antimicrobial susceptibility patterns have been reported in other studies in North America
(Watts et al., 1994; Welsh et al., 2004; Portis et al., 2012; Lubbers and Hanzlicek, 2013),
in Korea (Shin et al., 2005) and in Europe (Priebe and Schwarz, 2003; de Jong et al.,
2014). However, the use of ceftiofur, a third generation cephalosporin considered to be in
the very highly important class of antimicrobials by the Veterinary Drug Directorate,
Health Canada, should be reconsidered for empirical treatment of ruminant respiratory
diseases when other antimicrobial options, such as florfenicol with high susceptibility,
are available.
In our study, a high proportion of both cattle and small ruminant Listeria
monocytogenes isolates were susceptible to erythromycin, oxytetracycline, and TMS, and
most isolates were susceptible to penicillin and florfenicol, which is consistent with
published reports (Troxler et al., 2000; Wieczorek et al., 2012). Listeria monocytogenes
is considered to be susceptible to most antimicrobials and rarely acquires resistance, but it
is intrinsically resistant to cephalosporins (Charpentier and Courvalin, 1999). The use of
oxytetracycline or penicillin or ampicillin as the first line treatment for Listeria infections
or the use of TMS as an alternative treatment have been recommended (Charpentier and
Courvalin, 1999; Lungu et al., 2010).
Corynebacterium pseudotuberculosis was another frequently isolated pathogen
from small ruminants, and a high proportion of isolates were susceptible to most of the
antimicrobials tested. The exception to this finding was with streptomycin, where 91%
of isolates was resistant. This antimicrobial susceptibility pattern agrees with other
reports (Connor et al., 2000; Wahab and Shigidi, 2013). Previous studies have
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recommended that the antimicrobial drugs of choice for the treatment of Trueperella
pyogenes infections in ruminants are tetracyclines or beta-lactams, such as penicillins or
third generation cephalosporins (Ribeiro et al., 2015). In our study, this pathogen was
susceptible to a majority of the antimicrobials tested, with the exception of streptomycin
and TMS. Similar susceptibilities have been reported from similar in-vitro studies by
Zastempowska and Lassa, (2012) and Ribeiro et al., (2015). This susceptibility indicates
the continued effectiveness of these antimicrobials for empirical purposes.
While there was variation in the susceptibilities to the antimicrobials tested
among both cattle and small ruminant pathogens, most antimicrobial resistance trends
over the years were stable. However, an increased level of antimicrobial resistance was
observed to erythromycin in Pasteurella multocida. This increased AMR level is in
agreement with the findings of Watts et al., (1994) who also reported low susceptibility to
erythromycin in Michigan, over a 4 year period (1988-1992). However, another study
has reported a decreased resistance (Welsh et al., (2004) to erythromycin in both
Mannheimia haemolytica and Pasteurella multocida in Oklahoma over a nine year
period (1994-2002).
The decreasing level of resistance was also seen with streptomycin and E. coli
from cattle and small ruminants, which may be due to the fact that streptomycin has been
off the market in the past decades in Canada. Streptomycin has been replaced by other
antimicrobials, and therefore the selective pressure exerted by streptomycin on AMR is
declining (Tadesse et al., 2012). Increased AMR was seen to ceftiofur and florfenicol in
E. coli. This is different from the stable or decreased AMR trends to ceftiofur and
florfenicol reported from two studies from the United States of America (Tadesse et al.,
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2012; Cummings et al., 2013). This increased AMR over the study period to ceftiofur
found in our study in E. coli warrants judicious use of this antimicrobial and continued
monitoring.
Overall MDR frequency in cattle pathogens were almost twice that of small
ruminants. The MDR frequency observed in M. haemolytica, and P. multocida in our
study is similar to published reports in North America (Lubbers and Hanzlicek, 2013;
Klima et al., 2014). The development of MDR in both pathogens is reported to be
mediated by small plasmid-derived DNA and conjugative and non-conjugative
transposons (Kehrenberg et al., 2001), however recently, chromosomal-based mobile
genetic elements, referred to as integrative conjugative elements, have been implicated in
North America (Klima et al., 2014). The development of MDR in both pathogens would
be economically challenging to ruminant animal production systems within this region.
This is premise on the fact that respiratory disease complex is a major disease of both
small and large ruminants (Portis et al., 2012).
The high MDR frequency in ruminant E. coli isolates in our study has also been
reported from western Canada (Gow et al., 2008; Checkley et al., 2010) and other studies
from United State of America and Europe (Sawant et al., 2007; Hendriksen et al., 2008;
Scott et al., 2012; Tadesse et al., 2012; Hanon et al., 2015), perhaps because E. coli is
ubiquitous, colonizes a wide range of hosts, and acquires antimicrobial resistance genetic
elements easily, making it a common pathogen to demonstrate MDR (Aminov et al.,
2002; Bean, 2005; Checkley et al., 2010). The MDR pattern, consisting of streptomycin,
oxytetracycline, and TMS, has been reported elsewhere in North America (Tadesse et al.,
2012).
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2.5.3 Pigs
E. coli, S. suis, and P. multocida accounted for over 70% of the total pathogens
isolated from swine in our study (Table 2.7). With the notable exception of the
cephalosporins and to a lesser extent penicillin, the antimicrobial susceptibilities
observed from this study demonstrated the low efficacy of the antimicrobials against
many of the swine pathogens. Antimicrobial resistance in E. coli from pigs is of concern
because of the low susceptibility observed to all antimicrobials tested with the exception
of the cephalosporins and aminoglycosides. This susceptibility profile is characteristic of
E. coli, as the pathogen can readily become resistant to antimicrobials, can readily
acquire resistance genes, and may also be a reservoir of MDR for other pathogens
(Burch, 2005). The low susceptibility to tetracycline among E. coli from pigs is in
agreement with previous reports. Malik et al., (2011) reported a >90% of the E.coli
isolates were less susceptible to tetracycline and spectinomycin in Minnesota pigs. This
low susceptibility to tetracycline may be due to tetracycline use as growth promoters, for
prophylactic, metaphylactic, and therapeutic use in the North American swine industries
for many decades (Rajić et al., 2006; Tadesse et al., 2012).
Susceptibility to the aminoglycoside drugs in porcine E. coli varies. Relatively
higher frequency of susceptibility was observed in gentamicin and apramycin (80%),
while 50% of the isolates of this pathogen were resistant to neomycin. This variability
among the aminoglycoside family has also been reported in Minnesota pigs (Malik et al.,
2011). Increased use of these drugs in pig production has been incriminated as the driving
force for the reduced susceptibility and the cross-resistance within this class of
antimicrobials (Yates, 2004; Jensen, 2006).
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In Canada, this class of drugs was

recommended for the treatment of porcine enteritis (CVMA, 2008). However, our
findings suggest that use of this class of drugs should be based on culture and sensitivity
testing due to the high frequency of resistance among porcine E.coli isolates.
Pasteurella multocida was the most prevalent porcine respiratory pathogen in our
study, and this is in agreement with other published reports (Choi et al., 2003; de Jong et
al., 2014). High in-vitro susceptibilities were recorded to the CVMA recommended
antimicrobials (ceftiofur, oxytetracycline, penicillin and TMS) for the treatment of P.
multocida pneumonia in swine (CVMA, 2008). These antimicrobials have also been
reported to be effective in the treatment of P. multocida pneumonia (Salmon et al., 1995;
Lizarazo et al., 2006; de Jong et al., 2014; Nedbalcová and Kučerová, 2013). Poor
activity of the aminoglycosides against P. multocida was found in our study, and this has
been reported elsewhere (Yoshimura et al., 2001). Low susceptibility to lincomycin in P.
multocida was observed in our study and has also been reported in China (Tang et al.,
2009). Sub-therapeutic use of lincomycin in swine feed reported in Canada (Rajić et al.,
2006) may be contributing to this low proportion of susceptibility to lincomycin among
P. multocida isolates.
Actinobacillus spp. was another major respiratory pathogen evaluated in our
study. We found that it had a low susceptibility to aminoglycosides and lincomycin,
similar to P. multocida, which is in agreement with other studies (Aarestrup and Jensen,
1999; Satran and Nedbalcova, 2002; Shin et al., 2005; Gutiérrez-Martín et al., 2006). In
contrast, high in-vitro susceptibility to ceftiofur, penicillin, and TMS was observed, and
these drugs may be considered for empirical treatment of infections with Actinobacillus
spp.
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Bordetella bronchiseptica, together with toxigenic strains of Pasteurella
multocida, play an important role in the pathogenesis of severe atrophic rhinitis
(Brockmeier and Register, 2007). Among the antimicrobials tested, apramycin,
lincomycin, and to lesser extent TMS, had low in-vitro efficacy against B.
bronchiseptica, which is in agreement with other published reports (Kadlec, 2005;
Stępniewska et al., 2014). A high proportion of B. bronchiseptica isolates were
susceptible to gentamicin, oxytetracycline, and neomycin; similar observations in pigs
have been reported in Germany and Poland (Kadlec et al., 2004; Stępniewska et al.,
2014). Reports from these studies together, with our study, suggest that older generation
antimicrobials, such as oxytetracycline and gentamicin are more effective on B.
bronchiseptica than newer, more expensive and broader spectrum antimicrobials.
We observed a high proportion of H. parasuis isolates that were susceptible to all
the antimicrobials tested over the study period, which suggests that there are many
options for antimicrobial therapy to treat H. parasuis infections in the swine industry
within Atlantic Canada. Previous studies have reported similar findings (Zhou et al.,
2010; Aarestrup et al., 2004), while one study has reported high levels of resistance to
many antimicrobials (de la Fuente et al., 2007). This variation in reports may be due to
the differences in laboratory susceptibility testing. However it may also reflect
antimicrobial use and management practices in the swine industries from different
countries around the world
A high proportion of S. suis isolates were susceptible to the cephalosporins,
penicillin, and TMS, indicating their effectiveness and possible drugs of choice for
empirical treatment of S. suis infections. These antimicrobials are recommended for the
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treatment of infections caused by Streptococcus suis in Canada (CVMA, 2008). Previous
studies have reported similar antimicrobial susceptibilities against the cephalosporins,
penicillin, and TMS in S. suis from pigs from European countries. (Martel et al., 2001;
Wisselink et al., 2006; de Jong et al., 2014). The antimicrobial susceptibility patterns in
Staphylococcus aureus and S. hyicus were similar, however low susceptibilities to
lincomycin, penicillin, oxytetracycline, and spectinomycin were more common in S.
aureus compared to S. hyicus. 100% of isolates of each pathogen were susceptible to the
cephalosporins, gentamicin, and TMS, which is noteworthy because TMS is the
recommended antimicrobial for the treatment of exudative epidermitis in Canada
(CVMA, 2008). However, reports from other studies contradict our findings, where low
susceptibility to cephalosporins in both S. aureus and S. hyicus isolates were reported
(Park et al., 2013).
A high proportion of Salmonella spp. in our study was susceptible to all the
antimicrobials tested. Varying reports exist on AMR in Salmonella spp. in swine; (Rajić
et al., (2004); no resistance to cephalosporins, similar susceptibility to tetracycline and
higher susceptibilities to TMS, gentamicin, and apramycin compared to our findings in
Salmonella from Alberta swine farms. Oliveira et al., (2002), in their study of Brazilian
Salmonella isolates from pigs, also reported zero resistance to the cephalosporin family
of drugs and lower susceptibility to tetracycline than observed in our study.
Although a high proportion of isolates were susceptible to the ceftiofur, resistance
increased over the study period in E. coli and Streptococcus spp. In contrast, the
resistance to the aminoglycosides decreased over the study period in Escherichia coli and
Salmonella spp. Increasing resistance was demonstrated in Actinobacillus spp. and
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Pasteurella multocida to the aminoglycosides, especially to gentamicin and neomycin.
This dichotomy regarding the aminoglycosides and different pathogens is not clearly
understood, however, it may be unrelated to aminoglycoside use patterns over the years
for treatment of other infections.
Multi-drug resistance patterns among the pig pathogens may be a reflection of
increased use and consumption of antimicrobials in pig production. Van Boeckel et al.,
(2015) reported that global antimicrobial consumption was generally higher in pig
production than other livestock production systems. The implications of this MDR in pigs
may be challenging to the veterinarians within our region of Canada, as they may be
faced with management of swine infections that are resistant to multiple commonly used
first-line antimicrobials. Multi-drug resistance to aminoglycosides, oxytetracycline,
spectinomycin and TMS was the most common pattern in all pathogens in our study.
This MDR finding is not surprising as similar resistance patterns have been earlier
reported in a similar study of selected pig pathogens in Ontario, Canada (Glass-Kaastra et
al., 2014).

A previous study within Canada reported that the vast majority of

antimicrobials used in pig production in Canada are feed-based for growth promotion
(Rajić et al., 2006), and this may have driven the MDR observed.
Antimicrobial resistance is a concern in food animal practices; however, the
extent of AMR in these animal populations and practices varies geographically and
changes with time. Use of retrospective susceptibility data from clinical submissions to a
regional laboratory provides some insight, even though there is bias to these samples.
Specifically, since most samples are likely to be collected after non-response to empirical
antimicrobial therapy or more severe infections, our study results should not be
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considered representative of all bacteria carried by these animals in this region. As a
result, the descriptive statistics of proportions of bacteria with AMR and MDR are not
population-based but rather are based on a denominator of our test results are the samples
submitted, and therefore percentages should be interpreted as proportional percentages,
not prevalences. Furthermore, client financial considerations and quality of the sample
collection are other possible biases one needs to be aware of when looking at the
representativeness of the retrospective data.
In conclusion, this study has provided information on susceptibility patterns in
major food animal pathogens identified from sample submissions to a diagnostic lab
within Atlantic Canada. Information on antimicrobial susceptibilities and AMR trends
provided in this study can be used for practice-based and regional guidelines for the
prudent use of labelled antimicrobials within Atlantic Canada, although the results are
only proportional percentages, and the sampled population does not represent a random
sample of cases seen routinely in private practice. This information, together with sound
clinical judgment, can be used as a guide for the empirical treatment of food animals
while waiting for susceptibility testing or when testing is not feasible.
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Table 2.1: Antimicrobial susceptibilities in selected mastitis pathogens isolated from
dairy cattle submissions from 1994-2013
Antimicrobial Susceptibility (%)
CEF CEX CXN NEO OXY PIR
97
43
IR
62
76
IR
97
91
IR
79
71
IR

Mastitis pathogens
N
PNN TMS
Escherichia coli
716
IR
94
Klebsiella spp.
200
IR
92
Staphylococcus spp. coagulase99
99
99
96
83
90
100 96
negative
413
Staphylococcus aureus
1532 100
100
100
82
96
98
100 100
Streptococcus agalactiae
56
98
96
98
IR
86
96
100 100
100
100
100
IR
75
92
100 100
Streptococcus dysgalactiae
317
Streptococcus uberis
1171 97
99
98
IR
81
82
100 95
CEF-Ceftiofur, CEX-Cephalexin, CXN- Cloxacillin, NEO- Neomycin, PIR-Pirlimycin,
PNN- Penicillin-novobiocin, TMS- Trimethoprim-sulfamethoxazole
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
IR: Intrinsic resistance

104

Table 2.2: Multi-drug resistance frequencies in selected mastitis pathogens isolated from
dairy cattle submissions from 1994-2013
Pathogens

N

Multi-drug resistance (%)

Escherichia coli
Klebsiella spp.
Staphylococcus spp. coagulase-negative
Staphylococcus aureus
Streptococcus agalactiae
Streptococcus dysgalactiae
Streptococcus uberis

716
200
413
1532
56
317
1171

≥1
72.1
47.0
27.1
23.4
17.9
25.9
31.4

105

≥2
38.1
15.0
8.0
1.6
3.6
7.8
11.4

≥3
12.7
4.0
2.4
0.3
1.8
0.3
1.7

Table 2.3: Antimicrobial susceptibilities in selected pathogens isolated from cattle
submissions from 1994-2013
Antimicrobial Susceptibility (%)
Cattle Pathogens
N
CEF ERY OXY PEN STR TMS FLOR
Actinobacillus spp.
8
100 IR
100
100 13
100 100
Corynebacterium renale 9
100 100 100
100 56
33
100
Escherichia coli
489 87
IR
27
IR
16
52
83
Histophilus somni
87 95
93
85
97
48
86
100
Listeria monocytogenes
13 IR
100 100
92
77
100 92
47
91
94
13
97
100
Mannheimia haemolytica 187 99
Pasteurella multocida
238 99
62
95
98
25
99
100
IR
43
IR
24
95
67
Salmonella spp.
21 95
Staphylococcus aureus
15 100 93
87
87
53
100 93
Streptococcus spp.
23 96
91
61
100 IR
87
100
72
100 66
57
100
Trueperella pyogenes
74 100 99
CEF- Ceftiofur, ERY- Erythromycin, OXY-oxytetracycline, PEN-Penicillin,
Streptomycin, TMS- Trimethoprim-sulfamethoxazole, FLOR- Florfenicol,
Tilmicosin
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
IR: Intrinsic resistance
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TIL
75
89
IR
76
15
77
86
IR
93
70
97
STRTIL-

Table 2.4: Multi-drug resistance frequencies in selected pathogens isolated from cattle
submissions from 1994-2013
Pathogens

N

Multi-drug resistance (%)

Actinobacillus spp.
Corynebacterium renale
Escherichia coli
Histophilus somni
Listeria monocytogenes
Mannheimia haemolytica
Pasteurella multocida
Salmonella spp.
Staphylococcus aureus
Streptococcus spp.
Trueperella pyogenes

8
9
489
87
13
187
238
21
15
23
74

≥1
87.5
77.8
89.4
71.2
84.6
87.1
81.1
80.9
60.0
74.0
70.3
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≥2
25.0
33.3
75.7
25.3
30.7
62.0
41.6
61.9
20.0
17.4
32.4

≥3
0.0
11.1
48.7
14.9
7.7
17.1
11.8
33.3
13.3
4.4
6.8

Table 2.5: Antimicrobial susceptibilities in selected pathogens isolated from small
ruminants’ submissions from 1994-2013
Antimicrobial Susceptibility (%)
Small ruminants Pathogens N
CEF ERY OXY PEN STR TMS FLOR
TIL
C. pseudotuberculosis
45
93.3 100 100
100 8.9
98
100
97.8
Escherichia coli
74
95.9 IR
67.6
IR
34
96
90.5
IR
Listeria monocytogenes
17
IR
100 100
94
71
100 100
58.8
Mannheimia haemolytica
133 100 23
91.7
98
18
100 99.2
80.5
Pasteurella multocida
42
97.6 29
95.2
98
33
100 100
64.3
Salmonella spp.
5
100 IR
100
IR
0
100 100
IR
100 85
100
81
31
96
96.2
100
Staphylococcus aureus
26
Streptococcus spp.
3
100 100 100
100 IR
100 100
100
Trueperella pyogenes
8
100 100 100
100 75
100 100
100
CEF- Ceftiofur, ERY- Erythromycin, OXY-oxytetracycline, PEN-Penicillin, STRStreptomycin, TMS- Trimethoprim-sulfamethoxazole, FLOR- Florfenicol, TILTilmicosin
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
IR: Intrinsic resistance
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Table 2.6: Multi-drug resistance frequencies in selected pathogens isolated from small
ruminants’ submissions from 1994-2013
Pathogens

N

C. pseudotuberculosis
Escherichia coli
Listeria monocytogenes
Mannheimia haemolytica
Pasteurella multocida
Salmonella spp.
Staphylococcus aureus
Streptococcus spp.
Trueperella pyogenes

45
74
17
133
42
5
26
3
8

Multi-drug resistance (%)
≥1
≥2
≥3
95.6
6.7
0.0
73.0
35.1
5.4
100
47.1
23.5
100
72.1
22.6
78.6
64.3
38.1
100
0.0
0.0
86.9
26.9
7.7
0.0
0.0
0.0
25.0
0.0
0.0
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Table 2.7: Antimicrobial susceptibilities in selected pathogens isolated from pigs submissions from 1994-2013
Antimicrobial Susceptibility (%)
Swine Pathogens
N
APR CEF GM CEX LIN OXY PEN SPEC TMS NEO
Actinobacillus spp.
167 52
99
48
100 1
82
93
84
99
28
Bordetella bronchiseptica
52 31
IR
100 IR
0
98
IR
IR
52
100
100 0
100 44
6
100 100
25
0
Erysipelothrix rhusiopathiae 16 38
Escherichia coli
863 78
93
80
90
IR
18
IR
47
68
49
Haemophilus parasuis
76 88
100 90
99
IR
95
93
93
99
75
99
61
100 2
95
100 99
100 47
Pasteurella multocida
437 41
Salmonella spp.
71 85
92
90
100 IR
62
IR
75
89
80
100 100 100 13
26
8.7
44
100 78
Staphylococcus aureus
23 83
Staphylococcus hyicus
79 94
100 99
100 33
44
17
52
98
87
Streptococcus suis
485 IR
98
IR
100 15
15
97
98
98
IR
APR- Apramycin, CEF-Ceftiofur, GM- Gentamicin, CEX-Cephalexin, LIN- Lincomycin, OXY-Oxytetracycline, PENPenicillin, SPEC- Spectinomycin, TMS- Trimethoprim-sulfamethoxazole, NEO- Neomycin
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
IR: Intrinsic resistance
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Table 2.8: Multi-drug resistance frequencies in selected pathogens isolated from pigs
submissions from 1994-2013
Pathogens

N

Actinobacillus spp.
Bordetella bronchiseptica
Erysipelothrix rhusiopathiae
Escherichia coli
Haemophilus parasuis
Pasteurella multocida
Salmonella spp.
Staphylococcus aureus
Staphylococcus hyicus
Streptococcus suis

167
52
16
863
76
437
71
23
79
485
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Multi-drug resistance (%)
≥1
≥2
≥3
100.0
88.6
29.9
100.0
84.6
32.7
100.0
93.8
87.5
92.6
75.6
46.8
38.1
10.5
2.6
99.0
87.2
6.4
59.2
38.0
9.9
100.0
91.3
82.6
94.9
81.0
62.0
93.4
78.1
5.6

CHAPTER 3

ANTIMICROBIAL RESISTANCE IN PATHOGENS ISOLATED FROM
COMPANION ANIMALS AT A REFERRAL DIAGNOSTIC LABORATORY IN
ATLANTIC CANADA FROM 1994-2013
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3.1 ABSTRACT
The aim of our study was to determine the antimicrobial susceptibility patterns
and trends in selected pathogens isolated from samples from horses, cats, and dogs using
diagnostic laboratory data from the Atlantic Veterinary College Diagnostic Services
Bacteriology Laboratory from 1994-2013.
In horses, Streptococcus zooepidemicus was the most commonly isolated
pathogens over the study period. Antimicrobial susceptibility frequencies among all
selected horse pathogens were lower to tetracycline, trimethoprim-sulfamethoxazole, and
ampicillin than to ceftiofur. The antimicrobial resistance (AMR) trends over the study
period were stable. Multi-drug resistance (MDR) was observed in 9% of the equine
pathogens. In dogs and cats, Staphylococcus spp. and Escherichia coli were the most
frequently isolated pathogens over the study period. Reduced susceptibilities were
commonly seen with E. coli to cephalexin, Pasteurella spp. to aminoglycosides and
erythromycin, coagulase-positive Staphylococcus spp. to penicillin, and Pseudomonas
aeruginosa and Streptococcus spp. to enrofloxacin.
The AMR trends over the study period were relatively stable in both cat and dog
pathogens. However they were more stable in cats compared to dogs. Thirty-four percent
of pathogen-antimicrobial combination trends examined increased especially to
enrofloxacin and amoxicillin-clavulanate. Multi-drug resistance was 12% in dogs and 9%
of cats, which was significantly higher in dogs than cats (P<0.05). This information from
sample submission to a diagnostic laboratory will support clinicians in choosing
empirical therapies and treatment protocols to improve the prudent use of antimicrobials
within the companion animals in Atlantic Canada, but should be used with caution,
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knowing the results are only proportional percentages, and the sampled population does
not represent a random sample of cases seen routinely in private practice.
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3.2 INTRODUCTION
Antimicrobials, including agents of importance to human medicine, are
commonly used in companion animal veterinary practice (Pedersen et al., 2007);
(Murphy et al., 2012). Antimicrobial resistance (AMR) is an important problem in
companion animals and has led to an increased risk of therapeutic failures, and increased
patient management cost, and public health complications (Cummings et al., 2015). Due
to the concerns of the zoonotic transmission of antimicrobial resistance to humans, many
have questioned the appropriateness of some antimicrobial use in animals (Prescott et al.,
2002). However, most of these concerns have been focused on use in food animals rather
than companion animals (Normand et al., 2000b). Information on AMR in companion
animals is important for directing rational early therapeutic decisions, and for conducting
risks assessment of the role, AMR in companion animals has on people, as well as
developing antimicrobial stewardship guidelines and public policy (Guardabassi, 2004).
Different studies have reported that AMR to various antimicrobials has increased
in companion animal pathogens over time (Normand et al., 2000a; Normand et al.,
2000b; Prescott et al., 2002; Johns and Adams, 2015; Rzewuska et al., 2015), however,
the extent and importance of AMR in companion animals is still poorly understood
(Weese, 2008). The aim of this study was to determine the antimicrobial resistance
patterns and trends in the most commonly isolated pathogens of cats, dogs, and horses
cultured at a referral diagnostic laboratory in Atlantic Canada.
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3.3 MATERIALS AND METHODS
Antimicrobial susceptibility data for pathogens isolated from clinical samples
submitted for culture and susceptibility testing from cats, dogs, and horses from 1994 to
2013 were retrieved from the database of the Atlantic Veterinary College Diagnostic
Services Bacteriology Laboratory. Pathogens were isolated from various samples
submitted using standard microbiological isolation techniques, and antimicrobial
susceptibility was determined using the Kirby-Bauer disk diffusion method. Zones of
growth inhibition were interpreted according to Clinical and Laboratory Standards
Institute (CLSI) guidelines that were current at the time the susceptibility testing was
performed.
For cat and dog pathogens, antimicrobial susceptibilities were determined to the
following antimicrobials; amikacin, ampicillin, amoxicillin-clavulanate, cefovecin,
cephalexin, chloramphenicol, clindamycin, doxycycline, enrofloxacin, erythromycin,
fusidic acid, gentamicin, penicillin, and trimethoprim-sulfamethoxazole (TMS). For horse
pathogens, antimicrobial susceptibilities were determined to amikacin, ampicillin,
ceftiofur, erythromycin, gentamicin, tetracycline, penicillin, and TMS.

3.3.1 Data management and statistical analysis
Common pathogens of horses, cats and dogs that cause diseases and their
antimicrobial susceptibility profile were selected from data retrieved from the Atlantic
Veterinary College Diagnostic Services Bacteriology Laboratory over 20 years period.
These pathogens were selected based on their clinical importance and their relatively high
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frequencies of isolation observed from the database. Data were tabulated using a
computerized spreadsheet (Microsoft Excel, 2010) and all statistical analysis was done
using STATA 14 (College Station, Texas). Antimicrobial susceptibility was presented as
a proportional risk. Only acquired resistance was reported, while intrinsic resistance was
not reported. Susceptibility was classified as predictable and unpredictable based on the
frequency of antimicrobial susceptibility. Susceptibility < 70% was considered as
unpredictable. Predictable susceptibility was further divided into very effective and
effective with respect to selection for empirical therapy. Susceptibility ≥90% was
considered very effective, while susceptibility ranging from 70-89% was considered as
effective but with the proviso that selection for empirical therapy must be with caution. A
pathogen resistant to at least one antimicrobial in at least three antimicrobial classes was
categorized as MDR (Magiorakos et al., 2012). All analysis was conducted on data from
all pathogens and antimicrobials from 1994 to 2013 with the exception of antimicrobial
susceptibility data on the cefovecin antimicrobial for all pathogens, which were only
available from 2009 to 2013 in both cases.
Logistic regression was used to detect the changes in AMR trends over time. The
year was used as a categorical independent variable, and each antimicrobial resistance
was the binary outcome. The year was categorized into four groups of five year
differences: 1994-1998, 1999-2003, 2004-2008 and 2009-2013. In the case where there
were not enough isolates for antimicrobial resistance data for a pathogen to allow for
analysis, the year was categorized into two groups of ten year differences: 1994-2003 and
2004-2013 and then modeled to determine the AMR changes over time. Each pathogenantimicrobial trend was modeled to determine the trend over time. The Wald test was
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used to determine the statistical significance of each pathogen-antimicrobial trend.
Comparisons in AMR between companion animal species were carried out using the Chisquare test and for all analyses, the level of significance was considered at P<0.05.

3.4 RESULTS
3.4.1 Antimicrobial resistance in selected pathogens isolated from horses
Streptococcus

zooepidemicus

(n=549),

Escherichia

coli

(n=180)

and

Actinobacillus spp. (n=177) were the most commonly isolated pathogens over the study
period. Antimicrobial susceptibility frequencies for each pathogen are presented in Table
3.1. Overall, when considering all of the selected equine pathogens, low susceptibility
frequencies were most common to tetracycline, TMS, and ampicillin while most isolates
were susceptible to ceftiofur. Among all pathogens, the streptococci were most frequently
susceptible to most of the antimicrobials tested, including TMS.

However, varying

susceptibility was observed to tetracycline in streptococcal pathogens, 97% of S. equi
isolates were susceptible to tetracycline compared with 53% of Streptococcus
zooepidemicus.
The pathogen-antimicrobial resistance trends over the study period were stable,
except an increased resistance was observed to 2 aminoglycosides, amikacin, and
gentamicin, for Actinobacillus spp. (P<0.001), and to tetracycline and TMS (P<0.005) for
Streptococcus zooepidemicus. Decreases in antimicrobial resistance trends were observed
to tetracycline (P<0.01) for E. coli and gentamicin for coagulase-positive Staphylococcus
spp. (P=0.02). MDR was present in 9% of the isolates on average, ranging from 1.1% of
Streptococcus zooepidemicus to 36.5% of Klebsiella spp. (Table 3.2).
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3.4.2 Antimicrobial resistance in selected pathogens isolated from cats and dogs
In cats, E. coli (n=829), coagulase-negative staphylococci (n=355) and
Pasteurella multocida (n=309) were the most frequently isolated pathogens over the
study period (Table 3.3). Resistance to most of the antimicrobials tested overall was low,
except for a higher frequency of resistance to penicillin in coagulase-positive
Staphylococcus spp. and to enrofloxacin in Pseudomonas aeruginosa and Streptococcus
spp.
In cats, out of 69 pathogen-antimicrobial combinations, 88% were stable over the
20 years of the study. Increased AMR over time was observed to erythromycin for
Pasteurella spp. (P<0.001), doxycycline for E. coli (P<0.01) and enrofloxacin for
Streptococcus spp (P<0.001). Decreased AMR over time was observed to gentamicin for
coagulase-negative Staphylococcus spp (P<0.05), and amikacin, amoxicillin-clavulanate,
cephalexin and gentamicin for E. coli (P<0.001). Multi-drug resistance (Table 3.4) was
observed in 9% of cat isolates overall (ranging from 2.6% of Pasteurella spp to 13% of
E. coli). Resistance to amoxicillin-clavulanate, cephalexin, and cefovecin was commonly
present in E. coli.
In dogs, Staphylococcus spp. (n=5531), E. coli (n=3364) and Streptococcus spp.
(n=1846) were the most common pathogens isolated over the study period. Antimicrobial
susceptibility frequencies among the pathogens are presented in Table 3.5; increased
resistance was observed to penicillins in Staphylococcus spp. and to enrofloxacin for
Pseudomonas aeruginosa and Streptococcus spp. Among the coagulase-positive
Staphylococcus spp. (Table 3.6); methicillin-resistant Staphylococcus spp. (MRSS) were
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more resistant to most antimicrobials tested compared to methicillin-susceptible
Staphylococcus spp. (MSSS).
Out of 77 pathogen-antimicrobial combinations considered, 34% significantly
increased resistance over time. Notably, resistance to enrofloxacin increased (P<0.05) in
all the canine pathogens with the exception of a stable trend in Pasteurella spp. Similarly,
increased AMR trends were observed to amoxicillin-clavulanate in Enterococcus spp.
(P<0.05),

E.

coli

(P<0.001),

Proteus

spp.

(P<0.05)

and

coagulase-positive

Staphylococcus spp. (P<0.001). Increased AMR trends were also observed to ampicillin
(P<0.001), chloramphenicol (P<0.001), clindamycin (P<0.001), cephalexin (P<0.001),
cefovecin (P<0.001), doxycycline (P<0.001), erythromycin (P<0.001), and penicillin
(P<0.001) in coagulase-positive Staphylococcus spp. (CPS). Increased AMR trends

to

ampicillin and doxycycline were found in Escherichia coli (P<0.001), to doxycycline and
chloramphenicol in Enterococcus spp. (P<0.001), and to cephalexin in coagulasenegative Staphylococcus spp. (P=0.03).
Twenty percent of the pathogen/antimicrobial resistance trends decreased over
time. A decreased resistance trend to TMS was found for Proteus spp. (P<0.001), CPS
(P<0.001) and Streptococcus spp. (P<0.01). Also, decreased resistance trends were seen
in gentamicin and amikacin for E. coli (P<0.001) and Proteus spp. (P<0.001), as well as
to gentamicin for Pasteurella spp. (P<0.001) and Pseudomonas aeruginosa (P<0.001),
however, AMR to amikacin only increased in Pasteurella spp. (P=0.007). A divergent
trend to the aminoglycosides was observed in CPS, with a decrease in amikacin
resistance and an increase in gentamicin resistance (P<0.001). In addition, decreased
AMR trends were observed to fusidic acid in the coagulase-positive Staphylococcus spp.
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and erythromycin in Pasteurella spp. (P<0.001), while AMR to cephalexin, doxycycline,
and clindamycin decreased in Streptococcus spp. (P<0.01). MDR was observed in 12% of
the isolates on average, ranging from 2.6% of Pasteurella spp. to 100% of MRSS (Table
3.7).
3.5 DISCUSSION
Empirical treatment is an integral part of companion animal practice. Knowledge
of the possible bacterial pathogens most frequently isolated from various dog, cat and
horse infections and their associated AMR patterns and trends is an important
consideration for successful therapy. This study provides evidence-based information that
can assist a clinician, especially those in Atlantic Canada, in making rationale
antimicrobial decisions.
Antimicrobial resistance is a concern in companion animal practices. However,
understanding of the extent of AMR in these animal populations and practices is
relatively limited, varies geographically, and changes with time (Clarke, 2006). Use of
retrospective susceptibility data from clinical submissions provides some insight, even
though there is bias to these samples. Specifically, since many samples are likely to be
collected after non-response to empirical antimicrobial therapy or more severe infections,
our study results should not be considered representative of all bacteria carried by these
animals in this region. As a result, the descriptive statistics of proportions of bacteria with
AMR and MDR are not population-based but rather are based on a denominator of our
test results are the samples submitted, and therefore percentages should be interpreted as
proportional percentages, not prevalences. Furthermore, client financial considerations
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and quality of the sample collection are other possible biases one needs to be aware of
when looking at the representativeness of the retrospective data.

3.5.1 Horses
Streptococcus zooepidemicus, E. coli, Actinobacillus spp. and coagulase-positive
Staphylococcus spp. were the most common pathogens isolated over the study period.
These pathogens have been reported to be the most common equine isolates from other
studies using retrospective data from diagnostic laboratories (Russell et al., 2008; Johns
and Adams, 2015). Similar findings have been reported in western Canada between 1998
and 2003 (Clark et al., 2008), and recently from eastern Canada (Malo et al., 2016),
which suggests that these pathogens are the major causes of equine infections in Canada.
A high proportion of streptococcal isolates were susceptible to all the
antimicrobials tested, with the exception of tetracycline in Streptococcus zooepidemicus.
Clinicians have a variety of antimicrobial choices for empirical treatments in
streptococcal infections, however, TMS and penicillin remained the antimicrobial drugs
of choice in empirical therapy (Sweeney et al., 2005) and streptococcal pathogens were
consistently susceptible to these drugs in our study. Similar high susceptibility patterns
in streptococcal pathogens have also been reported in the USA (Marsh and Palmer, 2001;
Wilson, 2001; Erol et al., 2012) and in western Canada (Clark et al., 2008). There was
varying tetracycline susceptibility; 97% of our S. equi isolates were susceptible to
tetracycline compared with 53% of Streptococcus zooepidemicus observed, which is
consistent with findings in other studies both in North America and United Kingdom
(Erol et al., 2012; Johns and Adams, 2015). The reason for this pattern is unclear.
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However this susceptibility pattern demonstrates that equine Streptococcus spp. are very
predictable with little variability in susceptibility between different geographical
locations.
Although the number of Rhodococcus equi isolates were low compared to what
many other regions report, a high proportion was 100% susceptible to the
aminoglycosides and erythromycin.

Newer macrolides, such as clarithromycin and

azithromycin, are currently recommended for treatment, usually with rifampin for R.
equi, and these macrolides tend to have a better effect on R. equi than erythromycin.
(Buckley et al., 2007; Venner et al., 2013; Cisek et al., 2014). In some regions of the
world, R. equi resistance to macrolides is frequently reported, but this resistance has not
been detected by our diagnostic laboratory as of 2013. In such cases where resistant R.
equi is isolated, aminoglycosides or tetracyclines have been used in place of macrolides,
and they appear to be potential options in our region as well.
Actinobacillus spp. and Pasteurella caballi were highly susceptible (>90%) to
ceftiofur, TMS, and tetracycline and to a lesser extent to the penicillins (70-85%), but
they tend to be more resistant to aminoglycosides, especially Actinobacillus spp., which
is consistent with a report from western Canada (Clark et al., 2008). Also, Pasteurella
caballi was frequently resistant to erythromycin, which was similar to findings in
Western Canada (Clark et al., 2008) but differed from a study of critically ill foals and
laboratory studies in the USA (Marsh and Palmer, 2001; Wilson, 2001). Due to
geographical variation and less predictable susceptibility patterns, treatment should be
based on the results of culture and sensitivity testing to these pathogens.
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Susceptibility patterns among the Enterobacteriaceae were most variable. Few
isolates of E. coli and Klebsiella spp. were susceptible to TMS and tetracycline.
However, most isolates of Salmonella enterica were susceptible to all antimicrobials
tested, with the exception of ampicillin and tetracycline. Most of the isolates of these
three pathogens were susceptible to ceftiofur. E. coli and Klebsiella spp. showed
moderate to poor susceptibility to the aminoglycosides and ampicillin. Aminoglycosides
and ceftiofur have been recommended as the antimicrobials of choice for first line and
last resort treatments, respectively, in the cases of Enterobacteriaceae infections in
horses (Wilson, 2001). This recommendation is supported by the findings of our study.
Antimicrobial resistance trends were stable over the study period, which is
consistent with recent reports within eastern Canada which examined the evolution of
antimicrobial resistance in horses over three decades in Canada (Malo et al., 2016).
However, there was an increased AMR to amikacin in Actinobacillus spp. in that study,
which was also seen in our study. Increased AMR were also observed to tetracycline in
Streptococcus zooepidemicus. Johns and Adams, (2015) have also reported a similar
increased resistance to tetracycline among Streptococcus spp. in the United Kingdom and
speculated that it was due to the increased use of these antimicrobials.
Increased AMR trends to TMS were also found in Streptococcus zooepidemicus
despite the higher susceptibility, TMS is the most commonly administered antimicrobial
given to horses in Canada for the treatment of respiratory disease and other Gram
negative infections (Clark et al., 2008). This high frequency is due to ease of oral
administration, availability of injectable formulations, relative safety and low cost (Feary
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et al., 2005). However, such frequent use may be selected for the TMS resistance found
in our study, and this calls for caution despite the high susceptibility observed.
Multi-drug resistance in equine pathogens was uncommon in our study. This is
similar to what has previously been reported in Western Canada (Clark et al., 2008) but
differs from what Russell et al., (2008) reported in a sick foal population from Australia.
MDR among the streptococcal pathogens in this study was lower compared with the
report of Johns and Adams, (2015) in the United Kingdom. Gram-negative pathogens
were more likely to be resistant to multiple antimicrobials, especially Klebsiella spp. and
Escherichia coli.

MDR Gram-negative pathogens pose a threat to the successful

treatment of diseases, such as neonatal septicemia, caused by these bacterial pathogens.
Apart from the possibility of treatment failures, MDR Enterobacteriaceae, through
mobile genetic resistance elements, can transfer resistance genes to other pathogens. All
the equine pathogens were highly susceptible to ceftiofur. Therefore, ceftiofur use must
be with caution in order to maintain the effectiveness. Use of ceftiofur could result in
increasing resistance, but no trend toward resistance was detected in horses in this region
during this study period.

3.5.2 Dogs and cats
Similar bacterial pathogens were isolated from both dogs and cats in this study,
although the number of pathogens was higher for dogs compared with cats. Escherichia
coli and Staphylococcus spp. were the most frequently isolated Gram-negative and Grampositive pathogens, respectively. These two pathogens have been reported to be the most
common bacterial pathogens in dogs and cats (Normand et al., 2000b; Clarke, 2006)
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In our study, Staphylococcus spp. was classified based on their coagulase test
characteristics. Coagulase-positive Staphylococcus spp., most isolates of which were S.
pseudintermedius/intermedius, were isolated more often than coagulase-negative
Staphylococcus spp. in dogs, however, in cats, the opposite was true. High frequency of
resistance to penicillin was observed in both coagulase-negative Staphylococcus spp. and
CPS isolates in dogs, however, in cats, the high level of resistance was found only in
CPS. Due to widespread reduced susceptibility to penicillin and ampicillin, these two
drugs are not indicated for the treatment of staphylococcal infections in dogs and cats.
This resistance phenotype is thought to be due to the dissemination of the narrow
spectrum b-lactamase, blaZ, and has been suggested as a major reason for this resistance
in Staphylococcus spp. in companion animals (Kadlec and Schwarz, 2012).
Within the CPS in dogs, higher proportions of MSSS were more susceptible to
non-β-lactam antimicrobials compared to MRSS. This comparison is well established and
consistent with other reports (Ruscher et al., 2010; Weese and van Duijkeren, 2010;
Moodley et al., 2014). MSSS is known to be susceptible to most clinically relevant and
available antimicrobials except for penicillin and ampicillin (Couto et al., 2016).
However the emergence of MRSS and their high occurrence of MDR cause great
uncertainty when empirically selecting an antimicrobial. In the current study, MRSS
were predictably susceptible to only amikacin and fusidic acid, the latter of which is only
for topical therapy. Thus, any infection not responding to initial antimicrobial therapy
where CPS has a high likelihood of being present should have culture and sensitivities
performed due to the high level of resistance in MRSS (van Duijkeren et al., 2011). Of
the CPS isolates from dogs over this study period, 4.5% were MRSS - most of these
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isolates were in the last 5 years of the study which coincides with the emergence of
MRSP in this region. However, due to changes in CSLI guidelines in 2009 for detecting
MRSP isolates (Bemis et al., 2009), it is likely that a few of the isolates prior to this time
that was actually MRSP were misclassified as MSSS.
The susceptibility pattern of Streptococcus spp. in our study demonstrated that
they were highly susceptible to several antimicrobials, including TMS, cephalexin,
penicillin, ampicillin, clindamycin, and amoxicillin-clavulanate, allowing for several
likely effective choices for empirical therapy, and has been reported previously in
Denmark (Pedersen et al., 2007). Streptococcus spp. susceptibility to enrofloxacin was
only 50% of the submitted isolates in dogs and cats, demonstrating weak in vitro
susceptibility in this select population, and should be used with caution when suspecting
a streptococcal infection. Higher resistance frequency to enrofloxacin have been
documented for Streptococcus spp. and this has been attributed to the common use of
fluoroquinolone drugs in companion animals practice (Biedenbach et al., 2006).
Enterococcus spp. in dogs and cats is one of the major bacteria causing urinary
tract infections and are MDR to many important classes of antimicrobials due to both
intrinsic and acquired resistance (Werner et al., 2013; Delgado et al., 2007). This
indicates the limited antimicrobial options available for empirical therapy in enterococcal
infections. However, high proportions (87-97%) of enterococcal isolates were found to be
susceptible to penicillin, ampicillin, and amoxicillin-clavulanate. These penicillin results
are consistent with findings from Portugal (Delgado et al., 2007). However, it was
higher than that reported from Italy (Ossiprandi et al., 2008) and the USA (Jackson et al.,
2009). Ampicillin or amoxicillin are commonly prescribed as the antimicrobials for first
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line therapy in cases of uncomplicated enterococcal infection in dogs (Weese et al.,
2011). Use of these antimicrobials as a first line treatment choice for empirical therapy in
enterococcal infections is appropriate for our region. Combined therapy of ampicillin or
amoxicillin with an aminoglycoside (e.g. gentamicin) resulting in synergistic bactericidal
activity in susceptible Enterococci have been reported as a standard treatment option in
complicated cases (Arias et al., 2010). However, this synergy test has not been routinely
performed by this diagnostic laboratory.
Among the Gram-negative pathogens in both dogs and cats, our results showed a
reduced susceptibility pattern to first generation cephalosporins in E. coli, and Proteus
spp., which is similar to the findings reported earlier in Canada (Authier et al., 2006) and
in the USA (Cummings et al., 2015). Ampicillin is a common first choice drug in the
treatment of E. coli associated urinary tract infections in both dogs and cats (Smee et al.,
2013), however, the use of this antimicrobial for the empirical treatment of E. coli
infections should be considered with caution due to rapid development of resistance
caused by beta-lactamase production (Seiffert et al., 2013). There were other
antimicrobials that were effective against E.coli and Proteus spp., including TMS,
amikacin, and gentamicin.
Pseudomonas spp. are known to be intrinsically resistant to most antimicrobials
due to the inability of most antimicrobials to penetrate the cell membrane of the bacteria
(Prescott et al., 2002), The β-lactams, β-lactamase inhibitors, chloramphenicol,
erythromycin, and TMS are considered antimicrobials for which there is intrinsic
resistance by Pseudomonas. High proportions of

Pseudomonas were found to be

susceptible to the aminoglycosides in our study, suggesting that this antimicrobial class
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is still very effective as anti-pseudomonal drugs (Dowling, 1996). Our findings were also
consistent with previous reports from this region (Hariharan et al., 1995; Hariharan et al.,
2006) and other reports elsewhere (Petersen et al., 2002; Pedersen et al., 2007).
Enrofloxacin susceptibility in Pseudomonas spp. was low compared with previous
reports in this region (Hariharan et al., 1995; Hariharan et al., 2006), as well as with a
previous report from Montreal, Canada (Authier et al., 2006). Enrofloxacin is commonly
used systemically, with concurrent topical treatment, in cases of canine otitis caused by
Pseudomonas aeruginosa (Hariharan et al., 2006), however the high frequency of
resistance to enrofloxacin in this study and the high MIC values for Pseudomonas spp.
reported on the label indicate that aminoglycosides are a more appropriate first line
antimicrobial to use for pseudomonal infections.
Some experts recommend broad-spectrum antimicrobials, such as doxycycline
and amoxicillin-clavulanate, should be often used for the treatment of Pasteurella
infections (Lappin et al., 2017). Others have reported high susceptibility in this pathogen
to many different antimicrobials tested (Pedersen et al., 2007; Kroemer et al., 2014). The
latter is consistent with the findings of our study where Pasteurella spp. were highly
susceptible to the penicillins, cephalosporins, doxycycline, enrofloxacin, amoxicillinclavulanate and TMS while showing low susceptibilities to erythromycin and the
aminoglycosides in both dogs and cats.
Among the dog pathogens, there was increased resistance to enrofloxacin over the
study period to all listed pathogens except Pasteurella spp., while in cats, increased
enrofloxacin resistance was only found in Streptococcus spp. Previous studies from
Canada and the USA have reported increased enrofloxacin resistance to coagulase-
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positive Staphylococcus spp. and E. coli only (Prescott et al., 2002; Cooke et al., 2002;
Hamilton et al., 2013; Cummings et al., 2015). This increased AMR trend may be due to
the widespread use of enrofloxacin in clinical practice.
Amoxicillin-clavulanate is one of the most commonly prescribed antimicrobials
for companion animals, especially in clinical cases of resistance to penicillin and third
generation cephalosporins (Belmar-Liberato et al., 2011). High susceptibility to this drug
was common in our study, yet increased resistance trends were found for Enterococcus
spp., E. coli, Proteus spp. and CPS in dogs. A similar finding was reported for E. coli in
community practices in the United Kingdom (Normand et al., 2000b) and referral
hospitals in Poland (Rzewuska et al., 2015), while a stable AMR trend was reported in
the USA for this antimicrobial drug (Cummings et al., 2015). We also found an increased
AMR trend to amoxicillin-clavulanate in CPS, which is different from what others have
previously published in Canada (Prescott et al., 2002) and the United Kingdom (Normand
et al., 2000b; Beever et al., 2015). This AMR trend difference may be due to the
geographical differences in amoxicillin-clavulanate prescribing behavior and therapeutic
use. Increased AMR trends in dog and cat bacterial pathogens to enrofloxacin and
amoxicillin-clavulanate, both antimicrobials considered to be very highly important
antimicrobials for humans (WHO Advisory Group on Integrated Surveillance of
Antimicrobial Resistance and World Health Organization, 2012), may be emerging and
need to be closely monitored; the use of these antimicrobials as a first line therapy should
be scrutinized.
Stable or decreasing resistance trends to TMS and the aminoglycosides in both
dogs and cat pathogens may reflect a general decline in the use of these drugs over the
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past decades. Their use has been replaced by newer and broader-spectrum antimicrobials
such as the cephalosporins, fluoroquinolones, amoxicillin-clavulanate and doxycycline
(Murphy et al., 2012; Shea et al., 2011; De Briyne et al., 2014). Resistance trends to other
dog and cat pathogen-antimicrobial combinations varied over the study period; resistance
trends varied over time with no consistent trend, which may reflect the changing patterns
of antimicrobial use over the study time or could be a reflection of the sampling bias
when looking at the time frame of this database. Increasing AMR trends in situations
where a high proportion of isolates were initially susceptible should be monitored
closely. Antimicrobial resistance may exist in a bacterial population and be increasing
over time before it is detected in at least 1% of clinical samples submitted to the
laboratories, and this may then be followed by a rapidly increasing resistance (Normand
et al., 2000b).
Multi-drug resistance frequency was significantly higher in dogs compared to
cats, suggesting that dogs may be a major carrier of MDR among companion animals.
Others have suggested that this may be due to the differences and variations in the
antimicrobial prescribing/therapeutic use patterns in dogs and cats (Normand et al.,
2000b). Co-resistance in cat pathogens was commonly seen to amoxicillin-clavulanate,
cephalexin, cefovecin and penicillin in Escherichia coli, which is consistent with a study
in Poland (Rzewuska et al., 2015). These antimicrobials are common therapeutic options
in companion animal medicine (Guardabassi, 2004), and this resistance pattern is
characteristic of a class C β-lactamase, such as blaCMY. These resistance genes may be
transferred between isolates, or the resistance pattern may be due to the clonal
dissemination of bacterial species in cats within this region (Rzewuska et al., 2015).
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In dogs, similar to a previous report (Moodley et al., 2014), the MDR frequency
(13.7%) was much lower in MSSS compared to the 100% MDR in MRSS. Coresistance to TMS, penicillin and the aminoglycosides was most commonly found in
MSSS. This co-resistance pattern in MSSS has been reported, and this is also consistent
with previous reports that MDR can be associated with Staphylococcus spp. even in the
absence of penicillin or oxacillin resistance (Pellerin et al., 1998; Guardabassi et al.,
2004). All the MRSS isolates were MDR, and they were resistant to all β-lactams,
including amoxicillin-clavulanate. In a multicenter study involving both North America
and Europe (Perreten et al., 2010), all MRSS were resistant to penicillin, while 87% of
MRSS were multi-drug resistant, which is similar to our findings. Acquisition of the blaZ
gene, which codes for the production of a narrow-spectrum β-lactamase, and the mecA
gene, that encodes for the production of a low-affinity penicillin binding protein (Kadlec
and Schwarz, 2012), best explain the resistance to the β-lactam antibiotics observed in
our study. MRSS is not only known to usually exhibit resistance to β-lactams but also to
several

other

antimicrobial

classes,

including

the

tetracyclines,

macrolides,

fluoroquinolones, lincosamides, chloramphenicol, and TMS (Sasaki et al., 2007). This
resistance pattern was also observed in our study. This MDR pattern can pose a major
challenge for antimicrobial therapy in companion animal medicine, due to the limited
available treatment options in cases of MRSS infections.
The Kirby-Bauer disk diffusion antimicrobial susceptibility testing method was
used over the entire study period. This makes a comparison of our results to other studies
which used micro-broth dilution methods challenging and may be a limitation of our
study. Extrapolation of our data to other parts of the world should also be done with
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caution as there may be geographical variations in susceptibility among isolates.
Additionally, changes in the break points of susceptibility over the years may also have
resulted in some classification bias, such as the situation seen with MRSP.
Use of isolates from a referral diagnostic laboratory submissions may be overly
pessimistic regarding the antimicrobial susceptibility of bacterial pathogens, as these
cultures are often from patients where there has been a treatment failure with the initial
empirical therapy, thus biasing the isolates from these samples to possess antimicrobial
resistance Previous studies have found that antimicrobial resistance is higher in isolates
submitted from community veterinary practices to reference diagnostic laboratories for
culture and susceptibility testing because the animals were likely to have received
antimicrobial therapy in the days preceding culture (Dunowska et al., 2006; Baker et al.,
2012).
In conclusion, this study has provided information on susceptibility patterns in
major companion animal pathogens identified from sample submissions to a diagnostic
lab within Atlantic Canada.

Information on antimicrobial susceptibilities and AMR

trends provided in this study can be used for practice-based and regional guidelines for
the rational use of antimicrobials within Atlantic Canada, although the results are only
proportional percentages, and the sampled population does not represent a random
sample of cases seen routinely in private practice. This information, together with sound
clinical judgment, can be used as a guide for the empirical treatment of companion
animals while waiting for susceptibility testing or when testing is not feasible.
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Table 3.1: Antimicrobial susceptibilities in selected pathogens isolated from clinical
samples of horse submissions from 1994-2013
Antimicrobial Susceptibility (%)
Horse pathogens
N AMK AMP ERY CEF
GM TMS TET PEN
Actinobacillus spp.
177
30
85 IR
98
58
90
92
84
Escherichia coli
180
87
54 IR
94
87
61
68 IR
Klebsiella spp.
63
73 IR
IR
92
52
46
62 IR
Pasteurella caballi
10
40
80
40
100
80 100
100
70
Rhodococcus equi
30
100 IR
100 IR
100
20
77 IR
Salmonella spp.
22
91
50 IR
100
100
95
41 IR
Staphylococcus spp.,
coagulase- positive
146
87
53
90
95
88
85
88
53
Streptococcus equi
72 IR
99
100
100 IR
94
97 100
Streptococcus zooepidemicus
549 IR
98
97
99 IR
94
53
99
AMK-Amikacin, AMP-Ampicillin, ERY-Erythromycin, CEF-Ceftiofur, GMGentamicin, TMS-Trimethoprim-sulfamethoxazole, TET- Tetracycline, PEN- Penicillin
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
IR-Intrinsic resistance
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Table 3.2: Multi-drug resistance frequencies in selected pathogens isolated from clinical
samples of horse submissions from 1994-2013
Horse pathogens

N

Actinobacillus spp.
Escherichia coli
Klebsiella spp.
Pasteurella caballi
Rhodococcus equi
Salmonella spp.
Staphylococcus spp., coagulase-positive
Streptococcus equi
Streptococcus zooepidemicus

177
180
63
10
30
22
146
72
549
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Multi-drug resistance (%)
≥1
≥2
≥3
78.5
21.5
5.6
62.8
24.1
27.8
57.2
49.2
36.5
80.0
50.0
0.0
80.0
23.3
0.0
77.3
40.9
4.5
61.7
21.93
13.7
8.3
1.4
0.0
51.2
6.9
1.1

Table 3.3: Antimicrobial susceptibilities in selected pathogens isolated from clinical samples of cat submissions from 19942013

Cat pathogens
Enterococcus spp.
E. coli
Pasteurella spp.

N
235

Antimicrobial Susceptibility (%)
AM
AM
AM
CH
CL
K
P
C
L
D
IR
IR
96
97
78

829

94

309

74

46

99
IR

97

IR

100
IR

100
IR

IR

88

IR

CE
X
IR
61

CE
V
IR
94

DO
X
77
89

ER
Y
IR
IR

EN
R
IR

FU
S
IR

G
M
IR

PE
N
88

98

IR

96

IR

66
91

99
IR

99
IR

97
IR

100
IR

36
IR

99

IR

40

IR

TM
S
IR
97
99
IR

P. aeruginosa
Staphylococcus spp., coagulasenegative
Staphylococcus spp., coagulasepositive ǂ

75

95

355

98

75

98

99

89

95

96

98

85

96

94

96

75

95

239

91

49

97

98

94

97

97

98

90

92

95

168

99

99

98

89

97

98

92

95

52

96
IR

49

Streptococcus spp.

98
IR

99

98

IR

AMK-Amikacin, AMP- Ampicillin, AMC-Amoxicillin-clavulanate, CHL-Chloramphenicol, CLD- Clindamycin, CEXCephalexin, CEV-Cefovecin, DOX-Doxycycline, ERY-Erythromycin, ENR- Enrofloxacin, FUS- Fusidic acid, GMGentamicin, PEN- Penicillin, TMS-Trimethoprim-sulfamethoxazole
ǂ includes S. aureus, S. pseudintermedius, and S. intermedius
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
IR-Intrinsic resistance
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Table 3.4: Multi-drug resistance frequencies in selected pathogens isolated from clinical
samples of cat submissions from 1994-2013
Cat pathogens

N

Multi-drug resistance (%)
≥1
≥2
≥3
Enterococcus spp.
235 40.9
14.1
4.26
E. coli
829 56.0
27.2
13.3
47.9
2.6
Pasteurella spp.
309 81.2
P. aeruginosa
75 60.0
9.3
0.0
Staphylococcus spp., coagulase-negative 355 30.2
18.6
13.2
Staphylococcus spp., coagulase-positive ǂ 239 59.0
23.4
8.8
17.3
4.2
Streptococcus spp.
168 56.0
ǂ includes S. aureus, S. pseudintermedius, and S. intermedius
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Table 3.5: Antimicrobial susceptibilities in selected pathogens isolated from clinical samples of dog submissions from 19942013

Canine Pathogens

N

Enterococcus spp.

851

Susceptible (%)
AMK AMP AMC
IR

Escherichia coli
Pasteurella spp.

3364
623

94
67

Proteus spp.

1526

89

Pseudomonas aeruginosa
Staphylococcus spp. coagulase negative

1510
272

87
95

Staphylococcus spp., coagulase positive ǂ

5259

93

Streptococcus spp.

1846

IR

CHL

90

94

77

72
99

86
100

96
99

93

82

IR
IR

IR

IR

CLD
IR
IR

CEX
IR

CEV
IR

DOX

IR

57
99

91
98

87
99

IR
IR

51

94

IR

IR

77

IR
IR

ERY
IR
IR
53
IR
IR

ENR
IR
96
99
96

36

88

98

80

76

74

94

63

31
78

30

96

98

89

95

96

92

88

92

99

100

99

92

98

99

89

94

46

FUS
IR
IR

GM
IR

PEN

IR

95
83

IR
IR

89

IR
99
IR
IR

85

82
78

98
IR

95
IR

87

IR
93
99
86
IR

36

75

30

80

99

98

AMK-Amikacin, AMP- Ampicillin, AMC-Amoxicillin-clavulanate, CHL-Chloramphenicol, CLD- Clindamycin, CEXCephalexin, CEV-Cefovecin, DOX-Doxycycline, ERY-Erythromycin, ENR- Enrofloxacin, FUS- Fusidic acid, GMGentamicin, PEN- Penicillin, TMS-Trimethoprim-sulfamethoxazole
ǂ includes S. aureus, S. pseudintermedius, and S. intermedius
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
IR-Intrinsic resistance
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TMS

Table 3.6: Antimicrobial susceptibilities in coagulate positive Staphylococcus spp. isolated from clinical samples of dog
submissions from 1994-2013

CPS

N

Antimicrobial Susceptibility (%)
AMK AMP AMC CHL CLD

Staphylococcus spp., MS coagulase-positive ǂ

5024

92

Staphylococcus spp., MR coagulase-positive ǂ

235

97

31
AR

99
AR

ǂ includes S. aureus, S. pseudintermedius, and S. intermedius
MS- Methicillin-susceptible
MR- Methicillin-resistant
≥90% Sensitivity
70-89% Sensitivity
<70% Sensitivity
AR: Interpretive resistance to betalactam antimicrobials
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99

92

74

41

CEX

CEV

DOX

ERY

ENR

FUS

GM

PEN

TMS

99
AR

95
AR

93

91

95

98

97

31

82

67

34

43

96

54

AR

45

Table 3.7: Multi-drug resistance frequencies in selected pathogens isolated from clinical
samples of dog submissions from 1994-2013

Dog pathogens

N

Multi-drug resistance (%)
≥1
≥2
≥3
Enterococcus spp.
851 44.6
15.0
5.4
Escherichia coli
3364 66.3
33.0
14.5
Pasteurella spp.
623 68.5
18.3
2.6
Proteus spp.
1526 64.1
31.2
11.1
15.6
0.0
Pseudomonas aeruginosa
1510 72.9
Staphylococcus spp. coagulase-negative
272 75.4
53.7
41.9
Staphylococcus spp., MS coagulase-positive ǂ 5024 77.0
31.72 13.7
Staphylococcus spp., MR coagulase-positive ǂ 235 100.0 100.0 100.0
15.6
6.1
Streptococcus spp.
1846 60.9
ǂ includes S. aureus, S. pseudintermedius, and S. intermedius
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CHAPTER 4

SALMONELLA ENTERICA AND EXTENDED-SPECTRUM CEPHALOSPORIN
RESISTANT ESCHERICHIA COLI RECOVERED FROM HOLSTEIN DAIRY
CALVES IN NEW BRUNSWICK CANADA
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4.1 ABSTRACT
This study was carried out to determine the frequency of fecal carriage,
antimicrobial susceptibility, and resistance genes in Salmonella enterica and Escherichia
coli with reduced susceptibility to extended-spectrum cephalosporins (ESC) isolated from
dairy calves from eight farms in New Brunswick, Canada. A fecal swab was collected
from each calf as neonates (2-15 days of age) and at weaning (42-56 days of ages)
(n=488) from July 2014 to February 2015. S. enterica was isolated using modified semisolid Rappaport-Vassiliadis agar, while E. coli with reduced susceptibility to ESC was
isolated using VACC selective agar, a tryptic soy agar plate with 5% sheep blood
containing vancomycin (6µg/mL), ceftazidime (2µg/mL), amphotericin B (2µg/mL) and
clindamycin (1µg/mL). Antimicrobial minimum inhibitory concentration (MIC) testing
was carried out on all the Salmonella and randomly selected E. coli with reduced
susceptibility to ESC. Two multiplex polymerase chain reactions were conducted on the
selected ESC-resistant E. coli to determine the blaCTX-M groups of resistance genes (group
1, 2, and 9), and blaCMY-2, blaSHV, and blaTEM resistance genes. Also, suspected ESC-R E.
coli isolates with phenotypic resistance to the quinolones on MIC testing were evaluated
for plasmid mediated qnrB- and qnrS-resistant genes. Information on ceftiofur use and
other farm management practices were collected by the use of a questionnaire.
Multivariable logistic regression was carried out to determine risk factors for the fecal
recovery of Salmonella enterica and E. coli with reduced susceptibility to ESC.
Salmonella enterica was found in 3.3% of tested calves, and all were pansusceptible based on the MIC panel. Salmonella isolates belonged to three serovars,
namely S. enterica Senftenberg, S. enterica Typhimurium and S. enterica Derby. The
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frequency of fecal carriage of reduced susceptibility ESC E. coli in calves was 81.2%
using selective culture. Multi-drug resistance (MDR) was observed in all the selected E.
coli, with reduced susceptibility to ESC. Of these selected isolates (n=100), 88% were
ESC-resistant based on MIC testing. From the ESC-R E. coli, blaTEM was detected in
84.1%, blaCMY-2 detected in 52.2%, blaCTXM groups detected in 30.7%, and blaSHV was
detected in 1.1% of isolates. Of the blaCTXM producing isolates, 9.1%, 9.1% and 15.9%
were positive for blaCTXM-1, blaCTXM-2 and blaCTXM-9, respectively. Sixty percent (60%) of
the ESC-R E. coli had two or more β-lactamase resistance genes. Plasmid-mediated
quinolone resistance genes were detected from seven of the nine isolates with MIC
reduced susceptibility to quinolones. Five isolates were positive for qnrB alone; two
isolates were positive for both qnrB and qnrS. Neonatal calves’ age (OR=2.42), regular
ceftiofur use on the farm (OR=3.83), feeding of unpasteurized non-saleable milk
(OR=1.6), use of florfenicol (OR=2.02), and use of ceftiofur on respiratory diseases
(OR=0.57) were statistically associated with fecal recovery of E. coli with reduced
susceptibility to ESC in the final multivariable model. Due to the low number of isolates
(n=16), a multivariable model could not be fit for fecal recovery of Salmonella enterica.
Calves’ age, feeding of unpasteurized non-saleable milk, separation of sick cows from
other cows, and use of ceftiofur for the treatment of respiratory diseases (P≤0.05) were
unconditionally associated with the fecal recovery of Salmonella enterica.

149

4.2 INTRODUCTION

Antimicrobial resistance (AMR) is a global concern in food animal production
systems where AMR pathogens can contribute to increased morbidity and mortality of
animals, as well as public health concerns (van den Bogaard and Stobberingh, 2000; Call
et al., 2008). In dairy calves, mortality and treatment costs represent the major cause of
economic loss to the dairy industry. Different studies have shown that diarrhea and
respiratory diseases are the most prevalent causes of death in calves from birth to
weaning with Escherichia coli and Salmonella enterica being two of the major bacterial
causes of illness (Constable, 2004; Donaldson et al., 2006; Megersa et al., 2009).
Generic E. coli are abundant commensal enteric bacteria in animals and humans
and are ubiquitous in the environment. It is commonly used as an indicator bacterium for
monitoring AMR dynamics, especially to the very important antimicrobials such as
extended-spectrum cephalosporins (ESCs) and fluoroquinolones (DeFrancesco et al.,
2004; Wang et al., 2006). Antimicrobial susceptibility patterns of E. coli reflect the
selective pressure exerted by antimicrobial use and the potential of these bacteria to serve
as a reservoir of AMR genes (European Food Safety Authority, 2012). These AMR
genes, commonly found on plasmids, could be shared between other bacteria, including
human and animal pathogens (Fluckey et al., 2007).
Salmonella enterica is an important food-borne pathogen accounting for millions
of cases of human infections worldwide (Public Health Agency of Canada, 2014).
Salmonellosis is of clinical and production importance in both dairy and beef cattle
operations causing illness and economic losses (Genovese et al., 2004). Salmonella
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Typhimurium, S. Montevideo, S. Dublin and S. Newport are some of the major serovars
associated with clinical infections in both humans and cattle (Alexander et al., 2009).
In Canada, ESCs are commonly used in both human and veterinary medicine.
While ceftiofur is recommended for undifferentiated bacterial pneumonia and acute
bovine interdigital necrobacillosis, extra-label use for the treatments of gastroenteritis in
dairy calves is also common (Canadian Veterinary Medical Association, 2008).
According to World Health Organization and Health Canada, ESCs are considered to be
critically important with respect to human medicine and are frequently prescribed for the
treatment of invasive and life-threatening enteric infections, including those caused by
Escherichia coli and Salmonella enterica in humans (WHO, 2007; Veterinary Drug
Directorate, Health Canada, 2009). In dairy cattle, increased ESC resistance (ESC-R) has
been widely reported in E. coli and S. enterica, and this resistance is caused mainly by
extended spectrum β-lactamases (ESBLs) or AmpC-type β-lactamases. Additionally,
these organisms are commonly MDR (Sawant et al., 2007; Daniels et al., 2009; Seiffert et
al., 2013). The emergence of these MDR strains poses an increasing threat to successful
disease management in dairy calves (de Verdier et al., 2012). Dairy calves commonly
harbor MDR bacteria, with fecal shedding being most prevalent in the first few weeks of
life (Berge et al., 2006a). Different studies have linked the fecal shedding of MDR E. coli
and S. enterica to several factors including: antimicrobial use (Berge et al., 2005; Daniels
et al., 2009), age of calf (Hoyle et al., 2004; Berge et al., 2006a), type of housing (Pereira
et al., 2014), diets and feeding practices (Edrington et al., 2012), and non-saleable milk
feeding to dairy calves (Brunton et al., 2014; Randall et al., 2014; Duse et al., 2015), as
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well as long-term maintenance and occurrence of MDR E. coli in the absence of
antimicrobial selection (Khachatryan et al., 2004).
Studies have examined and reported on the ESC resistance dynamics in dairy
cattle within North America (Winokur et al., 2001; Heider et al., 2009a; Heider et al.,
2009b; Mollenkopf et al., 2012; Cormier et al., 2016) and this has been attributed mainly
to a cephamycinase gene blaCMY-2, and to a lesser extent ESBL resistance genes (Allen
and Poppe, 2002; Mollenkopf et al., 2012; Schmidt et al., 2013). Beta-lactamase
producing Enterobacteriaceae, especially those with MDR characteristics, are often
detected or associated with plasmid-mediated quinolone resistance (PMQR) (Nordmann,
2005). In most cases, both groups of genes are co-located on the same plasmid (Robicsek
et al., 2006). However, there are limited available reports of detection of PMQR genes in
isolates from dairy cattle. PMQR mediated by qnrS1 has been reported from an E. coli
isolate from cattle in United Kingdom (Kirchner et al., 2011), while qnrB19 has been
reported from an E. coli from a veal calf from the Netherlands (Hordijk et al., 2011) and
two Salmonella isolates from environmental samples from a dairy farm in the United
States (Cummings et al., 2016). With the exception of a study on E. coli mastitis on dairy
farms (Saini et al., 2013), knowledge on prevalence of Salmonella enterica and ESCresistant E. coli shedding in dairy cattle in Atlantic Canada and their associated risk
factors is limited. Studies investigating the genetic mechanisms of resistance to ESC and
quinolones in S. enterica and E. coli in this region of Canada are also limited.
This study had 3 main objectives: 1) to determine the frequency of fecal carriage
and antimicrobial susceptibility patterns in S. enterica and ESC-R E. coli from Holstein
dairy calves in New Brunswick, Canada, using selective culture methods; 2) to determine
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the β-lactamase resistance genes associated with S. enterica and selected ESC-R E. coli;
and 3) to determine the risk factors for fecal recoveries of Salmonella enterica and
Escherichia coli with reduced susceptibility to ESC from Holstein dairy calves in New
Brunswick, Canada. Additional objectives were to explore the MDR in S. enterica and
ESC-R E. coli, and when these MDR isolates had quinolone resistance, to determine if
they harbored PMQR genes.

4.3 MATERIALS AND METHODS
4.3.1 Sample and information collection
A convenience sampling of eight dairy farms from New Brunswick participated in
this study. Farms were visited on a biweekly basis by their regular herd veterinarians to
collect rectal swabs from Holstein dairy calves from July 2014 to February 2015. Rectal
swabs were collected from all eligible calves at two-time points: 2-15 days old (neonatal)
and 42-56 days old (weaning). Samples were shipped on ice via courier to the laboratory
following every collection. Information on ceftiofur use and other farm management
practices were collected by the use of an on-farm questionnaire.

4.3.2 Isolation and Identification of Salmonella enterica
Fecal swabs were pre-enriched in 10 mL buffered peptone water (BPW) and then
incubated at 35°C for 18-24 hours. Aliquots (200 µl) of incubated pre-enrichment broth
were plated on Modified Semi-solid Rappaport-Vassiliadis agar. The plates were
incubated at 42°C and then examined for migration patterns typical of S. enterica
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(≥20mm migration) every 24 hours for a total of 72 hours. Presumptive Salmonella
isolates were sub-cultured onto MacConkey agar, and 3-5 non-lactose-fermenting
colonies were purified by sub-culturing onto tryptic soy agar supplemented with 5%
sheep blood (TSAB). S. enterica isolates were further identified by the triple sugar iron
test, utilization of citrate, urease production, and Salmonella O antiserum Poly A-I & Vi.
All isolates were frozen in Brucella broth with 15% glycerol at -80ºC. Salmonella
serotyping was carried out by the OIE Salmonella Reference Laboratory, part of the
National Microbiology Laboratory run by the Public Health Agency of Canada in
Guelph, Ontario.

4.3.3 Isolation and identification of suspected extended-spectrum cephalosporin
resistant Escherichia coli (sESC-R E. coli)
The initial enrichment process for the isolation of E. coli was carried out
following methods used by the Canadian Integrated Program for Antimicrobial
Resistance Surveillance (CIPARS) (Government of Canada, 2010). In brief, an initial
pre-enrichment was carried out by incubating the fecal swab in 10 mL BPW overnight at
35oC for 18–24 hours. Selective enrichment was carried out by adding an equal volume
(10 mL) of the incubated BPW to double-strength EC broth and incubated at 45°C for 1824 hours. A tryptic soy agar plate with 5% sheep blood containing vancomycin (6
µg/mL), ceftazidime (2 µg/mL), amphotericin B (2 µg/mL) and clindamycin (1 µg/mL)
(VACC) was used for selective culture of E. coli with reduced susceptibility to ESC
(sESC-R E. coli) (Singh et al., 2012). VACC agar was inoculated with 50 µL of
inoculated EC broth and incubated at 37°C for 18-24 hours. If no presumptive colonies
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grew, then the VACC agar plates were incubated for an additional 18-24 hours.
Suspected ESC-R E. coli were sub-cultured to eosin methylene blue agar (EMB agar),
and typical colony types were purified on TSAB. E. coli were identified by lactosefermentation, inability to utilize citrate, and lack of urease production. All the isolates
were frozen in Brucella broth with 15% glycerol at -80ºC for further laboratory analysis.

4.3.4 Antimicrobial susceptibility testing
From all the sESC-R E. coli isolates that grew on the VACC agar, a subset of 100
isolates was randomly selected with at least eight isolates per farm being selected for the
purpose of antimicrobial susceptibility testing. All of the recovered Salmonella isolates
were included for antimicrobial susceptibility testing. Broth microdilution using the
Sensititre® system was used to determine minimum inhibitory concentrations (MICs) of
the isolates. This method conformed to the Clinical and Laboratory Standards Institute
standards (CLSI, 2015) and protocols developed by CIPARS (Government of Canada,
2010). The CMV2AGNF (Sensititre™, Trek™ Diagnostic Systems, Westlake Ohio)
Gram-negative panel for the National Antimicrobial Monitoring System (NARMS)
containing 15 antimicrobials was used in this study. The following antimicrobial agents
were tested, with the resistance breakpoints presented in parentheses: ampicillin (≥32
µg/ml), amoxicillin-clavulanic acid (≥32/16 µg/ml), chloramphenicol (≥32 µg/ml),
ceftriaxone (≥4 µg/ml), ceftiofur (≥8 µg/ml), ciprofloxacin (≥1 µg/ml), cefoxitin (≥32
µg/ml), gentamicin (≥16 µg/ml), kanamycin (≥64 µg/ml), nalidixic acid (≥32 µg/ml),
streptomycin (≥64 µg/ml), sulfisoxazole (≥512 µg/ml), trimethoprim-sulfamethoxazole
(≥4/76 µg/ml) and tetracycline (≥16 µg/ml). Azithromycin was excluded from analysis
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because of E.coli’s intrinsic resistance to it. ESC-R E. coli was defined as sESC-R E. coli
that showed MIC resistance to either ceftriaxone and/or ceftiofur, based on the MIC
breakpoints. MDR was defined as resistance to at least one antimicrobial in at least three
or more antimicrobial classes, as described by the World Health Organization
(Magiorakos et al., 2012).

4.3.5 β-lactamase genes detection
Β-lactamase gene detection was carried out on all the isolates selected for
antimicrobial susceptibility testing. Genomic DNA was extracted using a commercial kit
(InstaGeneTM Matrix Bio-Rad, Montreal Canada). Two multiplex PCRs were performed
for molecular detection of β-lactamase genes. The first multiplex PCR for the detection of
blaCMY-2, blaSHV, and blaTEM was carried out using the consensus primers and protocol
(Table 5.1) that was previously described (Kozak et al., 2009). The second multiplex
PCR was carried out to determine the different blaCTX-M groups (group 1, 2 and 9) using
consensus primers and protocol (Table 5.1) that was previously described (Dallenne et
al., 2010). The following positive controls were used in the study: blaSHV-18 positive
Klebsiella pneumoniae (ATCC® 700603™), known blaCMY-2 producing E. coli, blaTEM
producing E. coli, blaCTXM-2 producing E. coli, and blaCTXM-9 producing E. coli (from Dr. J
McClure’s laboratory, University of Prince Edward Island, Charlottetown Canada), and
blaCTXM-1 producing E. coli (from Dr. Patrick Boerlin’s laboratory, University of Guelph,
Ontario Canada)
For both multiplex PCRs, a QIAGEN Multiplex PCR Plus Kit (Qiagen,
Mississauga, Ontario, Canada) with 1X Qiagen multiplex PCR master mixture, 1X Q-
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solution and molecular grade water, 1X consensus primer pair mixture, as well as 2 µl of
the isolate’s DNA template, were included in the final 25 µl mixtures according to the
manufacturer’s instructions. Amplification was carried out in a PCR thermocycler
(Techne TC-412, Thermo Fisher Scientific, Mississauga Ontario). The first multiplex
PCR was performed under the following conditions: one cycle consisting of 15 min at
94°C; 30 cycles consisting of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C; and one
cycle of final extension consisting of 10 min at 72°C. For the second multiplex PCR, the
following conditions were used: one cycle at 94oC for 10 min; 30 cycles of 94oC for 40 s,
60oC for 40 s and 72oC for 1 min; and a final extension step at 72oC for 7 min. Both
positive and negative controls were included in every multiplex PCR. DNA fragments
were analyzed by electrophoresis on a 1.0% agarose gel at 100 V for 1 hour in 1X Trisboric acid-EDTA containing 1 µg/mL ethidium bromide.

4.3.6 Plasmid-mediated quinolone resistance gene detection
All cultured isolates exhibiting quinolone-resistance by MIC were further
characterized for the PMQR genes: qnrB group genes, and qnrS group genes. This
characterization was done using the multiplex PCR protocol described by Cattoir et al.,
2007 (Table 5.1). Amplification was carried out using the following PCR conditions: 10
min at 95oC; 35 cycles of amplification consisting of 1 min at 95oC, 1 min at 54oC and 1
min at 72oC; and 10 min at 72oC for the final extension. Both positive controls (qnrB and
qnrS producing E. coli from Dr. J McClure’s laboratory, University of Prince Edward
Island, Charlottetown Canada) and negative controls were included in every multiplex
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PCR. DNA fragments were analyzed by electrophoresis on a 1.0% agarose gel at 100 V
for 1 hour in 1X Tris-borate EDTA and stained with 1 µg/mL ethidium bromide.

4.3.7 Risk factors analysis: descriptive, unconditional and multivariable models
Data management was done using Microsoft Excel for Windows (2010) and then
imported to STATA/IC 14.0 (StataCorp, College Station, TX, USA) for analysis. Risk
factors for the recovery of S. enterica and sESC-R E. coli from feces were evaluated
using information from the questionnaire; all the predictors assessed except calves’ age at
sampling were at the farm level. Initial descriptive statistics were done to summarize the
various predictors of interest, as well as the outcomes of interest. Collinearity between
the variables was assessed using the variance-covariance matrix estimates and Spearman
correlations, and highly correlated variables were taken as one.
The data corresponded to a three-level hierarchical structure with the farm level
being the highest level of the hierarchy, the calf level being the second level, and the
repeated sampling time was considered as the lowest level. We first used this data
structure to set up a three-level mixed effects model, to examine if the predictors
accounted for the farm level variance. Subsequently, a population-averaged based model
(Dohoo et al., 2010) was performed for each of the outcomes of interest: fecal carriage of
fecal Salmonella enterica, and sESC-R E. coli. Only the predictors that were significant
at liberal P-values ≤ 0.25 in the unconditional analysis were included in the subsequent
multivariable regression model.
Given that there were only two observations per calf, a Generalized Estimating
Equation (GEE) model was compared with multivariable logistic regression. If model
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results were similar, then the model assessment was based on the standard multivariable
logistic regression model by checking the residuals, identifying influential observations,
and evaluating the reliability of the model. The goodness of fit test of the model was
assessed using either Pearson or Hosmer-Lemeshow tests. The Wald test was used to test
for the overall significance of predictors. Predictors with p-values ≤ 0.05 were retained in
the final model. Odd ratios for each predictor were computed and interpreted as
population averaged ORs.
4.4 RESULTS
4.4.1 Frequency of fecal carriage and MIC profile of Salmonella enterica
Sixteen (16) of the 488 calves were shedding Salmonella enterica on at least one
of the two samples collected (3.3%). The herd frequency was 50%, with a within-herd
frequency on the 4 positive farms ranging from 2.1% to 6.3% over this period. The
Salmonella isolates belonged to 3 serovars namely Salmonella Senftenberg, S.
Typhimurium DT02 and S. Derby. All Salmonella serovars clustered to certain farms,
with Salmonella Senftenberg isolated from two farms, while S. Typhimurium and S.
Derby were found on one farm each. Significant differences (P=0.0067) were observed in
the frequency of Salmonella enterica between the neonatal (3.3%) and weaning (0.82%)
samples. All four calves that were positive at weaning were also positive during the
neonatal period. Salmonella enterica isolates were pan-susceptible to all antimicrobials
on the MIC panel, with the exception of one isolate that was resistant to sulfisoxazole.
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4.4.2 Frequency of fecal carriage of sESC-R E. coli and MIC profile of selected
sESC-R E. coli isolates
Escherichia coli with sESC-R, based on selective culture media, were isolated
from 396 of 488 calves (81.2%) over the study period. Fifty-two percent (205 calves) of
calves positive for sESC-R E. coli were positive at both neonatal and weaning periods.
Within-herd calf frequency ranged from 75% to 98.4%, with sESC-R E.coli isolated from
all the farms. Significant differences (P<0.001) were observed in the frequency of
recovery of sESC-R E. coli between the neonatal (71.1%) and weaning (51.1%) periods.
From the 100 selected sESC-R E.coli isolates for MIC testing (Table 4.2), resistance was
commonly observed to ampicillin (100%), tetracycline (94%), sulfisoxazole (94%),
amoxicillin/clavulanic acid (89%), streptomycin (100%), ceftriaxone (88%), cefoxitin
(84%) and ceftiofur (85%). Nine percent of sESC-R E.coli isolates were nalidixic acid
resistant and also showed intermediate susceptibility to ciprofloxacin. Based on MIC
testing, 88% of the selected sESC-R E.coli were confirmed ESC-R, and all were MDR
(Table 5.3).

4.4.3 Frequency of β-lactamase resistance genes in the selected sESC-R E. coli
In the 88 E. coli isolates confirmed to be ESC-R based on MIC testing, blaTEM
was detected in 84.1%, blaCMY-2 was detected in 52.2%, 15.9% were blaCTX-M-9 positive,
9.1% blaCTX-M-1 positive, 9.1% were blaCTX-M-2 positive, and blaSHV was detected in 1.1%
of isolates. BlaCTXM groups were detected in 30.7% of isolates in general. Forty-eight
percent (48%) of ESC-R E. coli had two β-lactamase resistance genes, and 12.5% had
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three resistance genes (Table 5.4). Only one isolate was negative for all the ESC-R genes
that were tested. Six farms were blaCTXM positive, while the blaCTXM-1 phylogenetic group
was detected from two farms, the blaCTXM-9 phylogenetic group was detected from four
farms, and three farms carried the blaCTXM-2 phylogenetic group. Both blaCMY-2 and blaTEM
resistance genes were detected on all 8 farms. In the 12 sESC-R, E. coli isolates that
were ESC-susceptible on MIC testing, eleven (11) isolates were blaTEM positive, and 4 of
these 11 isolates were also blaCMY-2 positive.

4.4.4 Plasmid-mediated quinolone resistance genes in ESC-R E. coli with quinoloneresistance based on MIC testing
Based on the MIC testing, nine isolates were nalidixic acid resistant and showed
intermediate susceptibility to ciprofloxacin. Plasmid-mediated quinolone resistance genes
were detected from seven of the nine isolates. Only five isolates were positive for qnrB
alone; two isolates were positive for both qnrB and qnrS while two other isolates were
negative for any PMQR genes.

4.4.5 Risk factors for the fecal recovery of Salmonella enterica and sESC-R E. coli
4.4.5.1 Descriptive analysis
The herd demographic information and characteristics of the eight farms in this
study are presented in Table 5.5 & 5.6. The number of cows in all the eight herds ranged
from 76 to 700 heads with an average of 236 cows per herd, and the number of neonatal
calves ranged from 6 to 45 with an average of 23 per herd. Most of the herds were free
stall farms (6/8), and five herds reported the use of calf hutches. Five of the eight herds
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housed sick cattle separately from others. Feeding of unpasteurized waste milk to calves
occurred in five of the herds. None of the herds have any previous history of
salmonellosis on the farms. Ceftiofur was used in all the herds, and it was used for the
management of diseases such as lameness (two herds), Respiratory diseases (four herds),
reproductive diseases (four herds), and foot rot (three herds). Ceftiofur was regularly used
in six of the herds (use on the farm was considered as regular use if it was used daily,
weekly or monthly while occasional use was considered as use at a point in time that was
greater than one month). Other antimicrobials used for the treatments of diseases on the
farms were florfenicol (four herds), penicillin (two herds), tulathromycin (one herd), and
trimethoprim-sulfadoxine (one herd).

4.4.5.2 Risk factors for the fecal recovery of Salmonella enterica
Calves’ age, feeding of unpasteurized waste milk, separation of sick cows from
other cows, and use of ceftiofur for the treatment of respiratory diseases (P≤0.05) were
each associated with the fecal recovery of Salmonella enterica in the univariable analysis
(Table 5.7). However, due to the low number of isolates (n=16), a multivariable model
with more than one variable could not be fit for this outcome.

4.4.5.3 Risk factors for the fecal recovery of sESC-R E. coli
For sESC-R E. coli in calves’ feces, the following variables were unconditionally
associated (P≤ 0.25) with fecal recovery of sESC-R E. coli (Table 5.8): average number
of cows per herd, average number of calves/herd, lactating cows’ housing, calves’ age at
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sampling, feeding of unpasteurized non-saleable milk, frequency of ceftiofur use, disease
conditions for which the farmer used ceftiofur on the farms (lameness, scours, respiratory
diseases, foot rot, metritis and mastitis), and the use of other antimicrobials (florfenicol,
penicillin, tulathromycin and trimethoprim-sulfadoxine).
There was a high correlation between the feeding of unpasteurized non-saleable
milk, lactating cow housing, and disease conditions for the use of ceftiofur on the farms lameness, scours foot rot, metritis and mastitis. Therefore, feeding of unpasteurized nonsaleable milk was used in the subsequent model-building process because previous
reports have established a relationship between waste milk feeding and fecal shedding of
MDR bacteria in dairy calves. Penicillin, florfenicol, tulathromycin, and trimethoprimsulfadoxine were also collinear; as such, florfenicol was selected for the subsequent
model-building process.
Five variables remained in the multivariable model that was significantly
associated with recovery of sESC-R E. coli from calf feces (Table 5.9), controlling for
confounding by the other variables in the final model. Recovery of sESC-R E. coli was
more likely in neonates than calves of weaning age (OR=2.42, P<0.001), on farms
reporting regular ceftiofur use versus occasional use (OR=3.83, P<0.001), on farms
feeding unpasteurized non-saleable to calves (OR=1.61, P=0.002), and on farms using
florfenicol (OR=2.02, P<0.001). Recovery of sESC-R E. coli was less likely on farms
using ceftiofur for the treatment of respiratory diseases (OR= 0.57, P=0.001).
In the initial mixed model, after accounting for the predictors, the variability
between farms disappeared; therefore calf level clustering was adjusted for in a
subsequent GEE multivariable model. The GEE model results (not reported here) were
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similar to the standard multivariable mixed effect logistic regression model. Therefore the
population-average logistic regression model was used as the final model.
Regarding goodness-of-fit testing, four covariates from four farms were
influential in the model building. Three of these were from the farms that used ceftiofur
regularly as well as feeding of unpasteurized non-saleable milk, while the last
observation was from a farm that also used ceftiofur regularly without waste milk feeding
practices. However, one of these covariates produced a lack of fit and had a strong effect
on the coefficient of use of ceftiofur for the treatment of respiratory diseases. Based on
predictability and reliability of the model, the model was highly sensitive (86.52%)
however less specific (40%).

4.5 DISCUSSION
Salmonella enterica recovery frequency in this study (3.3%) was low, although
similar to the low prevalence reported in Alberta, Canada (Sorensen et al., 2003), lower
than the 4.6% reported by Abouzeed et al., 2000 in Prince Edward Island beef cattle. This
low frequency, with its pan-susceptibility observed, may suggest that Salmonella enterica
is of low risk to dairy cattle production within this region; however, these findings cannot
be extrapolated to another population because of the low number of herds in the study
design. Host-specific Salmonella serovar Dublin, and other serovars commonly isolated
from both healthy and diarrheic cattle, such as Newport, Typhimurium DT 104,
Montevideo in North America (Wells et al., 2001; Abouzeed et al., 2000; Berge et al.,
2006a) were not isolated in this study. All the isolates serotyped belonged to three
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serovars: Senftenberg, Typhimurium DT02, and Derby. To our knowledge, this is the
first reported isolation of S. Typhimurium DT02 in dairy cattle in Canada. S. Senftenberg
is considered to be non-important and one of the infrequent serotypes of nonclinical
bovine isolates (Center for Disease Control and Prevention, 2002), and one of the
serovars of non-typhoidal salmonellosis in humans (CDC, 2016).
S. Derby isolated from dairy calves in this study is more host-specific and adapted
to pigs than cattle, and is reported to cause clinical salmonella infections in humans
(Philippczik et al., 1999). Salmonella Typhimurium DT02 has a narrow host range and
more commonly causes infections in pigeons (Rabsch, 2002). The isolation of Salmonella
Typhimurium DT02 in dairy calves may further support the importance of birds in
transmitting disease-causing pathogens (Kirk et al., 2002). Salmonella enterica isolated
in this study were pan-susceptible, which is consistent with other published reports both
in Canada (Sorensen et al., 2003) and the United States of America (Berge et al., 2006a).
Different studies have reported on the prevalence of sESC-R E. coli in dairy
calves using selective culture. Eighty-one percent (81%) of calves were positive in this
study, which was lower compared with 93% and 88% reported by Donaldson (Donaldson
et al., 2006) and Davis (Davis et al., 2015), respectively, in the United States of America.
Prevalences of 34.4-61% have been reported from Ohio dairy cattle (Tragesser et al.,
2006; Heider et al., 2009a). These studies further corroborated previous reports (Berge et
al., 2005; Edrington et al., 2012) that calves are colonized with MDR bacteria, including
Escherichia coli, at an early age, with subsequent shedding especially within the first two
weeks of life (Donaldson et al., 2006). In this study, 88% of the selected sESC-R-E.coli
isolates that grew on VACC agar demonstrated phenotypic resistance to ESC (ceftriaxone
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and/or ceftiofur) on MIC testing, with co-resistance to at least three or more other
antimicrobial categories, thus fitting the definition of MDR isolates. This co-resistance
was more common to streptomycin, sulfisoxazole, TMS, and tetracycline versus the
commonly reported co-resistance to fluoroquinolones and aminoglycosides (Cantón et
al., 2012; Seiffert et al., 2013).
Four different β-lactamase genes were detected in this study belonging to Ambler
molecular classes A (blaTEM, blaCTX-M, and blaSHV) and C (blaCMY-2). These β-lactamase
resistance genes have also been recently reported from beef cattle in Alberta, Canada,
however at varying proportions compared with this study (Cormier et al., 2016).
Detection of blaTEM, blaCMY-2 blaCTX-M, and blaSHV explains the causes of the ESC-R in E.
coli isolates in this study. Non- detection of these ESC resistance genes in one ESC-R E.
coli isolate does suggest the presence of other mechanisms of ESC-resistance, such as
efflux pumps or chromosomal-mediated resistance determinants.

Twelve ESC-

susceptible E. coli isolates phenotypically were resistant to ampicillin, amoxicillinclavulanate (β-lactam/β-lactamase inhibitor combination) and cefoxitin. This β-lactam/βlactamase inhibitor resistance may indicate that the blaTEM resistance genes detected in
the ESC-susceptible isolates were non-ESBLs but may be inhibitor-resistant blaTEM.
However, the presence of cefoxitin resistance in all the suspected inhibitor-resistant
blaTEM isolates and detection of the blaCMY-2 resistance gene in another four isolates may
suggest the existence of two or more β-lactamase resistance mechanisms (Cantón et al.,
2008).
ESC-R in cattle within North America has been attributed mainly to the blaCMY-2
resistant gene (Donaldson et al., 2006; Mollenkopf et al., 2012; Cormier et al., 2016).
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However, blaTEM was the more common β-lactamase resistance gene observed in our
study, even though blaCMY-2 was detected from all the farms. Previous studies within
Canada have characterized and reported blaCMY-2 and associated plasmid dynamics in S.
enterica and E. coli from human, cattle, environmental sources and meat products
(Forward et al., 2004; Mulvey et al., 2009; Mataseje et al., 2010; Martin et al., 2012).
However, studies on blaCTX-M resistance genes in cattle production in Canada are limited;
this resistance gene is known and reported to be prevalent in Europe (Seiffert et al.,
2013). No blaCTX-M resistance genes were reported from animals in Canada over a decade
ago (Li et al., 2007), although, they were commonly reported in E. coli as a major cause
of community-acquired infections in humans (Pitout et al., 2004b). In our study, 30.7% of
selected sESC-R E. coli isolates were carriers of blaCTX-M resistance genes. To the best of
our knowledge, this is the first report of detection of blaCTX-M resistance genes in dairy
calves within Atlantic Canada.
Two different groups of blaCTX-M were detected in this study (groups 1 and 9),
and they are the most widely distributed blaCTX-M groups in both human and animal
bacterial isolates in North America and other parts of the world, especially blaCTX-M-15 of
group 1 and blaCTX-M-14 of group 9 (Pitout et al., 2004a; Cantón et al., 2012). The
detection of blaCTX-M in our study, together with other recent reports from beef cattle from
western Canada (Cormier et al., 2016) and dairy cattle from the Washington State, United
States of America (Wittum et al., 2010; Mollenkopf et al., 2012; Davis et al., 2015), may
suggest the possible emergence of blaCTX-M producing Escherichia coli within North
America.
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The coexistence of two or more β –lactamases were detected in forty-four percent
(44%) of the MIC confirmed ESC-R E. coli, which may explain how more than one
resistance gene plays a critical role in the appearance of phenotypic resistance
characteristics. Additionally, PMQR genes were detected in quinolone-resistant isolates.
To the best of our knowledge, this is the first detection of PMQR genes in dairy cattle in
Canada. PMQR B and S were detected in seven β-lactamase producing isolates with four
isolates harboring two or more β-lactamase resistance genes, usually blaTEM and blaCMY-2.
PMQR genes, especially qnrB19, are known to be frequently associated with other AMR
genes, especially β-lactamases, with colocation on the same plasmid and other mobile
genetic elements (Cattoir et al., 2007).
In this study, neonatal age calves were associated with fecal recovery of sESC-R
E. coli. The increased frequency in neonates compared to calves at weaning agrees with
other reports that prevalence is inversely related to age (Hoyle et al., 2004; Khachatryan
et al., 2004; Donaldson et al., 2006; Edrington et al., 2012), with peaked prevalence
commonly seen in the first 2-weeks of life. A similar pattern was observed in Salmonella
enterica in our study. This change in prevalence is attributed to age-associated changes in
commensal enteric microflora, which results in an intestinal microbiota that is more
effective at excluding these bacteria from the intestinal microcosm (Berge et al., 2006a).
Use of ceftiofur for the treatment of respiratory diseases was less likely to be associated
with shedding of sESC-R E. coli, which may suggest that the MDR effect of ceftiofur use
among the eight herds may be due to the treatment of other diseases with ceftiofur.
However, in the model without the influential covariate, the effect of this predictor was
non-significant. Florfenicol use was associated with fecal shedding of sESC-R E. coli,
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although both florfenicol and ceftiofur are used for respiratory treatments in cattle, this
reason for the relationship is not clear. However, the association between florfenicol and
third-generation cephalosporins resistance phenotypically and the presence of the
resistance genes to both antimicrobial classes on the same plasmid have been previously
reported (Meunier et al., 2010).
All the farms sampled reportedly used ceftiofur on the farm; however, calves
from farms with regular ceftiofur use (monthly or more often) were more likely to shed
sESC-R E. coli, suggesting that the frequent use of this third generation cephalosporin
may drive resistance. Previous studies in different animal species have found that
frequent use of antimicrobials is related to increased shedding of MDR bacteria (van den
Bogaard and Stobberingh; Call et al., 2008), including dairy calves (Berge et al., 2006b).
While MDR E. coli has been reported in preweaned calves regardless of antimicrobial
exposure (Khachatryan et al., 2004), the contribution of other factors apart from
antimicrobial use, such as non-saleable milk feeding, have been reported (Duse et al.,
2015).
In this study, unpasteurized non-saleable milk feeding was associated with the
fecal recovery of sESC-R E. coli. Non-saleable milk feeding is a common practice in
Canada (Vasseur et al., 2010). This practice has also been reported from other parts of
the world, including the USA, Sweden (Duse et al., 2013) and in the United Kingdom
(Brunton et al., 2014). Consistent with this study, the association between non-saleable
milk feeding and increased shedding of MDR bacteria has also been reported (Berge et
al., 2006a; Aust et al., 2013; Duse et al., 2015). Increased prevalence of MDR E. coli
was reported to coincide with the period when calves were fed waste milk, suggesting
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that the fecal recovery in dairy calves may be diet-related (Khachatryan et al., 2004). This
feeding practice facilitates the exposure of dairy calves to antimicrobials via
consumption, thus leading to possible antimicrobial selective pressure and resistance
development (Randall et al., 2014).
The low discriminating power of the model used in predicting the association
between the variables examined and fecal recovery of sESC-R E. coli is a major
limitation in this study. With the model specificity of 40%, there is a high probability of
misclassification of dairy calves as shedders of ECS-R E. coli when in reality they are
not. This is unsurprising considering the low number of dairy herds participating in this
study. The associations between the risk factors that were associated with fecal recovery
of sESC-R E. coli will need to be further elucidated. We believe this study can be a
framework for a future better study design, including a sample size calculation, and
utilizing the within-herd and between-herd results from this study.
Our study has provided estimates of the frequency of extended spectrum
cephalosporin resistance in dairy calves in New Brunswick, Canada. In addition, this
study, using molecular epidemiologic techniques, has provided information on resistant
genes associated with the occurrence of resistance to extended-spectrum cephalosporin in
dairy calves within this region. This study revealed a low frequency of Salmonella
enterica in dairy calves. A high frequency of sESC-resistant E. coli could be found in
calves when using a selective culture method for ESC enteric bacteria. BlaCMY-2 and
blaTEM were the β-lactamases found in the ESC-R E. coli isolated from the dairy calves.
Calves’ age, regular ceftiofur use on the farm, feeding of unpasteurized milk, use of
ceftiofur for treatment of respiratory diseases, and use of florfenicol were factors
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associated with fecal recovery of E. coli with reduced susceptibility to ESC. To our
knowledge, this is the first report of the occurrence of qnrB and qnrS genes in E.
coli isolated from dairy calves in New Brunswick, Canada. We believe these results will
be relevant to the dairy farmers and veterinarians within this region for management
purposes and epidemiologic understanding of factors influencing AMR.
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Table 4.1: Multiplex PCR primer sequences used for the detection of β-lactamase and
plasmid-mediated quinolone resistance genes in E. coli isolates
Genes

Direction Primer sequence

TEM

F
R
F
R
F
R
F
R

SHV
CMY-2

TTAACTGGCGAACTACTTAC
GTCTATTTCGTTCATCCATA
AGGATTGACTGCCTTTTTG
ATTTGCTGATTTCGCTCG
GACAGCCTCTTTCTCCACA
TGGACACGAAGGCTACGTA
TTAGGAARTGTGCCGCTGYAab
CGATATCGTTGGTGGTRCCATb

CTXM1
group
CTXM- F
CGTTAACGGCACGATGAC
2
CGATATCGTTGGTGGTRCCATb
R
group
CTXM- F
TCAAGCCTGCCGATCTGGT
9
R
TGATTCTCGCCGCTGAAG
group
qnrB
F
GGMATHGAAATTCGCCACTGcd
group
R
TTTGCYGYYCGCCAGTCGAAa
F
qnrS
GCAAGTTCATTGAACAGGGT
group
TCTAAACCGTCGAGTTCGGCG
R
a
b
Y=T or C; R=A or G, cM = A or C; dH = A or C or T
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Amplicon
size (bp)
247

Reference
Kozak et al.,
2009

393
1000
688

Dallenne et
al., 2010

404

561

264
428

Cattoir et al.,
2007

Table 4.2: Distribution of minimum inhibitory concentrations for sESC-R E. coli (n=100) recovered from fecal samples of
dairy calves from eight herds in New Brunswick, Canada (2014-2015)
Antimicrobials
Amoxicillin/clavulanate
Ampicillin
Cefoxitin
Ceftiofura
Ceftriaxone
Chloramphenicol
Ciprofloxacin
Gentamicin
Kanamycin
Nalidixic acid
Streptomycinb
Sulfisoxazole
Tetracycline
Trimethoprim/
Sulfamethoxazole

Range
1 – 32
1 – 32
0.5 – 32
0.12 – 8
0.25 – 64
2 – 32
0.015 – 4
0.25 – 16
8 – 64
0.5 – 32
32 – 64
16 – 512
4 – 32
0.12 – 4

MIC50
>32
>32
>32
>8
16
>32
≤0.015
1
16
2
>64
>256
>32
>4

MIC90
>32
>32
>32
>8
64
>32
0.03
4
>64
4
>64
>256
>32
>4

% Rc
89.0
100.0
84.0
85.0
88.0
61.0
0.0
9.0
52.0
9.0
88.0
94.0
94.0
72.0

0.015

0.03

0.06

Distribution (%) of MIC (µg/mL)
0.125
0.25
0.5
1
2

6.0
12.0
89.0

2.0

3.0
5.0

4

8
8.0

16
3.0

32
10.0

6.0
4.0
3.0
8.0

3.0
26.0
21.0
31.0

4.0
59.0
32.0

8.0

1.0

8.0

19.0

64
79.0
100.0
76.0

128

5.0
61.0

8.0

51.0

12.0

1.0
9.0
4.0

5.0

89.0

256

>256

9.0
31.0

49.0

9.0

1.0
48.0

11.0

75.0

5.0

84.0

6.0
6.0
17.0

a

9.0

2.0

94.0

72.0

CLSI M31–A2,
No Clinical and Laboratory Standards Institute interpretive criteria for Enterobacteriaceae were available, breakpoint was based on CIPARS report
c
Percentage resistant
Vertical lines represent the resistance breakpoints
b
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Table 4.3: Multi-drug resistance patterns of 88 selected ESC-R E. coli isolated from 100
Holstein dairy calves from eight herds in New Brunswick, Canada (2014-2015)
Multi-drug resistance patterns
Frequency
%
1
AAgCCaxCefFoxKanStrSulTmsTet
22
25.00
2
AAgCCaxCefFoxStrSulTmsTet
13
14.77
3
AAgCaxCefFoxStrSulTmsTet
13
14.77
4
AAgCaxCefFoxNalStrSulTmsTet
7
7.95
5
ACCaxCefKanStrSulTmsTet
6
6.82
6
AAgCCaxCefFoxGmStrSulTmsTet
4
4.55
7
AAgCCaxCefFoxKanStrSulTet
4
4.55
8
AAgCCaxCefFoxStrSulTet
3
3.41
9
AAgCCaxKanStrSulTet
2
2.27
10
AAgCaxCefFoxStr
2
2.27
11
AAgCCaxCefFoxKanNalStrSulTmsTet
1
1.14
12
AAgCCaxCefGmKanStrSulTet
1
1.14
13
AAgCCaxCefKanStrSulTet
1
1.14
14
AAgCCaxCefKanStrSulTmsTet
1
1.14
15
AAgCaxCefFoxGmStrSulTet
1
1.14
16
AAgCaxCefFoxKanNalStrSulTmsTet
1
1.14
17
AAgCaxCefFoxStrTet
1
1.14
18
AAgCaxCefGmStrSulTmsTet
1
1.14
19
ACCaxCefGmStrSulTmsTet
1
1.14
20
ACaxCefGmKanStrSul
1
1.14
21
ACaxCefGmStr
1
1.14
22
ACaxCefStr
1
1.14
A-Ampicillin, Ag-Amoxicillin-clavulanate, C-Chloramphenicol, Cax-Ceftriaxone, CefCeftiofur, Fox-Cefoxitin, Gm-Gentamicin, Kan-Kanamycin, Nal-Nalidixic acid, StrStreptomycin, Sul-Sulfisoxazole, Tms-Trimethoprim-Sulfamethoxazole, Tet-Tetracycline
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Table 4.4: β-lactamase resistance genes patterns in 88 ESC-R E. coli isolated from
Holstein dairy calves (n=100) from eight herds in New Brunswick, Canada (2014-2015)
β-lactamases patterns
blaCMY-2 blaTEM
blaTEM
blaCMY-2
blaTEM blaCTXM-9
blaCMY-2blaTEM blaCTXM-9
blaTEM blaCTXM-1
blaTEM blaCTXM-1blaCTXM-2
blaTEM blaCTXM-2
blaCMY-2 blaTEM blaCTXM-2
blaCMY-2 blaTEM blaSHV
blaCMY-2 blaTEM blaCTXM-1
β-lactamase negative

Frequency
25
21
13
10
4
4
3
3
2
1
1
1

(%)
28.41
23.86
14.77
11.36
4.55
4.55
3.41
3.41
2.27
1.14
1.14
1.14
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Table 4.5: Herd-level continuous variable descriptive statistics of eight dairy farms from
New Brunswick, Canada (2014-2015)
Variables

Average (Range)

Average number of cows/herd

236 (76-700)

Average number of preweaned calves/herd 23 (6-45)
Milk rolling average (kg)

8884.4 (1900-12000)

Average milk/cow/day (kg)

34.2 (29.5-38)

Average somatic cell count (cfu/ml)

162,500 (70,000-300,000)
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Table 4.6: Herd-level categorical variable descriptive statistics of eight dairy farms from
New Brunswick, Canada (2014-2015)
Variables

Categories

Breed of cattle on the farms
Preweaned calves’ housing

Frequency
(%)
8(100.0)
5(62.5)
3(37.5)
6(75.0)
2(25.0)
5(62.5)
3(37.5)
5(62.5)
3(37.5)
0(0.0)
8(100.0)
8(100)
0(0.0)
6(75.0)
2(25.0)
0(0.0)
8(100.0)
8(100.0)
0(0.0)
2(25.0)
4(50.0)

Holstein
Calf hutch
Group
Lactating cow housing
Free stall
Tie stall
Sick cows housed separately from other cows
Yes
No
Feeding of unpasteurized milk to calves
Yes
No
Previous history of Salmonellosis on farms
Yes
No
Ceftiofur use on the farms
Yes
No
Frequency of ceftiofur use on the farmsa
Regularly
Occasionally
Previous history of ceftiofur use on the farm for
Yes
treatment of Salmonellosis
No
Use of ceftiofur for the management of other Yes
diseases on the farms
No
Disease conditions in which ceftiofur was used on Lameness
the farms
Respiratory
diseases
Scours
2(25.0)
Metritis/Retained
5(62.5)
placenta
Anorexia/General
2(25.0)
infection
Foot rot
3(37.5)
Mastitis
1(12.5)
Other antimicrobials used for the treatments of Florfenicol
4(50.0)
diseases on the farm within the last 6 months
Penicillin
2(25.0)
Trimethoprim1(12.5)
sulfadoxine
Tulathromycin
1(12.5)
a
Regular: used daily, weekly or monthly; Occasional: used at a point in time > one month
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Table 4.7: Univariable logistic regression of variables unconditionally associated (P <
0.25) with fecal recovery of Salmonella enterica in 488 dairy calves from eight herds in
New Brunswick, Canada (2014-2015)
Variables

Categories

Number of calves/herda
Age of preweaned calf at
sampling
Sick cows housed
separately from other cows
Feeding of unpasteurized
non-saleable milk to calves
Use of ceftiofur for the
treatment of lameness
Use of ceftiofur for the
treatment of respiratory
diseases
Use of ceftiofur for the
treatment of scours
Use of ceftiofur for the
treatment of
anorexia/general infection
Use of ceftiofur for the
treatment of foot rot
Florfenicol
Penicillin

Small
Larger
45-56 days
2-15 days
No
Yes
No
Yes
No
Yes
No
Yes

Herd
Frequency
(%)
54.7
45.3
50.0
50.0
28.1
71.9
38.9
61.1
66.0
34.0
62.9
37.1

Odds
ratio
Reference
2.53
Reference
4.10
Reference
0.25
Reference
0.27
Reference
2.42
Reference
5.30

No
Yes
No
Yes

75.6
24.4
73.9
26.1

Reference
2.10
Reference
3.58

No
Yes
No
Yes
No
Yes

73.4
26.6
61.3
38.7
82.8
17.2

Reference
0.48
Reference
2.42
Reference
2.1

Robust
SE

Pvalue

1.44

0.105

1.94

0.003

0.13

0.008

0.16

0.025

1.31

0.104

2.92

0.003

1.11

0.158

1.82

0.012

0.35

0.314

1.26

0.089

1.15

0.175

Observation for number of cows/herd, trimethoprim-sulfadoxine, tulathromycin and mastitis were too low
to allow for analysis.
a

Number of calves/herd- small: <23 calves/herds, larger: ≥23 calves/herd.
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Table 4.8: Univariable logistic regression of variables associated (P < 0.25) with fecal
recovery of sESC-R E. coli in 488 dairy calves from eight herds in New Brunswick,
Canada (2014-2015)
Variables

Number of calves/herd

Categories
a

Number of cows/herd
Age of preweaned calf at
sampling
Lactating cow housing
Feeding of unpasteurized nonsaleable milk to calves
Frequency of ceftiofur useb

Use of ceftiofur for the
treatment of lameness
Use of ceftiofur for the
treatment of Respiratory
diseases

Use of ceftiofur for the
treatment of scours
Use of ceftiofur for the
treatment of metritis/retained

Small
Larger
Small
Larger
45-56 days
2-15 days
Free stall
Tie stall
No
Yes
Occasionally
Regularly
No
Yes
No
Yes

Herd
Frequency
(%)
54.7
45.3
74.2
25.8
50.0
50.0
67.6
32.4
38.9
61.1
11.9
88.1
66.0
34.0
62.9
37.1

Odds
ratio
Reference
0.77
Reference
2.0
Reference
2.27
Reference
2.1
Reference
1.72
Reference
2.89
Reference
0.83
Reference
0.66

No
Yes
No
Yes

75.6
24.4
59.8
40.2

Reference
0.45
Reference
0.71

Robust
SE

Pvalue

0.11

0.07

0.34

<0.001

0.27
0.33

<0.001
<0.001

0.25

<0.001

0.62

<0.001

0.12

0.226

0.10

0.004

0.07

<0.001

0.10

0.016

0.10

0.006

0.34

<0.001

0.21

0.016

0.40

0.001

0.51

0.007

0.12

0.009

placenta
No
73.4
Reference
Yes
26.6
0.65
No
74.2
Reference
Yes
25.8
2.0
Florfenicol
No
61.3
Reference
Yes
38.7
1.43
Penicillin
No
82.8
Reference
Yes
17.2
1.96
Trimethoprim-sulfadoxine
No
89.3
Reference
Yes
10.7
2.0
Tulathromycin
No
88.9
Reference
Yes
11.1
0.56
a
Number of calves/herd- small: <23 calves/herds, larger: ≥23 calves/herd

Use of ceftiofur for the
treatment of foot rot
Use of ceftiofur for the
treatment of mastitis

b

Regular: used daily, weekly or monthly; Occasional: used at a point in time > one

month.
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Table 4.9: Multivariable logistic regression model of predictors associated with fecal
recovery of suspected ESC-R E. coli in 488 dairy calves from eight herds in New
Brunswick, Canada (2014-2015)
Variables

Levels

Odds
Robust
P-value
ratio
SE
Age of preweaned calf at sampling
45-56days
Reference
2-15days
2.42
0.31
<0.001
Frequency of ceftiofur usea
Occasionally Reference
Regularly
3.83
1.00
<0.001
Feeding of unpasteurized non-saleable milk
No
Reference
Yes
1.61
0.25
0.002
Use of florfenicol
No
Reference
Yes
2.02
0.36
<0.001
Use of ceftiofur for the treatment to respiratory No
Reference
diseases
Yes
0.57
0.09
0.001
a
Regular: used daily, weekly or monthly; Occasional: used at a point in time > one
month.

188

CHAPTER 5

EXTENDED-SPECTRUM CEPHALOSPORIN RESISTANT ESCHERICHIA
COLI IN COLOSTRUM FROM NEW BRUNSWICK, CANADA DAIRY COWS
HARBORS blaCMY-2 AND blaTEM RESISTANCE GENES
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5.1 ABSTRACT
Dairy calves can be colonized shortly after birth by multi-drug resistant (MDR)
bacteria, including Escherichia coli. The role of dairy colostrum fed to calves as a
potential source of MDR bacteria resistance genes has not been investigated. This study
determined the recovery rate of extended-spectrum cephalosporin-resistant Escherichia
coli (ESC-R E. coli) in colostrum samples from cows. The ESC-R E. coli isolates were
further investigated to determine their phenotypic antimicrobial resistance pattern and the
genes conferring ESC resistance. Fresh colostrum was collected from 452 cows from 8
dairy herds in New Brunswick, Canada. ESC-R E. coli were isolated from the colostrum
by using the VACC agar, a selective media for extended-spectrum beta-lactamase
producing Enterobacteriaceae. Minimum inhibitory concentration (MIC) was determined
for all the suspected ESC-R E. coli isolates using a commercial Gram-negative broth
micro-dilution method. Two multiplex polymerase chain reactions were conducted on all
the suspected ESC-R E. coli isolates to determine the presence of the blaCTX-M (groups 1,
2, and 9) blaCMY-2, blaSHV and blaTEM resistance genes. ESC-R E. coli were detected in 20
(4.43%) of the colostrum samples. At least one ESC-R E. coli isolate was detected in 6
(75%) of the dairy herds. All ESC-R E. coli had MDR profiles based on MIC testing.
No blaCTX-M group genes were detected. However the blaCMY-2 gene was detected in 9/20
(45%) of the ESC-R E. coli isolates, and blaTEM was detected in 7/20 (35%) of the ESC-R
E. coli isolates. No ESC-R E. coli had both blaCMY-2 and blaTEM resistance genes. This is
the first report of blaCMY-2, and blaTEM genes found in E. coli isolates cultured from dairy
colostrum to our knowledge.
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5.2 INTRODUCTION
Rapid gastrointestinal colonization and development of a dense, diverse, and
complex microbial population occur soon after birth in newborn animals. This is
influenced by external factors, such as postpartum calf management practices and the
calf’s environment (Mackie et al., 1999; Heavey and Rowland, 1999). In dairy calves,
microbial colonization by multi-drug resistant (MDR) bacteria, such as Escherichia coli,
shortly after birth has been linked to certain risk factors including farm types, type of calf
housing and other management practices (Pereira et al., 2014a). Exposure of pre-weaned
calves to antimicrobial drugs has also been reported to be responsible for the increased
colonization and shedding of MDR bacteria (Berge et al., 2006). However, some studies
have also reported colonization of MDR bacteria in the gut of calves unrelated to the
recent use of antimicrobials (Khachatryan et al., 2004; de Verdier et al., 2012). Feeding
of non-saleable milk to preweaned calves is a common practice in dairy herds (Duse et
al., 2013; Randall et al., 2014), and such milk often contains antimicrobial residues
(Pereira et al., 2011; Pereira et al., 2014b) and MDR bacteria (Randall et al., 2014).
Preweaned calves may also be exposed to antimicrobial residues, MDR bacteria,
and antimicrobial resistance (AMR) genes via feeding colostrum from cows. Dairy
colostrum is a very complex fluid secretion that is rich in nutrients, immunoglobulins,
and other growth and antimicrobial factors essential for specific nutritional and
immunologic functions (Pakkanen and Aalto, 1997). However, the role of colostrum as a
source of MDR bacteria and AMR genes has not been widely investigated. In this study,
we hypothesized that dairy cow colostrum would be a source of extended-spectrum
cephalosporin-resistant (ESC-R) Escherichia coli to dairy calves. This study’s aims were:
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1) to determine the potential role of colostrum as a source of resistant bacteria through
the recovery rate of ESC-R E. coli using a selective culture method; 2) to describe the
phenotypic AMR patterns of ESC-R E. coli isolates, and 3) to identify the AMR genes
conferring ESC resistance in these isolates.

5.3 MATERIALS AND METHODS
5.3.1 Dairy colostrum sampling
Colostrum samples were collected from 452 Holstein dairy cows during the first
24 hours post-partum, from eight farms depending on the number of calves born into the
herd during the study period. The samples were collected from 8 commercial dairy herds
in New Brunswick, Canada, who were willing to take the samples (i.e. convenience
sample). Colostrum samples were collected between July 2014 and February 2015. This
collection was from a routine sample collection towards a larger research study
investigating the failure of transfer of passive immunity in dairy calves as part of MILK
2020 project of New Brunswick, Canada. For every newly calved cow during this time
frame, the owner collected 50 mL of colostrum into a vial properly labeled with cow
identification number, farm source, and date of sample collection. The samples were then
transported to the Maritime Quality Milk Laboratory, University of Prince Edward Island
(UPEI), where samples were stored at –80 °C for subsequent bacteriological isolation.

5.3.2 Escherichia coli isolation and identification from dairy colostrum
Thawed colostrum samples were initially pre-enriched in buffered peptone water
as previously described (Randall et al., 2014); briefly, 1ml of colostrum sample was
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diluted in 9 mL of buffered peptone water before an overnight incubation at 37oC for 18–
24 h. Selective enrichment and isolation were further carried out as described by
Canadian Integrated Programme for Antimicrobial Resistance Surveillance (CIPARS)
(Government of Canada, 2010). An equal volume of the inoculated pre-enriched broth
was added to E. coli broth for selective enrichment, and then samples in broth were
incubated at 45°C for 18-24 hours. VACC agar (tryptic soy agar plate with 5% sheep
blood containing 6 µg/mL vancomycin, 2 µg/mL amphotericin B, 2 µg/mL ceftazidime,
and 1 µg/mL clindamycin), a selective media for extended-spectrum beta-lactamase
producing Enterobacteriaceae, was used for selective culture (Singh et al., 2012). VACC
agar plates were inoculated with 50 µL of enrichment broth and incubated at 37°C for 1824 hours. Presumptive E. coli were sub-cultured to eosin-methylene blue agar and then
purified on tryptic soy agar plates supplemented with 5% sheep blood. E. coli were
further identified by lactose-fermentation, utilization of citrate, and urease production.
All isolates were frozen in Brucella broth with 15% glycerol at -80ºC for further
laboratory analysis.

5.3.3 Antimicrobial susceptibility testing
For all recovered E. coli isolates, MIC antimicrobial susceptibility testing was
performed using a commercial broth micro-dilution method following the Clinical and
Laboratory Standards Institute (CLSI) guidelines (CLSI, 2013) and protocols developed
by CIPARS (Government of Canada, 2010). The CMV2AGNF (Sensititre™, Trek™
Diagnostic Systems, Westlake Ohio) Gram-negative MIC susceptibility plates of the
National Antimicrobial Monitoring System (NARMS) containing 15 antimicrobials were
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used in this study. However azithromycin was excluded due to intrinsic resistance in E.
coli to azithromycin. The following antimicrobial agents were tested, and their resistant
breakpoints are presented in parentheses: ampicillin (≥32 µg/ml), amoxicillin-clavulanic
acid (≥32/16 µg/ml), chloramphenicol (≥32 µg/ml), ceftriaxone (≥4 µg/ml), ceftiofur (≥8
µg/ml), ciprofloxacin (≥1 µg/ml) cefoxitin (≥32 µg/ml), gentamicin (≥16 µg/ml),
kanamycin (≥64 µg/ml), nalidixic acid (≥32 µg/ml), streptomycin (≥64 µg/ml),
sulfisoxazole (≥512 µg/ml), trimethoprim-sulfamethoxazole (≥4/76 µg/ml) and
tetracycline (≥16 µg/ml). Multi-drug resistance categorization was based on World
Health Organization’s definition of resistance to at least one antimicrobial drug in three
or more antimicrobial categories (Magiorakos et al., 2012).

5.3.4 Molecular detection of β-lactamase genes
All the ESC-R E. coli isolates detected by the selective culture method were
screened for β-lactamase resistance genes.

Isolate’s genomic DNA was extracted

following the procedures provided by a commercial kit (InstaGeneTM Matrix Bio-Rad,
Montreal Canada). Two multiplex PCRs were performed for the molecular
characterization of β-lactamase genes. Multiplex PCR was used for the detection of
blaCMY-2, blaSHV, and blaTEM using the consensus primers and protocol (Table 5.1)
previously described by Kozak et al. (2009). The other multiplex PCR was carried out to
determine the blaCTX-M phylogenetic groups 1, 2, and 9 using the consensus primers and
protocol (Table 5.1) previously described (Dallenne et al., 2010). For both multiplex
PCRs, a Qiagen multiplex PCR kit (Qiagen, Mississauga, Ontario, Canada) with 1X
Qiagen multiplex PCR master mixture, 1X Q-solution, and molecular grade water, 1X
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consensus primer pair mixture, and 2 µl of the isolate’s DNA template were included in
the final 25 µl mixtures, according to the manufacturer’s instructions. Amplification was
carried out in a PCR thermocycler (Techne TC-412, Thermo Fisher Scientific,
Mississauga Ontario) using the following PCR conditions for the first multiplex PCR:
one cycle consisting of 15 min at 94°C, 30 cycles consisting of 1 min at 94°C, 1 min at
55°C, and 1 min at 72°C, and one cycle of final extension consisting of 10 min at 72°C.
For the second multiplex PCR, the following steps were used: an initial denaturation at
94oC for 10 min; 30 cycles of 94oC for 40 s, 60oC for 40 s, and 72oC for 1 min; and a
final elongation step at 72oC for 7 min. Following the PCR reaction, DNA fragments
were analyzed by electrophoresis on a 1% agarose gel at 100 V for 1 hour in 1X Tris
boric acid EDTA stained with 1 µg/mL ethidium bromide.

5.4 RESULTS
ESC-R E. coli isolates were recovered from 20 (4.43 %,) of the 452 colostrum
samples which came from 6 of the 8 dairy herds enrolled in this study. All the isolates
(n=20) were resistant to ampicillin, amoxicillin-clavulanic acid and cefoxitin, while all
the isolates were susceptible to ciprofloxacin and gentamicin (Table 5.2). Multi-drug
resistance was observed in all the ESC-R E. coli isolates while co-resistance to
aminoglycosides-amoxicillin-clavulanate-chloramphenicol-cephalosporin-pencillinsulfisoxazole-trimethoprim/sulfamethoxazole-tetracycline was the most common R-type
(Table 5.2). Polymerase chain reaction screening did not identify more than one ESC
gene in the ESCR-R E. coli isolated. No blaCTX-M or blaSHV genes were detected in the
ESC-R E. coli. The blaCMY-2 gene was detected in 9 (45%) of the 20 ESC-R E. coli,
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blaTEM was detected in 7 (35%) of the 20 ESC-R E. coli (Table 5.3). The blaCMY-2 gene
isolates clustered in two dairy herds, while blaTEM was detected in all six dairy herds in
which ESC-R E. coli was detected. The 4 isolates without detected ESC-R genes were
MIC-susceptible to both ceftriaxone and ceftiofur. From the six herds positive for ESC-R
E. coli, one herd used ceftiofur for blanket dry cow treatment; another herd used
cloxacillin and cephapirin for blanket dry cow treatment, while the other four herds used
novobiocin-procaine penicillin combination with one herd using it for selective treatment
and the three herds for blanket treatment. For the other two herds negative for ESC-R E.
coli, one herd used novobiocin-procaine penicillin combination for blanket dry cow
treatment while the other used ceftiofur and novobiocin-procaine penicillin combination
also for blanket dry cow treatment. However, all the eight herds reported the used of
injectable ceftiofur for the treatment of other diseases and health conditions unrelated to
dry cow treatment or mastitis.

5.5 DISCUSSION
Colostrum is the first source of both passive immunity and food for newborn
dairy calves. We demonstrated that colostrum is also a possible source of ESC-R E. coli
exposure to newborn dairy calves. Recovered isolates may have originated from either
direct shedding in the mammary gland and/or from environmental contamination of
colostrum and even from farmers during sample collection. The frequency of recovered
ESC-R E. coli isolates in colostrum samples was however low. This low frequency of
ESC-R E. coli from colostrum may suggests other sources of exposure to calves such as
consuming non-saleable milk, antimicrobial treatment, environment contamination,
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feeding practices, and other management influences (Berge et al., 2006; Edrington et al.,
2012; Aust et al., 2013; Duse et al., 2015). In addition, evidence of vertical transmission
of bacteria from cow to calves has recently been reported, demonstrating the existence of
transmission without requiring fecal-oral exposure (Hanson et al., 2016).
Considering the small number of herds agreeing to the convenience sampling in
this study, we chose to sample a large number of cows to maximize the chance of finding
ESC-R E. coli in the dairy colostrum on those farms. However, with only eight farms
tested, it remains unclear how common MDR ESC-R E. coli bacteria are in the colostrum
among all the dairy farms in this region. We believe this study can be a framework for a
future better study design, including a sample size calculation, utilizing the within-herd
and between-herd results from this study. The six herds that were positive for ESC-R
E.coli isolates used antimicrobials belonging to beta-lactam class including penicillin,
cloxacillin, cephapirin, and ceftiofur. These antimicrobials have been reported to be the
frequent veterinary residues in waste milk (Brunton et al., 2014; Randall et al., 2014).
Residues in the colostrum are also likely to be present when dry cow therapy is practiced.
All the ESC-R E. coli isolates recovered from dairy colostrum in this study were
MDR with over 85% of isolates resistant to at least seven classes of antimicrobials. This
may be due to the β-lactamase genes seen in these isolates, as these genes are reportedly
able to confer multi-drug resistance (Martin et al., 2012). To our knowledge, this study is
the first to report the detection of blaCMY-2, and blaTEM genes from E. coli isolates from
dairy cow colostrum. However, blaCMY-2 has been reported from bovine mastitic milk
from Switzerland (Endimiani et al., 2012). Although none of the blaCTX-M groups were
detected in dairy colostrum in this study, previous studies have reported the detection of
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all the blaCTXM groups from bulk tank milk (Odenthal et al., 2016), while blaCTXM group 1
has also been reported from raw cow milk (Tekiner and Özpınar, 2016), waste milk
(Randall et al., 2014), and mastitic milk (Locatelli et al., 2009).
Four isolates were negative for the beta-lactamase genes tested and also were
susceptible to ceftiofur and ceftriaxone on the MIC test. This would suggest that these
isolates were not extended-spectrum β-lactamase (ESBL) producing E. coli.
Phenotypically, these four isolates were resistant to cefoxitin and amoxicillin-clavulanate,
which may indicate the presence of other mechanisms of resistance, such as a
chromosomally mediated AmpC or another plasmid mediated beta-lactamase not
screened for with the PCR assays used in this study.
Although the importance of dairy colostrum in conferring passive immunity and
nutrition to newborn calves is critical; the risk of exposure to MDR bacteria and other
infectious agents, either from direct shedding in the mammary gland or from post-harvest
contamination of colostrum before feeding to calves need to be recognized (Meas et al.,
2002; Godden et al., 2005; Nielsen et al., 2008). Feeding of pasteurized colostrum as a
means of controlling disease-causing pathogen transmission has been recommended
(Godden, 2007), as heat-treated colostrum not only provides the advantages of colostrum
with the lower bacterial count to calves but also increases immunoglobulin absorption
(Elizondo-Salazar and Heinrichs, 2009). In this study, there was no specific protocol
provided to the farmers on sample collection, which may have resulted in environmental
contamination during sample collection influencing the recovery of ESC-R E. coli from
colostrum. However, this may be a more accurate reflection of the colostrum and it
bacterial contamination that is fed to the calves on those farms
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In conclusion, colostrum from dairy cows used in this study contained MDR
ESC-R E. coli, potentially exposing newborn calves ingesting this colostrum to these
bacteria. The recovery rate was relatively low, with all isolates being MDR. Our analysis
of ESC resistance genes revealed that either blaCMY-2 or blaTEM were present in 16 of the
20 ESC-R E. coli isolates, but no blaCTX-M or blaSHV genes were detected in this
convenience sample.
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Table 5.1: Multiplex PCR primer sequences used for the detection of β-lactamase
resistance genes in E. coli isolates
Genes
TEM

Direction Primer sequence

F
R
SHV
F
R
CMY-2
F
R
CTXM-1
F
group
R
CTXM-2
F
group
R
CTXM-9
F
group
R
a
Y=T or C; R=A or G

TTAACTGGCGAACTACTTAC
GTCTATTTCGTTCATCCATA
AGGATTGACTGCCTTTTTG
ATTTGCTGATTTCGCTCG
GACAGCCTCTTTCTCCACA
TGGACACGAAGGCTACGTA
TTAGGAARTGTGCCGCTGYAa
CGATATCGTTGGTGGTRCCATa
CGTTAACGGCACGATGAC
CGATATCGTTGGTGGTRCCATa
TCAAGCCTGCCGATCTGGT
TGATTCTCGCCGCTGAAG

203

Amplicon
size (bp)
247

Reference
Kozak et
al., 2009

393
1000
688
404
561

Dallenne
et
al.,
2010

Table 5.2: Distribution of minimum inhibitory concentrations for ESC-R E. coli (n=20) recovered from 452 dairy cow
colostrum samples from New Brunswick, Canada in 2014/15
Antimicrobials
Amoxicillin/clavulanate
Ampicillin
Cefoxitin
Ceftiofura
Ceftriaxone
Chloramphenicol
Ciprofloxacin
Gentamicin
Kanamycin
Nalidixic acid
Streptomycinb
Sulfisoxazole
Tetracycline
Trimethoprim/
Sulfamethoxazole

Range
1 – 32
1 – 32
0.5 – 32
0.12 – 8
0.25 – 64
2 – 32
0.015 – 4
0.25 – 16
8 – 64
0.5 – 32
32 – 64
16 – 512
4 – 32
0.12 – 4

MIC50
32
32
>32
>8
16
>32
≤0.015
1
8
2
>64
>256
>32
>4

MIC90
32
32
>32
>8
16
>32
0.03
2
>64
4
>64
>256
>32
>4

% Rc
100.0
100.0
100.0
80.0
80.0
65.0
0.0
0.0
15.0
5.0
90.0
85.0
90.0
85.0

0.015

0.03

0.06

Distribution (%) of MIC (µg/mL)
0.125
0.25
0.5
1
2

4

8

16

5.0

15.0
20.0
20.0

65.0
45.0
10.0

20.0
20.0
85.0

10.0

32
100.0
100.0
15.0
10.0

64

128

256

>256

85.0
5.0
65.0

5.0
5.0

75.0

20.0

10.0

75.0

85.0

15.0

10.0
5.0
10.0

10.0

a

5.0

10.0
10.0

5.0
5.0

85.0
85.0

90.0
85.0

CLSI M31–A2,
No Clinical and Laboratory Standards Institute, interpretive criteria for Enterobacteriaceae, were available, breakpoint was based on CIPARS report
c
Percentage resistant
b

Vertical lines represent the resistant breakpoints
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Table 5.3: Antimicrobial resistance pattern and β-lactamase frequencies in ESC-R E. coli
(n=20) isolated from 452 dairy colostrum samples in 8 dairy hers in New Brunswick
Canada in 2014/15
s/n Antimicrobial resistance pattern Frequency blaCMY-2 blaTEM
1
AmgAugCEscNalPenSulTsTet 1
1
2
AmgAugCEscPenSulTsTet
13
8
3
3
AmgAugEscPenSulTsTet
3
3
4
AmgAugEscPenTet
1
1
5
AugCEscPen
1
6
AugEscCPen
1
AMG- Aminoglycoside, AUG- Amoxicillin-clavulanic acid, C-Chloramphenicol, ESCCephalosporin, NAL-Nalidixic acid, STR-Streptomycin, SUL-Sulfisoxazole, TSTrimethoprim-sulfamethoxazole, TET-Tetracycline
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CHAPTER 6

DETERMINATION OF ANTIMICROBIAL RESISTANCE TO EXTENDEDSPECTRUM CEPHALOSPORIN, QUINOLONES AND VANCOMYCIN IN
SELECTED HUMAN ENTERIC PATHOGENS FROM PRINCE EDWARD
ISLAND
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6.1 ABSTRACT
Serious infections from enteric bacteria in humans are commonly treated with
extended-spectrum

cephalosporins

(ESC),

fluoroquinolones,

carbapenems,

and

vancomycin. However, resistance in enteric organisms has been increasingly reported in
clinical samples. The primary objective of this study was to determine the frequency of
fecal carriage of vancomycin-resistant Enterococcus spp. (VRE) and generic E. coli with
reduced susceptibilities to ESCs, carbapenems, and quinolones in humans on Prince
Edward Island, Canada. In addition, the minimum inhibitory concentration (MIC) profile
and the antimicrobial resistance genes in the resistant isolates were also determined.
In this study, convenience fecal samples from 489 individuals submitting fecal
samples for Helicobacter pylori testing on Prince Edward Island, Canada, from August to
December 2016 were screened for E. coli with reduced susceptibility to ESC as well as
Enterococcus spp. with reduced susceptibility to vancomycin using selective culture.
Also, 253 of these patients were screened for E. coli with reduced susceptibility to
fluoroquinolones by using selective culture. All ESC-positive E. coli isolates were
screened for carbapenem resistance. Antimicrobial susceptibility testing was done on all
isolates using the National Antimicrobial Resistance Monitoring System Gram-negative
MIC plate. Multiplex polymerase chain reactions (PCR) were conducted to determine the
β-lactamase resistance genes, plasmid-mediated quinolone resistance (PMQR) genes, and
the VRE genotypes.
Twenty-six (5.3%) individuals had ESC reduced susceptibility E. coli isolated. Of
these 26 isolates, 14 (53.9%) showed antimicrobial resistance profiles consistent with
ESBL phenotypes, while 9 (34.62%) isolates had antimicrobial resistance profiles
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consistent with AmpC phenotypes. The ESC-resistant gene profile was as follows: 25
(96.2%) of the isolates harbored blaTEM, 18 (69.2%) of the isolates harbored blaCMY-2, 16
(61.5%) of the isolates harbored blaCTX-M groups (blaCTXM-1 = 9 isolates, blaCTXM-9 = 5
isolates and blaCTXM-2 = 2 isolates), and 2 (7.7%) isolates harbored blaSHV resistance
genes. Twenty-four (92.3%) isolates harbored 2 or more resistance genes. None of the
ESC-resistant E. coli was positive for carbapenem resistance.
Twenty-one (8.3%) individuals had E. coli isolates with reduced quinolone
susceptibility.

Fifteen (5.9%) of the 253 human fecal samples were positive for

quinolone-resistant E. coli isolates based on MIC testing. All the isolates were positive
for at least one qnr gene, with 3 (14.3%) isolates being positive for qnrB, 5 (23.8%)
isolates being positive for qnrS, and 13 (61.9%) isolates were positive for both qnrB and
qnrS genes.
Sixty-eight (13.9%) of the patients were positive for Enterococcus spp. with
reduced susceptibility to vancomycin. Of those isolates, only 10 (14.7%) were E. faecalis
and 2 (2.9%) were E. faecium. Based on MIC testing, the isolates were all susceptible
using MIC test strip and they were also negative for VanA and VanB genes.
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6.2 INTRODUCTION
Antimicrobial resistance (AMR) is one of the major public health concerns and
urgent challenges of health care systems today. Infections and outbreaks caused by
antibiotic‐resistant bacteria are an established and widely reported problem (Heuer et al.,
2009; Marshall and Levy, 2011; Cantas et al., 2013). In some cases, resistance results in
infections with more virulent strains that are difficult to treat, leading to prolonged
hospitalization, and life-threatening infections (Angulo et al., 2004; Collignon and
Angulo, 2006; Peirano et al., 2012; O’Driscoll and Crank, 2015). This resistance is
common in cases of community-acquired and/or nosocomial infections caused by multidrug resistants (MDR) bacteria such as β-lactamase producing Escherichia coli,
carbapenemase producing Enterobacteriaceae, methicillin-resistant Staphylococcus
aureus, and vancomycin-resistant Enterococcus spp. (van der Donk et al., 2012; GarciaG et al., 2014; World Health Organization, 2014).
Extended-spectrum cephalosporins (3rd and 4th generation cephalosporins),
carbapenems, vancomycin, and fluoroquinolones are antimicrobials categorized by
Health Canada and the World Health Organization as critically important to human
medicine as they are commonly used to treat serious and potentially life-threatening
infections caused by antimicrobial-resistant bacteria. (Veterinary Drugs Directorate’s
(VDD), Health Canada 2009; World Health Organization, 2014).

However, increased resistance to these critically important antimicrobials has
been reported and is mediated by several different types of AMR resistance genes. Some
β-lactamase genes, such as extended-spectrum β-lactamases (ESBL) and AmpC βlactamases, are common causes of extended spectrum cephalosporin (ESC) resistance
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(Seiffert et al., 2013). Other β-lactamases, including carbapenemases such as blaNDM,
blaKPC, and blaVIM, have been reported in Klebsiella spp., Pseudomonas spp.,
Acinetobacter baumannii and other Gram-negative bacteria, especially members of the
Enterobacteriaceae family (Nordmann et al., 2011; Woodford et al., 2014). Although
resistance to quinolones is frequently mediated by chromosomal mutations in DNA
gyrase or topoisomerases, plasmid-mediated resistance by qnr genes, such as qnrA, qnrB,
qnrC, qnrD and qnrS have been reported from bacteria (such as Escherichia coli and
Campylobacter spp.) of both human and animal origins (Nordmann, 2005; Kim and
Hooper, 2014). Vancomycin resistance in Enterococcus spp. are reportedly mediated by
Van genes including VanA, VanB, VanC, VanD, VanE, and VanG, with E. faecalis and E.
faecium being of most clinical importance (Depardieu et al., 2004; O’Driscoll and Crank,
2015).
In their 2013 executive report on antibiotic resistance, the US Centers for Disease
Control classified carbapenem-resistant Enterobacteriaceae, extended-spectrum βlactamase producing Enterobacteriaceae, and vancomycin-resistant Enterococcus spp. as
urgent to serious threats (CDC, 2013). Therefore, there are needs for routine monitoring
of these bacteria to detect the emergence and changing frequency of these resistant
bacteria in the community and healthcare setting.

Identifying the occurrence and

frequency of AMR genes in these bacteria are also needed to better understand the
epidemiology of these antimicrobial–resistant bacteria. Currently, information on the
frequencies and distributions of these important antimicrobial‐resistant bacteria and their
resistant genes in humans from Prince Edward Island (PEI) is limited.
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The primary objective of this study was to determine the frequency of fecal
carriage of vancomycin-resistant Enterococcus spp. (VRE), ESC- resistant E. coli,
quinolone-resistant E. coli, and carbapenem-resistant E. coli (CRE), and generic E. coli
with reduced susceptibilities to ESCs and quinolones in patients from PEI submitting
fecal samples for Helicobacter pylori testing using selective culture methods. The second
objective was to determine the antimicrobial MIC profile and AMR genes on a subset of
these bacterial isolates.

6.3 MATERIALS AND METHODS
6.3.1 Human fecal sample collection
Four hundred and eighty nine human fecal samples were collected from samples
submitted for routine Helicobacter pylori screening at the Queen Elizabeth Hospital
(QEH) Diagnostic Laboratory in Charlottetown, Prince Edward Island, Canada from
August to December 2016. The 6-character postal code, unique patient ID, and date of
sample collection were the only epidemiological data collected for analysis. These
samples were stored refrigerated in individual sterile containers in the diagnostic
laboratory and were collected twice a week by the research laboratory. Samples were
transported to the research laboratory in a cooler with ice and were processed on the day
of receipt. This study was approved by the Research Ethics Boards of the University of
Prince Edward Island and the Province of Prince Edward Island.
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6.3.2 Fecal sample processing
In the research laboratory, approximately 3 to 5 grams of feces were used for
laboratory isolations. Bacterial isolation and identification were carried out as described
by CIPARS (Government of Canada, 2010). Initial pre-enrichment of each fecal sample
was carried out in 50 ml of buffer peptone water (BPW) overnight at 37oC for 18–24
hours, followed by selective enrichment. Selective media were used to recover
Enterococcus spp. with reduced susceptibility to vancomycin, and E. coli with reduced
susceptibilities to ESC (sESC-R E. coli) and quinolones (sQNR-R E. coli).

6.3.3 Isolation and identification of sESC-R E. coli and sQNR-R E. coli
All fecal samples (n=489) were used for the isolation and identification of sESCR E. coli, and 253 of these were used for the isolation and identification of sQNR-R E.
coli. From the 50 mL of pre-enrichment broth, 7ml was added to an equal volume of
double-strength Escherichia coli (EC) broth for selective enrichment and then incubated
at 45°C for 18-24 hours. A tryptic soy agar plate with 5% sheep blood containing
vancomycin (6 µg/mL), ceftazidime (2 µg/mL), amphotericin B (2 µg/mL) and
clindamycin (1 µg/mL) (VACC) was used for selective culture of sESC-R E. coli (Singh
et al., 2012). MacConkey agar supplemented with 0.5 µg/mL ciprofloxacin (MAC-C)
was used for the isolation of sQNR-R E. coli. VACC and MAC-C plates were inoculated
with 50 µL of EC enrichment broth and then incubated at 35°C for 18-24 hours, If no
presumptive E. coli colonies were observed, VACC and MAC-C plates were incubated
for an additional 18-24 hours. Presumptive E. coli isolates were sub-cultured to EMB
agar, and typical colonies were purified on TSAB. E. coli isolates were further identified
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by lactose-fermentation, utilization of citrate, and indole test. All the E. coli isolates
recovered from VACC plates were further screened for carbapenem resistance using the
Carba NP (Carbapenemase Nordmann-Poirel) test (Biomerieux, USA) according to the
manufacturer’s instructions and as reported by Nordmann et al. (2012). All the isolates
were frozen in Brucella broth with 15% glycerol at -80ºC for further laboratory analysis.

6.3.4 Isolation and identification of Vancomycin-resistant Enterococcus spp.
From the 50 mL pre-enrichment broth, 7ml was added to the equal volume of
double-strength Enterococcosel broth for selective enrichment and then incubated at 35°C
for 18-24 hours. VACC agar was inoculated with 50 µL of Enterococcosel enrichment
broth and incubated at 35±2°C for 18-24 hours, If no presumptive Enterococcus colonies
were observed, then the VACC plates were incubated for an additional 18-24 hours.
Presumptive Enterococcus spp. from the VACC plates were sub-cultured to
Enterococcosel agar plates. Esculin-positive colonies were purified on TSAB and tested
for catalase. Enterococcus isolates were further identified to the species level by use of
Matrix Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry
(MALDI-TOF) using the Bruker microflex LT and BioTyper RTC 3. All isolates were
frozen in Brucella broth with 15% glycerol at -80ºC for further laboratory analysis.

6.3.5 Antimicrobial susceptibility testing
For all recovered sESC-R E. coli isolates, antimicrobial susceptibility testing was
performed using the Sensititre™ broth microdilution method to determine the minimum
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inhibitory concentrations (MICs). The testing was carried out according to the Clinical
and Laboratory Standards Institute guidelines (CLSI, 2015). The CMV2AGNF
(Sensititre™, Trek™ Diagnostic Systems, Westlake Ohio) susceptibility plate of the
National Antimicrobial Monitoring System (NARMS) containing 15 antimicrobials was
used in this study. However, azithromycin results were excluded because of intrinsic
resistance in E. coli.
The following antimicrobial agents were tested, with the resistance breakpoints
presented in parentheses (CLSI, 2015): ampicillin (≥32 µg/ml), amoxicillin-clavulanic
acid (≥32/16 µg/ml), chloramphenicol (≥32 µg/ml), ceftriaxone (≥4 µg/ml), ceftiofur (≥8
µg/ml), ciprofloxacin (≥1 µg/ml), cefoxitin (≥32 µg/ml), gentamicin (≥16 µg/ml),
kanamycin (≥64 µg/ml), nalidixic acid (≥32 µg/ml), streptomycin (≥64 µg/ml),
sulfisoxazole (≥512 µg/ml), trimethoprim-sulfamethoxazole (≥4/76 µg/ml), and
tetracycline (≥16 µg/ml). MDR was based on the World Health Organization’s definition
of resistance to at least one antimicrobial each in

≥3 antimicrobial categories

(Magiorakos et al., 2012).
For the Enterococcus faecalis and Enterococcus faecium isolates, antimicrobial
susceptibility testing was carried out to determine the MIC to vancomycin by using the
vancomycin MIC test strips (Liofilchem®, Italy) with MIC values from 0.016 – 256
µg/ml (breakpoint of ≥32µg/ml). The testing was carried out according to the Clinical
and Laboratory Standards Institute guidelines and protocols (CLSI, 2015).
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6.3.6 Molecular detection of antimicrobial resistance genes
Genomic DNA of all the sESC-R E. coli and suspect vancomycin resistant
Enterococcus isolates was extracted using the InstaGene™ Matrix following
manufacturer’s guidelines (Bio-Rad, Montreal Canada). For all multiplex PCRs, a Qiagen
Multiplex PCR Master Mix (Qiagen, Mississauga, Ontario, Canada) with 1X Qiagen
multiplex PCR master mixture, 1X Q-solution, and molecular grade water, together with
1X consensus primer pair mixture as well as 2 µl of the isolates’ DNA template were
included in the final 25 µl mixtures according to the manufacturer’s instructions. Positive
and negative controls were included in every multiplex PCR. Amplification was carried
out in the PCR thermocycler (Techne TC-412 Thermo Fisher Scientific, Mississauga
Ontario). DNA fragments were analyzed by electrophoresis on a 1.2% agarose gel at 100
V for 1 hour in 1X Tris-boric acid-EDTA stained with 1 µg/mL ethidium bromide.
For sESC-R E. coli isolates, two multiplex PCRs were performed for molecular
characterization of β-lactamase genes. The first multiplex PCR for the detection of
blaCMY-2, blaSHV, and blaTEM was carried out using the consensus primers and protocol
(Table 6.1) previously described by Kozak et al., (2009). While the second multiplex
PCR was carried out to determine the different blaCTX-M groups (group 1, 2 and 9) using
the consensus primers and protocol (Table 6.1) previously described by Dallenne et al.,
(2010). Amplification was carried out using the following PCR conditions for the first
multiplex PCR: one cycle consisting of 15 min at 94°C; 30 cycles consisting of 1 min at
94°C, 1 min at 55°C, and 1 min at 72°C; and one cycle of final extension consisting of 10
min at 72°C. For the second multiplex PCR, an initial denaturation was used at 94oC for
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10 min; then 30 cycles of 94oC for 40s, 60oC for 40 s and 72oC for 1 min; and a final
elongation step at 72oC for 7 min.
For sQNR-R E. coli isolates, amplification of plasmid-mediated quinolone
resistance genes, including qnrA group, qnrB group, and qnrS group genes, was
performed using the published consensus primers and protocol (Table 6.1) previously
described by Cattoir et al., (2007) in a multiplex PCR reaction. Amplification was carried
out using the following PCR conditions: 10 min at 95oC and 35 cycles of amplification
consisting of 1 min at 95oC, 1 min at 54oC and 1 min at 72oC, and then 10 min at 72oC
for the final extension.
Detection of VanA and VanB were done in a multiplex PCR reaction using the
published primer sequences and protocol (Table 6.1) previously described by Depardieu
et al., (2004). Amplification was carried out using the following PCR conditions: 3
minutes at 94oC, 30 cycles of amplification consisting of 1 minute at 94oC, 1 minute at
54oC and 1 minute at 72oC, and then 7 minutes at 72oC for the final extension.

6.3.7 Distribution of the resistant enteric bacteria based on postal code
Using the postal code associated with every fecal sample, the relationship
between the resistant bacteria and postal codes were examined. Also, the distribution of
antimicrobial-resistant bacteria based on where the samples originated from were
examined to determine the differences in the frequencies of resistant bacteria between the
urban and rural communities. Comparison between urban and rural sources was achieved
using Chi-square test.
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6.4 RESULTS
6.4.1 Extended-spectrum cephalosporins resistance in generic Escherichia coli
isolates
Twenty-six (5.3%) of the human fecal samples were positive for sESC-R E. coli,
of which 14 (53.9%) isolates showed AMR profiles consistent with ESBL phenotypes, 9
(34.6%) isolates had AMR profiles consistent with AmpC phenotypes, and 3 (11.5%) did
not demonstrate phenotypic ESC resistance on MIC testing. Resistance to ampicillin,
ceftriaxone, ceftiofur, sulfisoxazole, and tetracycline was common (Table 6.2), and MDR
was observed in 22 (84.6%) of the 26 sESC-R E. coli isolates (Table 6.3). All 26 sESC-R
E. coli isolates were positive for at least one β-lactamase gene. The ESC-resistant gene
profile was as follows: 25 (96.2%) of the isolates harbored blaTEM, 18 (69.2%) of the
isolates harbored blaCMY-2, 16 (61.5%) of the isolates harbored blaCTX-M groups (blaCTXM1

= 9 isolates; blaCTXM-9 = 5 isolates; and blaCTXM-2 = 2 isolates), and 2 (7.7%) isolates

harbored blaSHV resistance genes. Interestingly, 24 (92.3%) isolates harbored 2 or more βlactamase resistance genes (Table 6.4). The 3 sESC-R E.coli isolates on selective culture
with a phenotypic ESC susceptible phenotype on MIC testing were all blaTEM and
blaCMY-2 positive, two of these isolates harbored either blaSHV or blaCTXM-9 in addition. All
sESC-R E. coli isolates were negative for carbapenem resistance.

6.4.2 Quinolone resistance in generic Escherichia coli isolates
Of the 253 fecal samples cultured, 21 (8.3%) were sQNR-R E. coli positive.
Based on MIC testing, 15 (71.4%) of the 21 isolates were resistant to nalidixic acid while
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12 (57.1%) were resistant to ciprofloxacin. All ciprofloxacin-resistant E. coli were
nalidixic acid resistant. Resistance to ampicillin, tetracycline, sulfisoxazole and nalidixic
acid was common (Table 6.5), and 18 (85.7%) of the 21 isolates were MDR (Table 6.6).
All 21 sQNR-R E. coli isolates were positive for at least one qnr gene. Three (14.3%) of
the isolates were positive for the qnrB gene alone, 5 (23.8%) were positive for the qnrS
gene alone, and 13 (61.9%) were positive for both qnrB and qnrS genes. Of the 13 qnrB
and qnrS positive isolates, 10 were both ciprofloxacin and nalidixic acid resistant on MIC
testing. Eight sQNR-R E. coli isolates were also found to harbor additional β-lactamase
genes.

6.4.3 Vancomycin resistance in generic Enterococcus spp. isolates
Enterococcus spp. with reduced susceptibility to vancomycin were isolated in 68
(13.9%) of the patients. Only 10 (14.7%) were E. faecalis and 2 (2.9%) were E. faecium.
Other Enterococcus spp. isolated were E. gallinarum (52 isolates) and E. casseliflavus (4
isolates). All E. faecalis and E. faecium suspect vancomycin resistant isolates had MIC
values between 0.5-4µg/ml and, therefore, were susceptible to vancomycin. None of
these isolates were positive for either VanA or VanB.

6.4.4 Household and community distribution of the resistant enteric bacteria
Using Canadian postal codes, 2 ESC-resistant E. coli isolates that produced
blaTEM, and blaCMY-2 genes were within the same postal code. Similarly, another postal
code was associated with 2 ESC-resistant E. coli isolates that produced both blaTEM and
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blaCTXM-1. A third postal code was associated with 2 blaTEM producing E. coli. Every
other postal code was associated with only one ESC-resistant E. coli isolates. There was a
non-significant difference (P=0.096) in the frequencies of ESC-resistant E. coli isolates
between the urban (61.5%) and rural municipalities (38.5%). Different ESC-resistance
genes were not associated with the municipalities.
Two Enterococcus faecalis isolates were also associated with the same postal
code. Three patients that were positive for qnrB producing E. coli were associated with
the same postal code, while another postal code was associated with two quinoloneresistant E. coli isolates that were both qnrB and qnrS positive. There was a significant
difference (P<0.031) in the frequencies of quinolone-resistant E. coli isolates between the
urban (66.7%) and rural municipalities (33.2%). However, there was no association
between the different PMQR genes and the municipalities.

6.5 DISCUSSION
Monitoring and surveillance of AMR is an important step in elucidating the extent
of the threat posed by AMR bacteria (CDC, 2013). This allows for a better understanding
and greater knowledge of the emergence of bacterial pathogens within a region. The
frequency of fecal carriage of ESC-resistant and quinolone-resistant E. coli were <10%,
and carbapenem-resistant E. coli and vancomycin-resistant Enterococcus faecalis or
faecium were not found in this study. These findings are consistent with susceptibilities
of clinical isolates from both community and long-term care centers on PEI (Health PEI,
Unpublished data). This information suggests a low level risk of these resistant bacteria
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within the province of PEI. These results are encouraging considering: (i) these very
highly important antimicrobials are among the most commonly used antimicrobials in
human medicine in Canada, especially for the treatment of extra-intestinal E. coli
infections (Ebrahim et al., 2016); and (ii) infections with carbapenemase-producing
Enterobacteriaceae (CPE) and VRE have been reported from other parts of Canada
(Public Health Agency of Canada, 2016),
In this study, patients shedding the ESC and/or quinolone-resistant E. coli may
have acquired the isolates via food-exposure since the fecal samples were collected from
the patients being screened for Helicobacter pylori, which are likely outpatients and not
hospitalized patients. Also, a few patients with the same postal code shared similar
resistance genes, which may suggest the possibility of a common source of exposures. A
similar study in patients at a tertiary care centre in Ohio, USA, have also suggested foodborne transmission as a source of β-lactamase producing and/or quinolone-resistant E.
coli in humans (Landers et al., 2016). Also, reports from the Netherlands have shown a
phylogenetic similarity in AMR genes originating from meat and human enteric isolates
(Johnson et al., 2007; Overdevest, et al., 2011). Food-associated transmission in our study
is also a potential source. Alternative transmission routes, such as health-care related
exposure, have also been documented in other studies (Johnson et al., 2008; Leistner et
al., 2013) but health care-related exposure seems unlikely in this study group, although
hospitalization data on these patients were not recorded.
Detection of β-lactamase resistance genes and PMQR genes in the E. coli isolates
suggests that these bacteria are colonizing the human gastrointestinal tract and can serve
as a reservoir of important AMR genes. These genes can be transferred through mobile
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genetic elements to other commensal flora and/or to more pathogenic resistant strains
(Hannah et al., 2009), and in some cases cause MDR extra-intestinal infections (Johnson
et al., 2001). The blaTEM and blaCMY-2 genes were the prevalent ESBL and AmpC βlactamases in this study, respectively, which is similar to studies on dairy calves (Chapter
4) and retail meats within Atlantic Canada (Forward et al., 2004), as well as other parts of
North America (Daniels et al., 2007; Martin et al., 2012; Mollenkopf et al., 2012).
Previous studies from the Netherlands have reported on the genetic similarities of AMR
resistance genes in Dutch patients, poultry and retail meat (Leverstein-van Hall et al.,
2011; Overdevest et al., 2011). The blaCTXM resistance group of genes is known to be the
dominant ESBL type in generic E. coli of human enteric origin (Denisuik et al., 2013).
However, the frequency of carriage of blaCTXM in E. coli was lower in this study
compared with the carriage of blaTEM . However, blaCTX-M group 1 was the predominant
blaCTX-M group in generic E. coli colonizing human enteric flora in this study, which is
similar to other studies (Valenza et al., 2014; Landers et al., 2016).
A relatively high frequency (8.3%) of qnr positive isolates was observed in this
study, which differs from previous studies within Canada (Pitout et al., 2008; Peirano et
al., 2012). However, this study utilized selective culture media containing ciprofloxacin
for culture, whereas most other studies did not utilize selective culture media. Pitout et
al. (2008) reported a low-level frequency of detection (0.8%) for qnrS, while Peirano et
al. (2012) reported no detection of any qnr genes in their study conducted in Calgary,
Canada. Interestingly, all three PMQR genes have been reported recently from human
Salmonella isolates from Alberta, Canada (Kim et al., 2016). Plasmid-mediated
quinolone resistance genes are known to confer reduced susceptibilities to quinolones at a
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level below the susceptibility breakpoints (Allou et al., 2009). PMQR genes were
detected from all sQNR-R E. coli isolated from selective media, including the quinolone
MIC-susceptible in our study. This is unsurprising as these genes are known to promote
the progression of MICs from low to very high-level quinolone resistance following
therapeutic exposure. This is especially important in porin-deficient pathogens (Robicsek
et al., 2006; Hooper and Jacoby, 2015).
Enterococcus gallinarum was the predominant Enterococcus spp. in this study,
accounting for over 70% of the enterococci isolated. Although this species produces lowlevel vancomycin and constitutive VanC type glycopeptide resistance, the clinical
importance is questionable, as they are rarely recovered from clinical cases (Reid et al.,
2001). This species, however, has been documented to be associated with invasive
bacteremia, alone and together with Enterococcus casseliflavus, biliary tract diseases and
bacteremia-related mortality (Reid et al., 2001; Choi et al., 2004). Recently, the Canadian
Antimicrobial Resistance Surveillance System (Public Health Agency of Canada, 2016)
reported vancomycin-resistant Enterococcus faecium to be the most prevalent
vancomycin-resistant Enterococcus spp., accounting for 98% of the cases of VRE
infections of both healthcare-associated and community-acquired origin, and has been
reported from clinical isolates from a Canadian hospital surveillance program (Zhanel et
al., 2013; Simner et al., 2015), but interestingly, VRE were not detected in our study.
This is unsurprising, as previous studies have reported that the frequency of VRE
genotypes within eastern Canada is low, even though they were first described in
Canadian hospitals over two decades ago (McCracken et al., 2013; Simner et al., 2015).
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This study suggests that vancomycin-resistant Enterococcus spp. is a low frequency
pathogen among humans in PEI and perhaps Eastern Canada.
The limitations and bias of this study should be considered when interpreting the
results, as well as in making comparison with other studies. Patients’ information, such
as recent hospitalization, previous or current antimicrobial treatments, and nursing home
admission, was not available in this study. Convenience fecal samples from outpatient
individuals being tested for Helicobacter pylori infection were used in this study, which
may bias our inference in comparison with the general population. We also do not know
the age of these patients, as convenience sampling may have biased our collection to
main adults, which may underestimate the true frequencies of this resistant-bacteria.
Selective culture used in this study may have also contributed to a higher rate of βlactamase genes and PMQR genes being detected compared with other studies.
In conclusion, the frequency of fecal carriage of ESC-resistant and quinoloneresistant E. coli were low, and carbapenem resistance in E. coli, as well as VRE, was not
found in this study. BlaTEM and blaCMY-2 were the predominant β-lactamase resistance
genes harbored by E. coli colonizing human intestinal tracts in this study.

Higher

frequencies of PMQR genes were observed in this study, with qnrB and qnrS being the
most common. This study can serve as a baseline source for future AMR surveillance
within this region.
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Table 6.1: Multiplex PCR primer sequences used for the detection of antimicrobial
resistance genes in human enteric E.coli and enterococci
AMR
genes

Primers

Primer sequence

TEM

F
TTAACTGGCGAACTACTTAC
R
GTCTATTTCGTTCATCCATA
SHV
F
AGGATTGACTGCCTTTTTG
R
ATTTGCTGATTTCGCTCG
CMY-2
F
GACAGCCTCTTTCTCCACA
R
TGGACACGAAGGCTACGTA
CTXM-1 F
TTAGGAARTGTGCCGCTGYAab
group
R
CGATATCGTTGGTGGTRCCATb
CTXM-2 F
CGTTAACGGCACGATGAC
group
R
CGATATCGTTGGTGGTRCCATb
CTXM-9 F
TCAAGCCTGCCGATCTGGT
group
TGATTCTCGCCGCTGAAG
R
qnrB
GGMATHGAAATTCGCCACTGcd
F
group
R
TTTGCYGYYCGCCAGTCGAAa
qnrS
F
GCAAGTTCATTGAACAGGGT
group
R
TCTAAACCGTCGAGTTCGGCG
VanA
F
GGGAAAACGACAATTGC
R
GTACAATGCGGCCGTTA
VanB
F
ACGGAATGGGAAGCCGA
R
TGCACCCGATTTCGTTC
ddl
(E. F
CACCTGAAGAAACAGGC
faecalis) R
ATGGCTACTTCAATTTCACG
ddl
(E. F
GAGTAAATCACTGAACGA
faecium) R
CGCTGATGGTATCGATTCAT
a
b
Y=T or C; R=A or G, cM = A or C; dH = A or C or T
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Amplicon
size
(bp)
247

Reference

Kozak et
al., 2009

393
1000
688

Dallenne et
al., 2010

404
561
264

Cattoir et
al., 2007

428
732
647
475
1,091

Depardieu
et al., 2004

Table 6.2: Distribution of minimum inhibitory concentrations for sESC-R E. coli (n=26) recovered from 489 human fecal
samples from Prince Edward Island in 2016
Antimicrobials

Distribution of MIC (µg/mL)
Range
MIC MIC90

% Rc

50

Amoxicillin/clavulanate
Ampicillin
Cefoxitin
Ceftiofurb
Ceftriaxone
Chloramphenicol
Ciprofloxacin
Gentamicin
Kanamycin
Nalidixic acid
Streptomycinb
Sulfisoxazole

1 – 32
1 – 32
0.5–32
0.12-8
0.25-64
2 – 32
0.015 – 4
0.25 – 16
8 – 64
0.5 – 32
32 – 64
16 – 512

Tetracycline
Trimethoprim/
Sulfamethoxazole

4 – 32
0.12 – 4

16
>32
16
16
32
8
0.06
1
8
4
32
>25
6
>32

>32
>32
>32
16
>64
8
>4
>16
8
>32
>64
>256

46.2
100.0
46.2
84.6
88.5
3.9
23.1
23.1
7.7
30.8
50.0
61.5

>32

61.5
50.0

0.01
5

0.03

0.06

0.125

0.25

0.5

1

2

3.9
11.5

38.5

7.7

3.9

3.9

3.9
3.9

3.9

7.7

15.4
30.8

3.9
38.3
11.5

4

8

16

32

64

3.9

26.9

23.1

3.9

26.9
3.9
3.9
23.1

15.4
11.5
11.5
69.1
23.1

7.7
73.1
19.2
3.9

11.5

42.3
100.0
34.6

76.8
11.5

7.7

3.9
26.9

19.2

38.3
46.1

a

3.9

7.7

19.2

23.1
7.7
7.7
50.0
19.2

3.9

3.9

128

11.5
3.9

34.6

3.9
23.1

3.9

256

>256

50.0
61.5
53.9

50.0

CLSI M31–A2,
No Clinical and Laboratory Standards Institute, interpretive criteria for Enterobacteriaceae, were available, breakpoint was based on CIPARS report
c
Percentage resistant
Vertical lines represent the resistance breakpoints
b
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Table 6.3: Multi-drug resistance in sESC-R E. coli isolates (n=26) recovered from 489
human fecal samples from Prince Edward Island in 2016
Multi-drug resistance patterns
Frequency %
1 AmAugCaxCefFox
5
19.23
2 AmCaxCefStrepSulTsTet
5
19.23
3 AmAugFox
3
11.54
4 AmCaxCefCipGmNalStrepSulTsTet
2
7.69
2
7.69
5 AmCaxCefCipNalStrepSulTsTet
6 AmAugCaxCefCipFoxGmKanNalStrepSulTsTet
1
3.85
1
3.85
7 AmAugCaxCefFoxGmSul
1
3.85
8 AmAugCaxCefFoxGmSulTet
9 AmAugCaxCefFoxStrepSulTsTet
1
3.85
10 AmCCaxKanNalStrepSulTsTet
1
3.85
11 AmCaxCef
1
3.85
1
3.85
12 AmCaxCefCipGmNalSulTsTet
1
3.85
13 AmCaxCefNalTet
14 AmCaxCefStrepSulTet
1
3.85
A-Ampicillin, Ag-Amoxicillin-clavulanate, C-Chloramphenicol, Cax-Ceftriaxone, CefCeftiofur, Fox-Cefoxitin, Gm-Gentamicin, Kan-Kanamycin, Nal-Nalidixic acid, StrStreptomycin, Sul-Sulfisoxazole, Tms-Trimethoprim-Sulfamethoxazole, Tet-Tetracycline
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Table 6.4: β-lactamase resistance gene patterns in sESC-R E. coli isolates (n=26)
recovered from 489 human fecal samples from Prince Edward Island in 2016
N
1

Patterns
bla
bla

2

bla

3

bla

4

bla

5

bla

6

bla

7

bla

8

bla

9

bla

10

bla

CMY-2,
TEM

,bla

CMY-2,
CMY-2,
TEM

CMY-2,
TEM

TEM

5

19.2

,bla

4

15.4

,bla

4

15.4

1

3.85

,bla

1

3.85

,bla

1

3.85

1

3.85

1

3.85

1

3.85

CTXM-1

bla
bla

, bla

CMY-2,

Frequency %
7
26.9

TEM
TEM

SHV

bla
bla

CTXM-9
CTXM-1

,bla

TEM
TEM

CTXM-2
SHV
CTXM-2

bla

CTXM-9

TEM
CMY-2
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Table 6.5: Distribution of minimum inhibitory concentrations for sQNR-R E. coli (n=21) recovered from 253 human fecal
samples from Prince Edward Island in 2016
Antimicrobials
Amoxicillin/clavulanate
Ampicillin
Cefoxitin
Ceftiofura
Ceftriaxone
Chloramphenicol
Ciprofloxacin
Gentamicin
Kanamycin
Nalidixic acid
Streptomycinb
Sulfisoxazole
Tetracycline
Trimethoprim/
Sulfamethoxazole

Distribution of MIC (µg/mL)
Range
MIC50
MIC90
1 – 32
8
16
1 – 32
>32
>32
0.5 – 32
8
8
0.12 – 8
1
>8
0.25 – 64
≤0.25
>64
2 – 32
8
>32
0.015 – 4
>4
>4
0.25 – 16
1
>16
8 – 64
8
>64
0.5 – 32
>32
>32
32 – 64
64
>64
16 – 512
>256
>256
4 – 32
>32
>32
0.12 – 4
>4
>4

% Rc
4.8
81.0
4.8
28.6
33.3
23.8
57.1
14.3
33.3
71.4
57.1
71.4
76.2
61.8

0.015

0.03

0.06

0.125

0.25

4.8
66.5

0.5

42.8

1

19.0

2
4.8
4.8
4.8
4.8

4
9.4
28.6
4.8
9.5

14.3
4.8

28.6
76.1

8
47.6
4.8
57.0

16
42.8

32
4.8

4.8
28.6

4.8
4.8

57.2
57.1

9.5

61.8
9.5

4.8
19.1

4.8

a

4.8

4.8
23.8

19.1

4.8
71.4
9.5
14.3
71.4

28.6

42.9
9.5
4.8
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>256

47.6

61.8

CLSI M31–A2,
No Clinical and Laboratory Standards Institute, interpretive criteria for Enterobacteriaceae, were available, breakpoint was based on CIPARS report
c
Percentage resistant
Vertical line represent the resistance breakpoints
b

256

14.3

23.8
4.8

128

81.0

4.8
28.6

64

71.4

Table 6.6: Multi-drug resistance in sQNR-R E. coli isolates (n=21) recovered from 253
human fecal samples from Prince Edward Island in 2016
Multi-drug resistance patterns

Frequency

AmAugCipKanNalTet
AmCaxCefCipGmKanNalSulTsTet
AmCaxCefCipGmNalStrepSulTsTet
AmCaxCefCipNal
AmCaxCefCipNalStrepSulTsTet
AmCaxCefStrepSulTet
AmCaxCefStrepSulTsTet
AmCCaxKanStrepSulTsTet
AmCCipGmKanNalStrepSulTsTet
AmCCipKanNalStrepSulTet
AmCCipKanNalStrepSulTsTet
AmCipNal
AmCipNalStrep
AmCipNalStrepSulTsTet
AmCKanStrepSulTsTet
AmFoxNal
AmNalStrepSulTsTet
AmNalSulTsTet
CipNalSulTs
SulTsTet
Tet

1
1
1
2
1
3
1
4
1
5
1
6
1
7
1
8
1
9
1
10
1
11
1
12
1
13
1
14
1
15
1
16
1
17
1
18
1
19
1
20
1
21
A-Ampicillin, Ag-Amoxicillin-clavulanate, C-Chloramphenicol, Cax-Ceftriaxone, Cef-

Ceftiofur, Fox-Cefoxitin, Gm-Gentamicin, Kan-Kanamycin, Nal-Nalidixic acid, StrStreptomycin, Sul-Sulfisoxazole, Tms-Trimethoprim-Sulfamethoxazole, Tet-Tetracycline
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CHAPTER 7

SUMMARY AND CONCLUDING REMARKS
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7.1 INTRODUCTION
This thesis is divided into two sections. The first section encompasses chapter 2
and 3 and describes retrospective secondary data on the antimicrobial susceptibility of
selected pathogens from clinical samples from food animals and companion animals
submitted to a referral diagnostic laboratory in Atlantic Canada over a 20 year period.
Chapter 2 describes the antimicrobial susceptibility patterns and resistance trends of
commonly isolated bacterial pathogens isolated from cattle (mastitis and non-mastitis
pathogens), small ruminants and pigs. Chapter 3 describes antimicrobial susceptibility
patterns and resistance trends in major pathogens of cats, dogs, and horses.
The second section (chapters 4, 5 and 6) involves three primary data studies
where the antimicrobial resistance to third-generation cephalosporins, quinolones and
fluoroquinolones and vancomycin in enteric bacteria from dairy farms and humans within
the Maritimes Provinces was investigated. Chapter 4 describes the potential role of dairy
colostrum as a source of resistant bacteria to newborn dairy calves (n=452) on 8 New
Brunswick (Canada) dairy farms through the recovery of ESC-resistant E. coli using
selective culture and the detection of associated ESC resistance genes. Chapter 5
describes the frequency of fecal carriage, antimicrobial susceptibility patterns, and
associated β-lactamase resistance genes in S. enterica and ESC-resistant E. coli from
Holstein dairy calves (n=488) on 8 New Brunswick dairy farms in 2014/15, using
selective culture. Additionally, risk factors for the fecal recovery of Salmonella enterica
and Escherichia coli with reduced susceptibility to ESC from these Holstein dairy calves
in New Brunswick, Canada, were investigated. Plasmid-mediated quinolone resistance
was also investigated in isolates with resistance to nalidixic acid and ciprofloxacin.
Chapter 6 describes the frequency of fecal carriage of vancomycin-resistant Enterococcus
237

spp., carbapenem-resistant E. coli, and generic E. coli with reduced susceptibilities to
ESCs and fluoroquinolones in 253 humans on Prince Edward Island (PEI) in 2016, using
selective culture. The associated antimicrobial resistance genes in these important
antimicrobial resistant-bacteria were also reported.

7.2 GENERAL CHAPTER OVERVIEW OF RESULTS
7.2.1 Retrospective antimicrobial susceptibility study in food animal pathogens
From Chapter 2, Staphylococcus aureus, Streptococcus uberis, and Escherichia
coli were the predominantly isolated agents of bovine mastitis in this study, and this is
consistent with other published reports of the major pathogens causing contagious and
environmental mastitis in the dairy industry (Sargeant et al., 1998; Oliver and Murinda,
2012). E. coli and the respiratory pathogens, P. multocida, M. haemolytica, and H. somni,
were the major bacteria isolated from small ruminants and non-mastitis clinical samples
of cattle. E. coli, S. suis, and P. multocida accounted for over 70% of the total bacterial
isolates from swine clinical samples in this study. A high proportion of the food animal
pathogens were susceptible to the antimicrobials tested over the study period.
Susceptibility was commonly seen to ceftiofur, penicillin, trimethoprim-sulfamethoxazole
(TMS), and florfenicol. Antimicrobial resistance trends against the mastitis pathogens
remained unchanged and in some cases decreased over the 20 year period, despite the
fact that most of the antimicrobials have been used to treat mastitis for decades (Saini et
al., 2013). This is consistent with the evidence presented by the National Mastitis
Council’s Expert Group that reported that antimicrobial resistance in mastitis pathogens
is uncommon, with little evidence of increasing resistance trends (Oliver and Murinda,
2012).
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Generally, AMR trends were stable for most antimicrobial-pathogen combinations
over the study period for small ruminant, cattle, and swine pathogens.

Decreased

resistance to aminoglycosides was consistent in all three food animal species. Resistance
to ceftiofur was uncommon among the food animal pathogens with over 90% of all
isolates being susceptible. However, the ceftiofur resistance trend in E.coli from pigs and
non-mastitis isolates from cattle did increase. The increased AMR trend to ceftiofur
found in this study in E. coli warranted judicious use of this drug and continued
monitoring to maintain the efficacy of ceftiofur in the future (Normand et al., 2000).
In general, multi-drug resistance was higher in cattle compared to small ruminants
but was similar to pigs. In cattle (mastitis and non-mastitis pathogens), MDR was higher
in Gram-negative pathogens, especially E. coli, which is in agreement with other
published reports (Sawant et al., 2007; Hendriksen et al., 2008; Tadesse et al., 2012;
Hanon et al., 2015). In pigs, a high proportion of Erysipelothrix rhusiopathiae and
Staphylococcus spp. were MDR, while in small ruminants, MDR was common in M.
haemolytica and P. multocida, which is similar to other published reports in North
America (Lubbers and Hanzlicek, 2013; Klima et al., 2014).

7.2.2 Retrospective antimicrobial susceptibility study in companion animal
pathogens
In chapter 3, Streptococcus zooepidemicus and E. coli were the major pathogens
of horses isolated over the study period. Both pathogens are known to be the most
commonly isolated Gram-positive and Gram-negative bacterial isolates, respectively,
from other studies using retrospective data from diagnostic laboratories (Russell et al.,
2008; Johns and Adams, 2015). In small animals, similar bacterial pathogens were
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isolated from both dogs and cats in our study. E. coli and Staphylococcus spp. were the
most frequently isolated Gram-negative and Gram-positive pathogens, respectively,
which is in agreement with other studies (Normand et al., 2000; Clarke, 2006).
Among the horse pathogens, low susceptibility rates were common to
tetracycline, TMS, and ampicillin, while isolates were frequently susceptible to ceftiofur.
Predictable susceptibilities were seen in dog and cat pathogens, although cat pathogens
were more likely to be susceptible to tested antimicrobials compared with the same
bacterial species recovered from dogs.
Generally, among companion animals, most antimicrobial resistance trends were
stable over the study period. However, increased resistance was seen to both amikacin
and gentamicin in Actinobacillus spp., while in Streptococcus zooepidemicus to TMS.
Thirty-four percentages (34%) of the pathogen/antimicrobial combinations had increasing
resistance trends in dogs, most notably to enrofloxacin and amoxicillin-clavulanate.
Increased resistance to cefovecin was also observed in coagulase-positive Staphylococcus
spp. This finding agrees with other studies that have reported similar trends to these
antimicrobials in some dog pathogens (Normand et al., 2000); Prescott et al., 2002;
Cummings et al., 2015).

Decreasing resistance trends were more common to the

aminoglycosides in dog and cat pathogens, which may be due to a general decline in the
use of this class of antimicrobials over the past decades and their replacement by newer
and broader spectrum antimicrobials such as the cephalosporins, fluoroquinolones,
amoxicillin-clavulanate and doxycycline (Murphy et al., 2012; Shea et al., 2011).
Multi-drug resistance in equine pathogens was not common, which is similar to
what has been reported previously in Canada (Clark et al., 2008). MDR was uncommon
in Gram-positive pathogens, including Streptococcus zooepidemicus, compared to Gram240

negative pathogens, especially Klebsiella spp. and E. coli. Multi-drug resistance was low
in dog and cat pathogens; however, MDR rates were significantly higher in dogs
compared to cats and horses. Notably, in dogs, MDR was most common in MRSP and
included resistance to both beta-lactam and non-beta-lactam antimicrobials, which is
consistent with another published report (Sasaki et al., 2007).
There are a number of limitations to the internal and external validity and
interpretation of our results. The Kirby-Bauer disk diffusion antimicrobial susceptibility
testing method was used over the study period, which makes comparisons to other studies
which used micro-broth dilution methods challenging. Extrapolation of our data to other
parts of the world should also be done with caution, as there may be geographical
variations in susceptibility among isolates. Changes in the break points of susceptibility
over the years may also have resulted in some misclassification bias. Economic
limitations in paying for diagnostic laboratory tests by the owners may also have an
impact on the frequencies of bacteria and their susceptibility testing. There is the
possibility of repeated clinical samples being submitted from the same animal and/or
farm or by the same veterinarian, which may have introduced duplicate bias into our
study. These isolates are more likely to be from cases of treatment failures which are
sent to the diagnostic laboratory for culture and sensitivity testing. A previous study
found that antimicrobial resistance is higher in isolates submitted from community
veterinary practices to reference diagnostic laboratories for culture and susceptibility
testing because the submissions are from animals that are likely to have received
antimicrobial therapy during the preceding days (Baker et al., 2012).
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7.2.3 Extended-spectrum cephalosporin resistance from eight New Brunswick dairy
farms
In chapter 4, frequencies and risk factors were examined for Salmonella enterica
and suspect ESC-R E. coli from fecal samples of 488 dairy calves from eight herds using
selective culture. The frequency of fecal carriage of Salmonella enterica was low (3.3%).
The recovered isolates were pan-susceptible, and ESC resistance was not found among
the recovered isolates. All Salmonella enterica isolates serotyped belonged to three
serovars: Senftenberg, Typhimurium DT02, and Derby. For ESC-R E. coli isolated from
dairy calves, 81% of calves were suspect ESC-R E. coli. This finding is in agreement
with other studies (Berge et al., 2005; Edrington et al., 2012) where calves are colonized
with multi-drug resistant bacteria, including E. coli at an early age, with subsequent
shedding especially within the first two weeks of life (Donaldson et al., 2006). From 100
selected suspect ESC-R E. coli, 88% demonstrated phenotypic resistance to ESC
(ceftriaxone and/or ceftiofur) based on MIC testing. Four different β-lactamase genes
(blaTEM, blaCTX-M, and blaSHV, blaCMY-2) were detected 99% of the ESC-R E. coli. These
genes were also recently reported from beef cattle in Alberta, Canada (Cormier et al.,
2016).
PMQR qnrB and qnrS resistance genes were detected in 7 quinolone-resistant
ESC-R E. coli isolate, Frequently PMQR genes, especially qnrB19, coincide with other
antimicrobial resistance genes, especially β-lactamases, with colocation on the same
plasmid and other mobile genetic elements (Cattoir et al., 2007; Kirchner et al., 2011). To
the best of our knowledge, this is the first detection of PMQR genes in dairy cattle in
Canada.
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Risk factor analysis revealed calves’ age, regular ceftiofur use on the farm,
feeding of unpasteurized non-saleable milk, use of florfenicol, and use of ceftiofur for the
treatment of respiratory diseases were statistically associated with fecal recovery of E.
coli with reduced susceptibility to ESC. These risk factors reported in this study were
some of the factors already identified in the literature to be associated with E. coli with
reduced susceptibility to ESC. While the prevalence of ESC-R E. coli has been identified
to be inversely related to age in calves (Edrington et al., 2012), frequent use of
antimicrobials is reportedly related to increased shedding of multi-drug resistant bacteria
(Berge et al., 2005). Also, the association between non-saleable milk feeding and
increased shedding of MDR bacteria has also been established and reported (Brunton et
al., 2014; Randall et al., 2014).
In chapter 5, the potential role of dairy colostrum as a source of resistant bacteria
to new born dairy calves were examined through the recovery of ESC-R E. coli, and the
detection of associated ESC resistance genes, since a previous study has reported an
association between fecal recovery of MDR E. coli in calves and feeding of milk from
cows treated with antimicrobials at dry-off or during lactation (Brunton et al., 2014).We
demonstrated that colostrum is a possible source of MDR ESC-R E. coli exposure to
newborn dairy calves. Recovered isolates may, however, have originated from either
direct shedding in the mammary gland and/or from environmental contamination of
colostrum during collection. The frequency of recovered ESC-R E. coli isolates in
colostrum samples was low, which suggest other sources of ESC-R E.coli such as nonsaleable milk feeding, antimicrobial exposure, environmental exposure and other
management influences, as potential routes of exposure to MDR bacteria in dairy calves
(Berge et al., 2006; Aust et al., 2013; Duse et al., 2015). To our knowledge, this study is
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the first to report the detection of blaCMY-2, and blaTEM genes from E. coli isolates from
dairy cow colostrum.
For both chapter 4 and 5, a convenience sample was used, and only eight farms
enrolled in the study so, the true prevalence of ESC-R E. coli bacteria in the colostrum
and feces among all the dairy farms and calves in this region or elsewhere may be
different. The association between the risk factors and the fecal recovery of suspect ESCR E. coli will need to be further elucidated. This current study can be a framework for a
future larger study, including determining sample size calculations, utilizing the withinherd and between-herd results from this study.

7.2.4 Antimicrobial resistance to the very high important antimicrobials in human
enteric pathogens
In chapter 6, antimicrobial resistance to select class 1 antimicrobials (as
categorized by the Veterinary Drug Directorate in Canada) in selected human enteric
pathogens including E. coli and Enterococcus spp. were investigated. The frequency of
fecal carriage of vancomycin-resistant Enterococcus spp., carbapenem-resistant E. coli,
and generic E. coli with reduced susceptibilities to ESCs and fluoroquinolones were
examined. The frequency of fecal carriage of ESC-resistant and quinolone-resistant E.
coli was 5.3% and 8.3%, respectively.

Carbapenem-resistant E. coli, as well as

vancomycin-resistant Enterococcus faecalis or faecium, were not found in this study. The
blaTEM and blaCMY-2 genes were the prevalent AmpC and ESBL β-lactamases in this
study, respectively, which is similar to studies on dairy calves (Chapter 4) and retail
meats within the Maritime Provinces, Canada (Forward et al., 2004), as well as other
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parts of North America (Daniels et al., 2007; Martin et al., 2012; Mollenkopf et al.,
2012). A relatively high frequency (8.3%) of qnr positive isolates was observed in this
study, which differs from previous studies within Canada (Pitout et al., 2008; Peirano et
al., 2012). VRE genotype clusters (VanA and VanB tested) were not found in our study,
which is unsurprising, as previous studies have reported that the frequency of VRE
genotypes within eastern Canada is low. (McCracken et al., 2013; Simner et al., 2015).
The limitations and bias of this study should be considered when interpreting the
results as well as in making a comparison with other studies. Patients’ information such
as recent hospitalization, previous or current antimicrobial treatments, and nursing home
admission was not available in this study. Convenience fecal samples from outpatient
individuals being tested for Helicobacter pylori infection were used in this study, which
may bias our inference in comparison with the general population. We also do not know
the age of these patients, as convenience sampling may have biased our collection to
main adults, which may not reflect the true frequencies of this resistant-bacteria in the
general population. Selective culture used in this study likely contributed to a higher rate
of β-lactamase genes and PMQR genes being detected compared with other studies that
did not use selective culture techniques.

7.3 CONCLUSION
Chapter 2 and 3 of this study has provided valuable information on the
antimicrobial susceptibility patterns of commonly cultured pathogens from both food and
companion animals from the Atlantic region of Canada. In general, varying susceptibility
was found, depending on the pathogens and the animal types, and AMR was generally
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stable across the pathogen and animal types. The information on antimicrobial
susceptibilities and AMR trends provided in this study can be used for regional
guidelines for the rational use of antimicrobials and may support clinicians in choosing
empirical therapies and treatment protocols to improve the prudent use of antimicrobials
within the food animal industries and companion animal veterinary practices in Atlantic
Canada. Further, there were some concerning trends of increasing AMR among a few
pathogen-antimicrobial combinations, namely increasing ceftiofur resistance to E. coli
isolates in non-mastitis cattle and pig isolates as well as enrofloxacin and amoxicillinclavulanic acid resistance in most dog isolates. These antimicrobials are in classes that
are all listed by Health Canada VDD as very highly important antimicrobials in human
medicine (Category 1). There was an overall trend of decreasing AMR resistance to the
aminoglycosides in cattle and small animals which may be a reflection of these drugs
being used less frequently due to the availability of newer antimicrobials with less
toxicity issues as well as the American Associations of Bovine Practitioners (AABP)
voluntary ban on aminoglycoside use in animals due to its prolong residue times.
In chapters 4 and 5, the focus was on the frequency of Salmonella and ESC-R E.
coli in dairy calves from 8 farms in New Brunswick and potential risk factors and sources
for carriage.
The study in Chapter 4 revealed a low prevalence (3.3%) of Salmonella enterica in dairy
calves and all isolates were pan-susceptible, including ESC-susceptible. A high frequency
(81.2%) of sESC-resistant E. coli was found in the dairy calves’ feces when using a
selective culture method for ESC-R enteric bacteria. In addition, this study, using
molecular epidemiologic techniques, has provided information on resistant genes
conferring ESC-R in E. coli isolated from dairy calves within this region. BlaCMY-2 and
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blaTEM were the prevalent β-lactamases found in ESC-R E. coli isolated from dairy calves
although blaCTXM was identified in 30.7% of the ESC-R E.coli isolates. This is the first
report of this resistance gene in cattle from Atlantic Canada and one of a few reports of
this resistance gene isolated from Canadian cattle. We also report the occurrence of
qnrB and qnrS genes in ESC-R E. coli isolated from dairy calves, which, to our
knowledge, is the first report in Canada. Calves’ age, regular ceftiofur use on the farm,
feeding of unpasteurized non-saleable milk, use of florfenicol, and use of ceftiofur for
treatment of respiratory diseases were factors associated with fecal recovery of ESC-R E.
coli.
In Chapter 5, colostrum from dairy cows of these calves was screened for ESC-R
E. coli. MDR ESC-R E. coli isolates were found in 4.43% of the samples, which may
potentially be a source of exposure to newborn calves. However, the frequency of ESC-R
E. coli was much lower than that found in the calves indicating that this is not the sole
source, and likely not the predominant source of exposure of ESC-R E. coli to calves. No
blaCTX-M or blaSHV genes were detected in this convenience sample of colostrum.
However, to our knowledge, this study is the first to report the detection of blaCMY-2, and
blaTEM genes from E. coli isolates from dairy cow colostrum.
In the human study (Chapter 6), the frequency of fecal carriage of ESC-resistant
and quinolone-resistant E. coli were 5.3% and 8.3%, respectively, and carbapenem
resistance in E. coli, as well as VRE, was not found in this study. BlaTEM and blaCMY-2
were the predominant β-lactamase resistance genes harbored by ESC-R E. coli colonizing
human intestinal tracts in this study. Higher frequencies of PMQR genes were observed
in this study than previously reported in Canada, with qnrB and qnrS being the most
common. This higher frequency may be due to the selective culture media used in this
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study. This study can serve as a baseline source for future antimicrobial resistance
surveillance within this region of Canada.

7.4 FUTURE RESEARCH
Having investigated the antimicrobial susceptibilities and AMR trends in both
food and companion animal pathogens using qualitative Kirby-Bauer derived data,
additional study may be needed to investigate the antimicrobial susceptibilities in both
companion and food animal pathogens using MIC data, as the quantitative information
derived should be more sensitive for detecting trends in resistance and is useful for
empirical treatments. In 2014, this diagnostic laboratory switched to MIC testing thus a
future study after 7-10 years of data collection would be warranted. It is also necessary to
examine the antimicrobial prescribing/usage patterns and behaviors in community
veterinary practices, veterinary teaching hospital, and different food animal farms within
this region. This complementary information is critical for better understanding of how
antimicrobial use is contributing to resistance in clinically important pathogens.
The use of empirical therapy has generated some controversy with respect to the
success of treatment outcomes; some schools of thought believe the selection of
antimicrobials for therapy should be based solely on culture and quantitative
antimicrobial susceptibility testing. This perspective is evident by the recent change from
disk diffusion method to the more quantitative MIC information in many diagnostic
laboratories. It will be of interest to examine the effectiveness and therapeutic successes
of empirical therapy based on retrospective susceptibility testing data in both companion
and food animal disease managements.
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From this study, the retrospective data in companion animals revealed the
existence of phenotypic patterns characteristic of AmpC beta-lactamase resistance genes.
Future research direction may include a well-designed prospective study to elucidate the
distribution and dynamics of beta-lactamase genes originating from horses, dogs, and
cats. This research will be a timely study considering there are presently limited
published reports of beta-lactamase resistance gene frequencies and distributions in
bacteria from companion animals, including horses in Canada.
The study on risk factor analysis of ESC-R E. coli was based on convenience
samples collected from only eight dairy herds, which may have introduced bias in the
reported inferences. To gain a more accurate understanding of risk factors associated with
fecal shedding of ESC-R E. coli in dairy farms within this region, representative samples
from a larger sample of randomly selected dairy herds within this region is needed. Also,
a future risk factor study might also include data collection from not only dairy calves but
also adult cattle, clinical case isolates, and beef cattle, as well as an investigation of risk
factors associated with ESC-R in both clinical and sub-clinical environmental mastitis in
dairy cattle.
Future research directions might also include a well-designed study for continued
monitoring of AMR and associated resistance genes, especially to the very highly
important antimicrobials, with sampling cutting across a representative population, while
also incorporating a collection of necessary human data for risk factor analysis. Use of
spatial and advanced molecular tools may also be beneficial in understanding
community-acquired multi-drug resistant bacteria, such as MRSA and ESBL-producing
Enterobacteriaceae.
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In addition, since selective culture has improved the recovery of resistant bacteria
(Collins et al., 2001), the type of beta-lactamase resistance genes detected may depend on
hydrolysis of antimicrobial substrates. Therefore, it may be important to evaluate how the
uses of different cephalosporin antimicrobial substrates (ceftazidime, cefotaxime,
cefoxitin or combinations, if possible) in selective culture influence the frequencies and
types of resistance genes detected.
Finally, there is a need for further investigation to elucidate the specific ESC
resistance gene types prevalent within this region, especially for the blaSHV, blaTEM and
blaCTXM groups of resistance genes. Also, use of more advanced molecular techniques,
such as whole genome sequencing, may further elucidate the genetic relatedness, and
clonality of the E. coli isolates recovered, associated mobile genetic elements and
antimicrobial resistance genes in addition to the ESC resistance genes present in the
recovered isolates.
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