Received: 28 March 2018

Revised: 3 July 2018

Accepted: 23 July 2018

DOI: 10.1111/zph.12515

ORIGINAL ARTICLE

WILEY

Factors potentially linked with the occurrence of antimicrobial
resistance in selected bacteria from cattle, chickens and

pigs: A scoping review of publications for use in modelling of
antimicrobial resistance (IAM.AMR Project)

Colleen P. Murphy*?

Chapman®* | Jayme Marrotte®* | Maggie McCann

| Carolee Carson? | Ben A.Smith® | Brennan

24 | Courtney Primeau®? |

Parth Sharma®* | E.Jane Parmley?

!Natural Sciences and Engineering
Research Council Visiting Fellow, Centre for
Food-borne, Environmental and Zoonotic
Infectious Disease, Public Health Agency of
Canada, Guelph, Ontario, Canada

2Centre for Food-borne, Environmental and
Zoonotic Infectious Disease, Public Health
Agency of Canada, Guelph, Ontario, Canada

SPublic Health Risk Sciences Division,
National Microbiology Laboratory, Public
Health Agency of Canada, Guelph, Ontario,
Canada

4Department of Population
Medicine, University of Guelph, Guelph,
Ontario, Canada

Correspondence

C. P. Murphy, 269 Bronk Road, Corbyville
ON KOK 1VO0, Canada.

Email: colleen.p.murph@gmail.com

Funding information

This work was supported by the Ontario
Ministry of Agriculture, Food and Rural
Affairs - New Directions Funding Program.
Project ND2013-1967: Characterizing the
relationship between livestock antimicrobial
use and antimicrobial resistance in people
in Ontario

Abstract

Antimicrobial resistance is a complex issue with a large volume of published literature,
and there is a need for synthesis of primary studies for an integrated understanding of
this topic. Our research team aimed to have a more complete understanding of antimi-
crobial resistance in Canada (IAM.AMR Project) using multiple methods including the
literature reviews and quantitative modelling. To accomplish this goal, qualitative fea-
tures of publications (e.g., geographical location, study population) describing potential
relationships between the occurrence of antimicrobial resistance and factors (e.g., an-
timicrobial use; management system) were of particular interest. The objectives of this
review were to (a) describe the available peer-reviewed literature reporting potential
relationships between factors and antimicrobial resistance; and (b) to highlight data
gaps. A comprehensive literature search and screening were performed to identify
studies investigating factors potentially linked with antimicrobial resistance in
Campylobacter species, Escherichia coli and Salmonella enterica along the farm-to-fork
pathway (farm, abattoir (slaughter houses) and retail meats) for the major Canadian
livestock species (beef cattle, broiler chicken and pigs). The literature search returned
14,966 potentially relevant titles and abstracts. Following screening of titles, abstracts
and full-text articles, the qualitative features of retained studies (n = 28) were ex-
tracted. The most common factors identified were antimicrobial use (n = 13 studies)
and type of farm management system (e.g., antibiotic-free, organic; n = 8). Most stud-
ies were conducted outside of Canada and involved investigations at the farm level.
Identified data gaps included the effect of vaccination, industry-specific factors (e.g.,
livestock density) and factors at sites other than farm along the agri-food chain. Further
investigation of these factors and other relevant industry activities are needed for the
development of quantitative models that aim to identify effective interventions to

mitigate the occurrence of antimicrobial resistance along the agri-food chain.
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1 | INTRODUCTION

Antimicrobial resistance is global issue that threatens the health of
humans and animals. There is general agreement that widespread
antimicrobial use creates conditions that can select for the expres-
sion and exchange of resistance genes in pathogenic and commen-
sal bacteria. Yet, the relative contributions of antimicrobial use in
veterinary and human medicine to the emergence of resistant in-
fections in people are not fully understood (Government of Canada,
2015; Helke et al., 2017; Hoelzer et al, 2017; WHO, 2018). Globally,
fluoroquinolone use in broiler chickens was linked with fluoroqui-
nolone-resistant Campylobacter infections in people (Cheng et al.,
2012; Endtz et al., 1991; Gupta et al., 2004). In the European Union,
the emergence of vancomycin-resistant enterococci in people was
linked with avoparcin use in pigs and chickens (Cogliani, Goossens, &
Greko, 2011). In Canada, changes in the use of ceftiofur, a third-gen-
eration cephalosporin, in broiler chickens mirrored changes in the
incidence of ceftriaxone-resistant Salmonella Heidelberg infections
in people (Dutil et al., 2010). However, some studies have reported
that resistance patterns in livestock do not always correlate with
antimicrobial resistance trends observed in humans (ECDC/EFSA/
EMA, 2017; Mather et al., 2012; Threlfall, Day, de Pinna, Charlett, &
Goodyear, 2006).

Quantitative models have been used to explore some of these
observations, particularly. the relationships between antimicro-
bial use and antimicrobial-resistant infections in livestock and hu-
mans. However, these often investigate a single exposure (e.g., use
of fluoroquinolones) and its association with resistance to a single
antimicrobial agent in a particular bacteria (i.e., hazard) in a single
population (e.g., fluoroquinolone-resistant Campylobacter in broiler
chicken) (Hao et al., 2016; Horigan, Kosmider, Horton, Randall, &
Simons, 2016; Hurd, Vaughn, Holtkamp, Dickson, & Warnick, 2010;
Lewis et al., 2016; McEwen, 2012), and not the over-all contribu-
tion of antimicrobial use, or the complexity of the epidemiology on
the occurrence of resistance (e.g., multiple antimicrobials, bacteria,
genes, host population, levels of aggregation, metrics of measure-
ment and pathways of exposure).

Stemming from the considerable public health concerns about
antimicrobial resistance (Government of Canada, 2015; WHO, 2018),
the complexity of the topic and the volume of published literature,
there is a need to better understand what data currently exist and
for synthesis of this information. Furthermore, to support evidence-
based decision-making, there is a demand for an integrated under-
standing of the epidemiology of antimicrobial resistance (Barber,
Miller, & McNamara, 2003; Garner et al., 2015; Laxminarayan et al.,
2013; Newell et al., 2010; So, Shah, Roach, Chee, & Nachman, 2015).
This approach should incorporate data from the major agricultural
species, human sources, the natural environment (e.g., soil, water),
other sites with antimicrobial resistance genetic determinants (e.g.,
hospital environments) and transmission of genetic determinants or
bacteria between sites and populations.

External validity of available data is an important consideration
when using integrated methods to develop a better understanding of

Impact

e There are numerous studies published about antimicro-
bial resistance; however, fewer studies report on factors
that may alter the occurrence of antimicrobial-resistant
Campylobacter species, Escherichia coli and Salmonella
enterica in specific food animal populations (e.g., beef
cattle, broiler chickens or pigs).

e The most common factor reported in the literature that

affected

Campylobacter species, Escherichia coli and Salmonella

potentially antimicrobial resistance in
enterica was antimicrobial use. There was a substantial
data gap regarding other factors, including interventions
that may reduce the occurrence of antimicrobial
resistance.

e Most of the retained studies were performed in the
United States. There is a need to study factors that may
reduce antimicrobial resistance in other geographic re-

gions, including Canada.

the epidemiology of antimicrobial resistance (Sargeant & O’Connor,
2014a). The data collected may be from diverse sources including
other populations, settings or time frames. Describing, and review-
ing qualitative features including geographical location, outcome
measured, production stage, study population and type of interven-
tions are critical components of any synthesis approach, including
quantitative modelling.

To inform future efforts to quantitatively model antimicrobial re-
sistance along the agri-food chain using integrated assessment mod-
els for the major food animal species in Canada (beef cattle, broiler
chicken, and pigs), our research team conducted a scoping literature
review to identify and describe factors potentially linked with the
occurrence of antimicrobial resistance. A factor was defined as a
measured observation whose relationship with antimicrobial resis-
tance was investigated (e.g., antimicrobial use; management system).
Taking a pragmatic approach, the research team targeted selected
“scenarios” (Figure 1). A scenario was defined by resistance to an
antimicrobial or antimicrobial class in a specific bacterial genus/spe-
cies in a defined host population (e.g., fluoroquinolone resistance
in Campylobacter jejuni from broiler chickens). Results of the scop-
ing review are presented herein, whereas results of other compo-
nents (e.g., integrated assessment models) of the larger Integrated
Assessment Modelling of Antimicrobial Resistance (IAM.AMR) proj-
ect, including quantitative aspects, will be published separately.

Therefore, the objectives of this study were (a) to qualitatively
describe the available peer-reviewed literature reporting potential
relationships between factors and antimicrobial resistance in se-
lected scenarios and (b) to identify and highlight data gaps. The se-
lected scenarios were as follows: resistance to extended-spectrum
cephalosporins in Escherichia coli and Salmonella enterica from beef
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FIGURE 1 The “antimicrobial-
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observation whose potential relationship
with antimicrobial resistance was
investigated (e.g., antimicrobial use; type
of management system)

cattle, broiler chickens and pigs; resistance to fluoroquinolones,
macrolides or tetracyclines in Campylobacter species, E. coli or S. en-

terica from broiler chickens.

2 | METHODS

2.1 | Literature search terms and strategy

A goal of the literature search and screening was to identify
sources of data for all components of the larger IAM.AMR pro-
ject. Consequently, the search strings and screening of references
were broader than what was needed to meet the objective of this
scoping review; yet comprehensive enough to capture the refer-
ences targeted for this review. Comprehensive literature search
strings were developed and pretested in Medline to return re-
cords for both human and animal populations of (a) the frequency
of antimicrobial use or resistance (results not presented) and (b)
the factors potentially associated with antimicrobial use or resist-
ance (results presented herein; Appendix 1). The characterization
of associations was broad and was not limited to interpretations of
statistical significance, but included nonsignificant, causal and cor-
relative relationships, or possible spurious findings. The searches
included multiple broad and specific search terms for antimicrobial
susceptibility, antimicrobial use, and population (animal or human),
and specific search terms for Campylobacter species, E. coli, and
S. enterica, and searches were not limited to a particular study
design (e.g., observational, experimental, field trials, mathemati-
cal models). Following the pretest, Medline and three other data-
bases were searched as follows: Agricola, Centre for Agriculture
and Bioscience, and Cumulative Index to Nursing and Allied Health
Literature, using database-specific search strings adapted from the
initial pretested Medline search string. The initial search was con-
ducted in May 2015 and was updated in June 2016. All citations
were exported and deduplicated (electronically and manually) in a

web-based bibliographic database manager (Mendeley Ltd).

2.2 | Scenario selection

Antimicrobial resistance is a very broad topic and the research

team targeted selected “scenarios” (Figure 1) to represent common

Campylobacter | 3 | 3 | 3

species

v ¥ ¥

bacteria studied or under surveillance in Canada where resistance

maybe concerning to permit data integration (a) across host popula-
tions (beef cattle, broiler chicken and pigs) and (b) across bacterial
species within a host population (e.g., resistance to fluoroquinolo-
nes, macrolides and tetracyclines in Campylobacter species from
broiler chickens). A scenario was defined by resistance to an antimi-
crobial or antimicrobial class in a specific bacterial genus/species in a
defined host (animal or human) population (e.g., fluoroquinolone re-
sistance in Campylobacter jejuni from broiler chickens). Nine scenar-
ios were selected (resistance to extended-spectrum cephalosporins
in Escherichia coli and Salmonella enterica from beef cattle, broiler
chickens, and pigs; resistance to fluoroquinolones, macrolides, or
tetracyclines in E. coli, S. enterica, or Campylobacter species from
broiler chickens). These scenarios were selected after the literature
search was conducted and prior to data extraction to streamline the
multitude of potential antimicrobial-bacteria-host population com-

binations possible.

2.3 | Relevance screening of abstracts and full-
text citations

Initially, each abstract (or title, where no abstract was available) and
full-text articles were screened independently by two reviewers
(Figure 2). Studies were included for the scoping review, excluded
or reserved for the larger IAM.AMR with agreement by two review-
ers. In the case of disagreement, the decision to include, exclude
or reserve was based on review by a third member of the research
team. The purpose of the screening was to identify studies for all
components of the IAM.AMR project, including studies from any
geographical region reporting factors potentially linked with antimi-
crobial resistance from the major Canadian food-animal species for

the nine selected scenarios (results presented herein).

2.4 | Qualitative data extraction

Primary data extraction focused on the initial nine scenarios.
Information including data about humans, other animal species,
other bacterial species, other antimicrobial resistance data, and
other sources (e.g., mathematical modelling, reviews, in vitro) was

reserved for future work and are not discussed here (Figure 3).
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cattle, chickens, pigs,
turkeys human? performed in vitro

Did the study measure antimicrobial resistance or susceptibility in

Was the study population NO Was the study a NO

mathematical model or EXCLUDE

NO

Escherichia coli, Salmonella enterica species or Campylobacter
species ?

Did the study measure
antimicrobial use?

Did the study investigate factors that may be linked with
antimicrobial resistance or susceptibility, or antimicrobial use?

NO

Did the study report frequencies of antimicrobial resistance or
susceptibility, or antimicrobial use in Canadian population.

The qualitative data extracted included animal population (e.g.,
beef cattle), antimicrobial susceptibility/resistance tested (antimicro-
bial class and specific antimicrobial; for example, extended-spectrum
cephalosporin resistance, ceftiofur resistance), bacterial population
(e.g., E. coli), bibliographic information, and geographical region. Other
data extracted were description of factor(s) investigated (e.g., antibi-
otic-free production, antimicrobial use, organic), location along the
agri-food chain (i.e., farm, abattoir, retail), production stage of animals
(e.g., feedlot cattle, nursery pigs) and type of study (e.g., controlled trial,
observational). Qualitative data were extracted from each study by a
small group of trained research assistants (single entry per study) and
managed using a pretested electronic spreadsheet program (Microsoft
Excel 2016) with oversight by senior members of the research team.

3 | RESULTS

3.1 | Features of references (overall)

There were 14,966 records (deduplicated and updated search)
screened and reviewed for relevancy (Figure 3); 28 references re-
ported potential relationships between factors and antimicrobial
resistance for the nine selected scenarios (beef cattle n = 4, broiler
chickens n = 18, and pigs n = 6; Figure 3). The majority (57%) of the
studies were conducted in the United States (n = 16) with two stud-
ies conducted in Canada. The remaining studies were conducted
in Belgium (n = 2), France (n = 2), United Kingdom (n = 2), Denmark
(n=1), Japan (n = 1), Portugal (n = 1) and Spain (n = 1; Tables 1-4).
Factors potentially related to antimicrobial resistance in E. coli were
reported by 17 references, S. enterica by six references (broiler chick-
ens: S. Kentucky (n = 1) and unspecified serovars (n = 3); pigs: S. Agona
and S. Orion (n = 1) and unspecified serovar (n = 1)), and C. jejuni by

NO

| EXCLUDE |

FIGURE 2 Decision-tree screening
tool for identification of studies

with factors potentially linked with
antimicrobial resistance for qualitative
review. See Figure 1 note

eight references (Tables 1-4). Most of the studies analysed antimi-
crobial resistance data at the bacterial isolate level (n = 25). The other
levels of aggregation reported were animal (n = 1), farm (n = 1), flock
(n = 1), package (retail meat) (n = 1) and sample (n = 1). Only two stud-
ies reported factors at locations other than the farm: chilling meth-
ods at abattoir and packaging type at retail for broiler chickens. The
most commonly evaluated factor was antimicrobial use, followed by

farm production system (e.g., antibiotic-free, organic; Table 5).

3.2 | Features of references for specific scenarios

3.2.1 | Extended-spectrum cephalosporin resistance
in Escherichia coli and Salmonella enterica from beef
cattle, broiler chickens and pigs

Seventeen studies reported data on factors potentially linked with
resistance to extended-spectrum cephalosporins in E. coli (n = 14)
and S. enterica (n = 5) (Table 1) (beef cattle n =4, broiler chickens
n =7, pigs=6).

For beef cattle (n = 4), all studies examined antimicrobial resis-
tance in E. coli and evaluated antimicrobial use with controlled trials
in feedlot cattle (antimicrobial use was the only evaluated factor). No
studies reported antimicrobial resistance for S. enterica. One study
was conducted in Canada, and the remaining studies were con-
ducted in the United States (n = 3). Antimicrobial resistance results
for E. coli were reported for the following: ceftiofur (n = 2), ceftazi-
dime (n = 1) and ceftriaxone (n = 1).

For broiler chickens (n = 7), five studies investigated antimicrobial
resistance in E. coli and three studies in S. enterica. Most of the stud-
ies were observational (n = 6), and one study was a controlled trial in

an experimental unit. One study was Canadian, and the remaining
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Records retrieved from
database searching
N=14,966

\ 4

Records excluded N =13,781:

Reasons: No antimicrobial use or resistance frequency data from a
Canadian population; No relationships examined between antimicrobial
use or resistance in any geographical region; Non-English publications

Records retained for
full text review
N=1,185

[Screening] [Identiﬁcation ]

v

Records reserved for larger IAM.AMR project: N =890

Reasons: Human populations, in vitro study, environmental
investigations, reviews (narrative, scoping, systematic) and/or meta-
analysis, mathematical models, animal populations other than cattle,
chickens and pigs

v

Records retained for full text review for
qualitative review for selected scenarios
N=295
(cattle populations n» = 95; chicken
populations n = 95; pig populations » = 105)

Eligibility |

\ 4

Records reserved for larger IAM.AMR project: N =295
Reasons: Other scenarios (bacteria-antimicrobial
combinations), only antimicrobial use or resistance
frequency data from any geographical region, references in
other cattle populations (e.g., dairy, veal), references in other

chicken populations (e.g.,layers).

Studies in nine selected scenarios
(N=28):
susceptibility to extended-
cephalosporins, fluoroquinolones,
macrolides and tetracyclines in E.
coli, Salmonella enterica and
Campylobacter species from beef
cattle (n = 4), broiler chicken (n = 18)
and pig populations (7 = 6)

FIGURE 3 The literature retrieval and screening to identify studies with factors® potentially linked with antimicrobial resistance for

scoping qualitative review. See Figure 1 note

studies were conducted in Belgium (n = 1), Denmark (n = 1) and the
United States (n = 4). Susceptibility to ceftriaxone (n = 1) and ceftio-
fur (n = 5) was reported, and one reference reported identification of
CMY-2 and CTX-M genes. Factors reported were antimicrobial use
(n = 3), type of production system (organic, conventional) (n = 2), farm
management factors (acidification of water, hygiene, number of feed

changes, type of litter) (n = 1) and the type of retail packaging (n = 1).

Six studies reported data about resistance to extended-spec-
trum cephalosporins in pigs on farms (E. coli n = 5, S. enterica n = 2).
Four were controlled trials (weaned piglets n = 1, finisher pigs n = 3)
on farms and two studies were observational (preweaned piglets
n =1, finisher pigs n =1). No studies were conducted in Canada.
Studies were conducted in the United States (n = 4), Belgium (n = 1)
and Spain (n = 1). Susceptibility to ceftiofur (n = 5), cefoxitin (n = 1),
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TABLE 2 Qualitative features of studies with factors? potentially linked with fluoroquinolone resistance in broiler chickens

Specific antimicro-

Bacteria bial susceptibility

Campylobacter jejuni Enrofloxacin

Enrofloxacin

Ciprofloxacin
Ciprofloxacin

Ciprofloxacin

Ciprofloxacin

Ciprofloxacin

Enrofloxacin

Escherichia coli Enrofloxacin

Enrofloxacin
QRDR gene

Ciprofloxacin

Enrofloxacin
Salmonella enterica Ciprofloxacin

Ciprofloxacin

Site sampled in Production stage (where

Region the food chain applicable) Sample
Japan Farm Commercial flock Faecal sample
France Abattoir Commercial flock Caecal and skin samples
United States Retail Commercial flock Whole carcass
United States  Abattoir Commercial flock Whole carcass
United States  Retail Commercial Flock “Bone-in” and “skin-on”
retail meat
United States  Retail Commercial Flock “Bone-in” and “skin-on”
retail meat
United Retail Commercial flock Retail meat
Kingdom
United Farm Commercial flock Retail meat
Kingdom
Portugal Experimental Commercial flock Litter sample

unit
See data under extended-spectrum cephalosporin resistance in broiler chicken
See data under extended-spectrum cephalosporin resistance in broiler chicken
Farm Commercial flock

Vietnam Faecal samples from

boot swabs

See data under extended-spectrum cephalosporin resistance in broiler chicken
See data under extended-spectrum cephalosporin resistance in broiler chicken

See data under extended-spectrum cephalosporin resistance in broiler chicken

2A factor was defined as a measured observation whose potential relationship with either antimicrobial resistance was investigated.

ceftriaxone (n = 1) and cephalosporins (n = 1) was reported. Factors
reported were antimicrobial use (n = 4), antimicrobial use with cop-
per (n = 1) and type of production system (antibiotic-free, conven-
tional) (n = 1).

3.2.2 | Resistance to extended-spectrum
cephalosporins, fluoroquinolones, macrolides and
tetracyclines in Escherichia coli, Salmonella enterica and
Campylobacter from broiler chickens

Ten studies reported data about factors potentially linked with re-
sistance to extended-spectrum cephalosporins, fluoroquinolones,
macrolides and/or tetracyclines in E. coli (n = 7) and S. enterica (n = 4)
from broiler chicken(s) (Tables 2-4). Seven studies investigated an-
timicrobial resistance to fluoroquinolones (E. coli n =5, S. enterica

n = 3), one study investigated macrolide resistance in S. enterica, and

six studies investigated tetracycline resistance in E. coli (n = 3) and
S. enterica (n = 3).

Most of the studies were observational (n = 8), and two studies
were controlled trials. One study was Canadian in origin, and the
remaining studies were conducted in the United States (n = 5), and
Belgium, Denmark, Portugal and Vietnam (n = 1 each). Factors re-
ported were antimicrobial use (n=5), farm management factors
(boot changes, intensity of management) (n = 2), type of production
system (conventional, organic) (n = 2), method of chilling at abattoir
(n = 1) and the type of retail packaging (n = 1).

Eight studies reported data on factors potentially linked with
resistance to fluoroquinolones, macrolides and tetracyclines in
Campylobacter species from broiler chicken(s) (Tables 2-4). Seven
studies investigated resistance to fluoroquinolones, five studies in-
vestigated tetracycline resistance and four studies investigated mac-

rolide resistance. Most of the studies were observational (n = 7), and
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Study type

Observational

Observational

Observational
Observational

Observational

Observational

Observational

Experimental

Controlled trial

Observational

Factors?

Antimicrobial use. Group 1: On-farm tetracycline use within the preceding
6 months. Group 2: No on-farm antimicrobial use

Growth promotor ban (virginiamycin, tylosin, spiramycin, bacitracin) and
management system. Group 1: Samples collected between 1992-1996 prior to
the ban on growth promoter; conventional management; Group 2: Samples
collected between 1992-1996 prior to the ban on growth promoter; free-range
management. Group 3: Samples collected between 2001-2002 following the
ban of growth promoters; conventional management; Group 4: Samples
collected between 1992-1996 prior to the ban on growth promoter; free-range
management.

Management system. Group 1: Organic labelling; Group 2: Conventionally raised
Chilling method. Group 1: Immersion chilled; Group 2: Air chilled

Management system. Group 1: Antibiotic-free; Group 2: Conventional

Management system. Group 1: Antibiotic-free; Group 2: Conventional

Management system; Point of purchase. Group 1: Organic management; Group 2:

Intensive management; Group 3: Intensively raised, purchased at a supermarket
Group 4: Intensively raised, purchased at butchers

Antimicrobial use. Experiment 1-In water enrofloxacin: Group 1:50 ppm for
5 days; Group 2:125 ppm for 3 days; Group 3:250 ppm for 1 day. Experiment
2-In water enrofloxacin for 3 days at: Group 1:12 ppm; Group 2:25 ppm; Group
3:50 ppm; Group 4:125 ppm; Group 5:250 ppm; Group 6:500 ppm.

Antimicrobial use. Group 1: In water enrofloxacin on days 1-3 after hatch at 23.8.

mg/kg BW; Group 2: No antimicrobial exposure

Management factors and antimicrobial use. Group 1 & 2: Boot change compared
to no boot changes; Group 2: On-farm quinolone; Group 3 On-farm tetracycline
use; Group 4: No antimicrobial use/

WILEY-2%
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one study was a controlled trial. There were no Canadian studies.
Three studies were conducted in the United States, and the remain-
ing studies were conducted in France (n = 2), the United Kingdom
(n =2) and Japan (n = 1). Factors reported were antimicrobial use
(n = 4), type of production system (organic, conventional) (n = 3) and

method of chilling at abattoir (n = 1).

4 | DISCUSSION

Antimicrobial resistance has been studied for decades and has a vast
and diverse body of peer-reviewed literature. However, when inves-
tigating risk factors or potential interventions to alter the occurrence
of antimicrobial resistance in a specific antimicrobial-bacteria-host
population, there is little breadth or depth in the published litera-

ture; this finding has been observed in previous work (Murphy et al.,

2016). In the present study, antimicrobial use (particularly therapeu-
tic use) was the most commonly reported factor investigated for the
selected scenarios. This is not unexpected and is an important find-
ing, as there is widespread recognition that antimicrobial use is an
important contributor to the occurrence of antimicrobial resistance.

However, despite the important role of antimicrobial use on the
occurrence of resistance, there are other potential factors occurring
at various points along the agri-food chain that may impact the oc-
currence of antimicrobial resistance (Singer, Ward, & Maldonado,
2006). The most common nonantimicrobial use factor identified
in this study was type of management system (e.g., antibiotic-free,
conventional, organic). Although identified as a single factor, it is a
global variable that could encompass many practices (e.g., antimi-
crobial use, feed, housing, intensity of production, stocking density).
Further work is needed to characterize the contribution of specific

practices within the various management systems on the occurrence
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TABLE 3 Qualitative features of studies with factors® potentially linked with macrolide resistance in broiler chickens

Bacteria

Campylobacter
jejuni

Salmonella
enterica

Specific
antimicrobial
susceptibility

Erythromycin
Erythromycin
Erythromycin
Erythromycin

Erythromycin

Site Production
sampled in stage
the food (where
Region chain applicable) Sample

See data under fluoroquinolone resistance in broiler chicken
See data under fluoroquinolone resistance in broiler chicken
See data under fluoroquinolone resistance in broiler chicken

See data under fluoroquinolone resistance in broiler chicken

See data under fluoroquinolone resistance in broiler chicken

Study
type

Factors? References

Desmonts et al. (2004)
Han et al. (2009)
Sanchez et al. (2002)

Soonthornchaikul et al.
(2006)

Sanchez et al. (2002)

A factor was defined as a measured observation whose potential relationship with either antimicrobial resistance was investigated.

TABLE 4 Qualitative features of studies with factors® potentially linked with tetracycline resistance in Canadian broiler chickens

Bacteria

Campylobacter
jejuni

Escherichia coli

Salmonella
enterica

Region

Site sampled Production
in the food stage (where
chain applicable) Sample

See data under fluoroquinolone resistance in broiler chicken

France

Abattoir Commercial Caecal

flock sample

See data under fluoroquinolone resistance in broiler chicken

See data under fluoroquinolone resistance in broiler chicken

See data under tetracycline resistance E. coli in broiler chicken.

See data under fluoroquinolone resistance in broiler chicken

See data under extended-spectrum cephalosporin resistance in broiler chicken

See data under extended-spectrum cephalosporin resistance in broiler chicken

United States

Commercial
flock

Farm Litter samples

See data under fluoroquinolone resistance in broiler chicken

See data under extended-spectrum cephalosporin resistance in broiler chicken

Study type

Observational

Observational

Factors® References
Asai et al.
(2007)
Antimicrobial Avrain et al.
use. Group 1: (2003)
On farm
avilamycin
use; Group 2:
No on-farm
antimicrobial
use
Desmonts et al.
(2004)
Han et al.
(2009)
Sanchez et al.
(2002)
Costa et al.
(2009)
Diarra et al.
(2007)
Smith et al.
(2007)
Management Alali et al.
system. Group (2010)
1: Organic
production;
Group 2:

Conventional

Sénchez et al.
(2002)

Sapkota et al.
(2014)

A factor was defined as a measured observation whose potential relationship with either antimicrobial resistance was investigated.

of antimicrobial resistance, and to identify specific practices that
have the potential for widespread adoption across farming indus-

tries. This may be a practical alternative to the costly modifications

of an entire management system.

studies that incorporated survey data. Although the identification

The other evaluated factors were mainly farm-level factors (e.g.,
addition of copper to feed, litter-type, number of feed changes). Most

of these identified factors were from retrospective observational
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TABLE 5 General classification of factors® potentially linked
with antimicrobial resistance in selected scenarios®

Population Factors®: general (number of references)

Beef cattle Antimicrobial use (n = 4)

Broiler Chicken Antimicrobial use (n = 9)
Non-conventional management systems (e.g.,
organic) (n =7)
Farm management factors (e.g., boot changes,
hygiene, litter) (n = 2)
Retail packaging (vacuum packaging) (n = 1)
Chilling (e.g., air, water) (n = 1)
Point of purchase (e.g., butcher, supermarket)
(n=1)
Pig Antimicrobial use (n = 4)
Non-conventional Management (n = 1)
Other compounds (e.g., copper) (n = 1)

@A factor was defined as a measured observation whose potential rela-
tionship with either antimicrobial resistance was investigated. PResis-
tance to extended-spectrum cephalosporins in E. coliand S. enterica from
beef cattle, broiler chickens and pigs; resistance to fluoroquinolones,
macrolides or tetracyclines in E. coli, S. enterica or Campylobacter species
from broiler chickens.

of these factors was important, it is difficult without repeated stud-
ies to understand their relationship, particularly causal, with the
occurrence of antimicrobial resistance and their application in the
Canadian context.

Investigation of nonantimicrobial use factors that may alter
the occurrence of antimicrobial resistance is important and a
data gap that needs to be addressed. However, identification of
these factors may be challenging. Some factors may not have a
direct relationship with antimicrobial resistance but may be as-
sociated with the occurrence of illness (and subsequent antimi-
crobial use) or antimicrobial use alone, and thus, indirectly impact
the occurrence of antimicrobial resistance. These include factors
not identified in this review such as animal density, biosecurity
measures, farm density, housing, microbial burdens on carcasses
and vaccination. In Denmark, vaccination was the most commonly
reported action used by surveyed swine veterinarians and farm-
ers to reduce antimicrobial use in response to the national an-
timicrobial use initiative, “Yellow-card Scheme” (Dupont, Diness,
Fertner, Kristensen, & Stege, 2017), implemented to reduce the
occurrence of antimicrobial resistance. In Canada, vaccines are
routinely recommended and applied in livestock production sys-
tems (Codes of Practice for the care and handling of farm animals
[n.d.]; https://www.nfacc.ca/codes-of-practice). Studies have re-
ported the relationship between vaccination and antimicrobial
use (Del Pozo Sacristan, Michiels, Martens, Haesebrouck, & Maes,
2014; Fertner, Toft, Martin, & Boklund, 2016; Lava, Schiipbach-
Regula, Steiner, & Meylan, 2016); however, an assessment of
these combined actions on the occurrence of resistance has not
been published to our knowledge. The absence of vaccination
and other nonantimicrobial use factors at the farm level of the
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agri-food chain in this review represents an important data gap
in the literature.

However, there were other data gaps identified further along the
agri-food chain. There is a wide body of the literature investigating
the impact of factors at the abattoir that reduce microbial load on a
carcass (Argeullo, Alvarez-ordofiez, Carvajal, Rubio, & Prieto, 2013;
Hermans et al., 2011; Lassok & Tenhagen, 2013; Sahin et al., 2015;
Soon, Chadd, & Baines, 2011; Umaraw, Prajapati, Verma, Pathak, &
Singh, 2017). Our literature search and screening focused on factors
associated with antimicrobial-resistant bacteria. Consequently, fac-
tors that were associated with reducing microbial burden or contam-
ination (without investigations of susceptibility) at abattoir or retail
were outside the scope of this project and hence not captured. It has
been reported that abattoir interventions may be the most effective
at reducing human exposure to potential food-borne pathogens (Hill
et al., 2016) and by extension antimicrobial-resistant bacteria aris-
ing from the consumption of food. Additionally, it is plausible that
abattoir interventions may have varying effects on different antimi-
crobial-resistant bacteria. Further study to understand the impact
of interventions at abattoir on the occurrence of antimicrobial-re-
sistant bacteria, particularly on antimicrobial-resistant bacteria of
public health importance, is needed.

Another key finding from the review was the geographic loca-
tions of the study populations. Only two of the retained studies
were performed in Canadian populations. Agricultural and hus-
bandry practices can vary substantially between countries (Sargeant
& O’Connor, 2014b), and these differences in practices can impact
the types of factors investigated and the relationships observed be-
tween the measured factors and antimicrobial resistance. This is an
important consideration as our research team is strongly interested
in a comprehensive understanding of antimicrobial resistance in
Canada. It is understood that agricultural practices differ regionally
within Canada (e.g., distance between farms, farm size, intensity of
management, source of animals) and that data obtained in one region
may not be generalizable nationally. This underscores the need for
research to be performed on a scale targeted to the specific region
of interest.

Although a comprehensive literature review was performed,
there are still some limitations to the presented approach.
Resources limited the review to English language publications.
However, as many of the publications on antimicrobial resistance
are published in English, this likely has a negligible effect on the
findings (JUni, Holenstein, Sterne, Bartlett, & Egger, 2002; Moher,
Pham, Lawson, & Klassen, 2003; Young et al., 2014). At this time,
a structured review of grey literature has not been performed.
Consultations with Canadian agricultural industry representatives
did not identify any additional grey literature sources, in particu-
lar about production system or stage-specific factors. There are
grey literature publications, particularly from surveillance systems
with data captured at large regional scales that investigate links
between antimicrobial use and antimicrobial resistance (ECDC/
EFSA/EMA, 2017). The quantitative data reported from these

studies need to be reviewed prior to their use in modelling because
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the scales of aggregation (large regional scale) were different from
the references obtained in the literature searches (mostly isolate
level). This could lead to possible false inferences of interpreta-
tions because of the scale differences (ecological fallacy; Blakely
& Woodward, 2000).

A comprehensive literature search of this nature is resource
intensive. However, these are necessary for developing and/or cu-
rating a data resource to support synthesis research and to guide
future research and surveillance. This review identified references
investigating factors possibly linked with antimicrobial resistance.
Antimicrobial use was the most commonly identified factor. There
were other factors identified; however, their potential relationships
with antimicrobial resistance remains incompletely understood and
require further research. There were also gaps in knowledge on the
impact of common actions such as vaccination and abattoir interven-
tions on the occurrence of antimicrobial resistance. Investigation of
these factors and other widespread industry activities in Canadian
populations will aid in further understanding the aggregated effects
of actions throughout the Canadian agri-food chain on the occur-
rence of antimicrobial resistance and potential exposure to humans.
Addressing data gaps in the literature requires communication and
collaboration between stakeholders such as farm commodity groups
and researchers to so that practical and effective interventions can
be identified and implemented to mitigate the threat of antimicrobial
resistance.
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Appendix 1

Search terms to return references for screening to identify records
reporting (1) the frequency of antimicrobial resistance, and (2) the

factors linked with antimicrobial resistance

((((Antimicrobial[Title/Abstract] OR Antibiotic[Title/Abstract]) AND
(Resistance[Title/Abstract] OR Susceptibility[Title/Abstract])) AND (B-

lactam$[All  Fields] OR (“cephalosporins’[MeSH Terms] OR
“cephalosporins”[All  Fields] OR “cephalosporin”[All Fields]) OR
(“tetracycline’[MeSH Terms] OR ‘“tetracycline”[All Fields]) OR
(“quinolones”[MeSH Terms] OR ‘“quinolones”[All  Fields] OR

“quinolone”[All  Fields]) OR (“fluoroquinolones”’[MeSH Terms] OR
“fluoroquinolones”[All Fields] OR “fluoroquinolone”[All Fields]) OR
(“macrolides”[MeSH  Terms] OR  “macrolides”[All  Fields] OR

“macrolide”[All Fields]) OR (“nalidixic acid”[MeSH Terms] OR
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