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Abstract

Background: Antimicrobial resistance is a public health threat. Because antimicrobial consumption in food-
producing animals contributes to the problem, policies restricting the inappropriate or unnecessary agricultural use
of antimicrobial drugs are important. However, this link between agricultural antibiotic use and antibiotic resistance
has remained contested by some, with potentially disruptive effects on efforts to move towards the judicious or
prudent use of these drugs.

Main text: The goal of this review is to systematically evaluate the types of evidence available for each step in the
causal pathway from antimicrobial use on farms to human public health risk, and to evaluate the strength of
evidence within a ‘Grades of Recommendations Assessment, Development and Evaluation’(GRADE) framework. The
review clearly demonstrates that there is compelling scientific evidence available to support each step in the causal
pathway, from antimicrobial use on farms to a public health burden caused by infections with resistant pathogens.
Importantly, the pathogen, antimicrobial drug and treatment regimen, and general setting (e.g., feed type) can have
significant impacts on how quickly resistance emerges or spreads, for how long resistance may persist after
antimicrobial exposures cease, and what public health impacts may be associated with antimicrobial use on farms.
Therefore an exact quantification of the public health burden attributable to antimicrobial drug use in animal
agriculture compared to other sources remains challenging.

Conclusions: Even though more research is needed to close existing data gaps, obtain a better understanding of
how antimicrobial drugs are actually used on farms or feedlots, and quantify the risk associated with antimicrobial
use in animal agriculture, these findings reinforce the need to act now and restrict antibiotic use in animal
agriculture to those instances necessary to ensure the health and well-being of the animals.
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Background

Antimicrobial use and resistance in animal agriculture
Antimicrobial resistance is a global public health threat,
reflected in at least 2 million resistant infections and at
least 23,000 deaths in the United States each year [1].
Antimicrobial drug use is considered to be the single
most important factor leading to resistance [1]. However,
effective policy interventions are hindered by the fact
that the emergence and spread of antimicrobial resist-
ance is complex and the underlying dynamics
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incompletely understood [2, 3]. Antimicrobial drugs are
used in a variety of settings including hospitals, out-
patient clinics, and long-term care facilities as well as
animal-associated settings such as veterinary clinics,
farms, and feedlots. There is general scientific consensus
that antimicrobial drug use in a variety of settings con-
tributes to the burden of antimicrobial resistance [2, 3].
However, the relative contribution of different anti-
microbial uses to the overall burden has so far remained
unclear. Moreover, despite decades of research and a
considerable body of scientific evidence, the link be-
tween antimicrobial drug use on farms and antimicrobial
resistant infections in humans remains contested by
critics, primarily in the U.S. [3]. This dispute is
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disruptive to the debate around judicious use of anti-
microbial drugs in animal agriculture, and has the po-
tential to slow the implementation of policies aimed at
assuring the responsible and prudent use of antibiotics
in animal agriculture. Notably, various organizations in-
cluding the World Health Organization for Animals
(OIE), US. Food and Drug Administration, and the
British and American Veterinary Medical Associations,
have defined the concept of responsible, prudent or judi-
cious antimicrobial use in animal agriculture. Optimiz-
ing therapeutic efficacy and minimizing antimicrobial
resistance are key objectives underpinning all of these
definitions, despite some definitional differences. For the
purposes of this study, judicious antimicrobial use shall
be equivalent to OIE’s ‘responsible and prudent use’ def-
inition of ‘improv[ing]lanimal health and animal welfare
while preventing or reducing the selection, emergence
and spread of antimicrobial-resistant bacteria in animals
and humans.’

Policy solutions to ensure judicious antimicrobial use in
animal agriculture

Around the world, policy efforts to ensure judicious
antimicrobial use in animal agriculture have generally, as
a first step, focused on restricting the use of those anti-
microbial drugs important for human medicine for
‘growth promotion’ purposes. For the purposes of this
article, the Codex Alimentarius definition of growth pro-
motion shall be used, where ‘growth promotion refers to
the use of antimicrobial substances to increase the rate
of weight gain and/or the efficiency of feed utilization in
animals by other than purely nutritional means’ and an-
timicrobials are thus administered to healthy animals
with the primary goal of increasing growth rates and en-
hancing feed conversion efficiency [4].

As early as 1969, a report by the U.K. Joint Committee
on the Use of Antibiotics in Animal Husbandry, known
as the ‘Swann Report, motivated by concerns about the
emergence of antimicrobial resistance, called for the ban
of medically important (i.e., shared between humans and
animals) antimicrobials for growth promotion purposes
[3]. However, it took nearly another two decades before
governments took concrete action and individual coun-
tries differ drastically in their responsiveness on the issue
[3]. Sweden outlawed the use of all antimicrobial drugs
for growth promotion in 1986 and Denmark banned the
use of the two medically important antimicrobials, avo-
parcin and virginiamycin, as growth promoters in 1995
[5]. Avoparcin was banned for growth promoting pur-
poses across the European Union in 1997 and growth
promotion uses of the remaining four medically import-
ant antibiotics (as defined by the World Health
Organization [6]) bacitracin, spiramycin, tylosin and vir-
giniamycin were banned in 1999 [5]. Following the
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precautionary principle, the use of any antimicrobial
drug for growth promotion, including antimicrobial drug
classes not used in human medicine, has been banned in
Europe since 2006 [7]. In the U.S., the use of medically
important antimicrobial drugs (as defined by the U.S.
Food and Drug Administration [8]) for growth promo-
tion was phased out on January 1, 2017. In fact, accord-
ing to data collected by the OIE for 2015, more than
70% of member countries that responded to the survey
did not authorize antimicrobial drugs for growth promo-
tion purposes [9]. However, outlawing the use of medic-
ally important antimicrobial drugs for growth promotion
is only the first step towards assuring their judicious use
in animal agriculture. Several European countries have
taken concrete next steps towards curtailing the emer-
gence and spread of antimicrobial resistance by assuring
antimicrobial drugs are used judiciously and only when
necessary to ensure the health and well-being of the ani-
mal, and the U.S. Food and Drug Administration has re-
cently announced plans to examine potential actions to
that effect [10].

The dynamics of antimicrobial resistance and their
relevance for this study

For the purpose of this study, antimicrobial resistance is
defined as ‘microbiological resistance’ and refers to the
increased resistance of a bacterium in vitro compared to
a population of wild-type bacteria which can be
expressed, for instance, as an increase in minimal inhibi-
tory concentration (MIC). Infections with bacteria that
meet this definition of resistance may in fact on occasion
still respond to treatments with the antimicrobial drug.
In this respect, microbiological resistance is different
from the concept of ‘clinical resistance; which is focused
on treatment failures and considers clinical factors such
as the therapeutic concentration that can be reached at
the site of infection. To evaluate clinical resistance, MIC
values can be compared to clinical breakpoints, which
should be specific to the animal species and site of infec-
tion [11]. However, for many situations encountered in
veterinary medicine specific breakpoints have not been
established and extrapolations from existing breakpoints
can be challenging.

This study focuses on the emergence and spread of ac-
quired antimicrobial resistance. This resistance can
emerge through point mutations, usually associated with
a progression from low-level to high-level resistance as
sequential mutations occur [12], or through horizontal
gene transfer (HGT), which usually shows immediate
high-level resistance as resistance genes are shared
among bacteria [12]. HGT can occur through several
mechanisms [12]; for instance, plasmids that carry resist-
ance genes can be shared among bacterial strains, bacte-
riophages can transfer resistance genes from one
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bacterium to another, and bacteria can take up naked
DNA (e.g., genes originating from dead bacteria). Not-
ably, the relative importance of each resistance pathway
appears to at least partially depend on the bacterial spe-
cies [12]. Acquired resistance has to be distinguished
from inherent resistance. Some bacteria are inherently
resistant to a drug because the bacterium is outside of
the drug’s spectrum of action, for example because the
bacterium lacks the drug target. In addition, some bac-
teria can be transiently resistant to a drug without a cor-
responding genetic change, probably because of a
transient dormant state in which the bacterium’s metab-
olism is lowered to a point where it virtually ceases to
function. These resistance types are generally believed
not to be affected by antimicrobial use and will not be
considered here.

The analysis of the link between antibiotic use on
farms and human health risk is complicated by the fact
that the evolutionary dynamics of antimicrobial resist-
ance do not followed a simple ‘necessary and sufficient’
[13] model of epidemiological causation, where the pres-
ence of antimicrobial drug use would be both necessary
and sufficient for the emergence of resistance. In many
cases, the same acquired antimicrobial resistance type or
trait can be encoded by more than one genetic mechan-
ism. Resistance traits often, although not always, carry a
fitness cost, at least in in vitro experimental systems,
and fitness costs may differ for the same resistance trait
based on the determining genetic changes [12]. If there
is a fitness cost associated with a resistance trait, resist-
ant strains are selected against in antimicrobial-free en-
vironments and selected for in the presence of
antimicrobials. The fitness cost may be higher for
chromosomally-mediated than plasmid-mediated muta-
tions, may differ by resistance mechanism (e.g., whether
resistance is conferred by modification of a metabolic
pathway, alteration of a target site, or upregulation of
membrane channels), and may increase with the number
of point mutations required to express the trait [12]. In
some cases, however, the fitness cost is very low. More-
over, compensatory mutations that correct the fitness
loss brought about by the resistance-conferring muta-
tions are possible. It is unknown how closely fitness
costs under in vitro conditions track those experienced
in vivo — for instance, multi-drug resistance may be as-
sociated with a lower fitness cost in vivo than predicted
based on in vitro data [14].

Antimicrobial resistance is not a new phenomenon.
There is strong scientific evidence for the pre-existence
of some antimicrobial resistance genes (e.g., beta-
lactamase genes) in the absence of any antimicrobial use
[14]. In fact, many antimicrobial drugs are naturally pro-
duced by fungi or bacteria to stave off competition from
other bacteria; some resistance genes are necessary to
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allow these antimicrobial-producing microbes to survive,
and others have emerged as an adaptation to the natural
presence of these antimicrobial compounds in the envir-
onment, primarily in soil [15]. The term ‘resistome’ has
been proposed to describe the ecology of resistance
genes, broadly encompassing all resistance genes circu-
lating in pathogenic and non-pathogenic bacteria, be
they from soil, animals, humans, or other sources [15].
A comprehensive knowledge of the resistome and ad-
equate phylogenetic analysis is necessary to determine
whether a newly-detected resistance gene truly emerged
recently, has been present for a while but recently be-
came more prevalent, or simply has not been detected
previously.

The evolutionary dynamics of antimicrobial resistance
are further complicated by the potential for cross-
resistance (the simultaneous resistance to multiple re-
lated drugs that share a drug target) and co-resistance
(where several genes are transferred together, for in-
stance on one plasmid, and selection for one of the
genes indirectly selects for the others as well). Moreover,
antimicrobial resistance to a given drug can be mediated
by multiple genetic changes, with potentially different
evolutionary dynamics, and bacterial mutation rates
vary, potentially pre-disposing some bacteria (i.e., hyper-
mutators’) to the more rapid emergence of resistance-
conferring mutations than others.

For all of these reasons, the exact dynamics between
antimicrobial use and resistance development may differ
by bacterial species, drug or drug target, and resistance-
conferring mutation, and may be influenced by external
factors such as the selection pressures exerted by the use
of related drugs. Even if antimicrobial use decreases or
ceases, this may not necessarily translate into a direct,
measurable drop in antimicrobial resistance, and the im-
pact of introducing, restraining or eliminating antimicro-
bial use may vary by bacterial strain, bacterial target and
environment (e.g., as a result of different resistance
mechanisms with different evolutionary and ecological
properties). Perhaps most importantly, resistance may
not in all cases be reversible by discontinuing antimicro-
bial use alone. As is also clear from this discussion, there
are many aspects about the emergence, ecology and evo-
lution of antimicrobial resistance genes that are not yet
fully understood. For these reasons it is difficult to ex-
trapolate from individual research studies to other set-
tings, and to adequately evaluate all direct and indirect
impacts of antimicrobial use on the emergence of
resistance.

Because antimicrobial drug use and the emergence of
resistance may not follow a direct cause and effect rela-
tionship, it can be very difficult to establish causality
outside of tightly controlled experimental settings. How-
ever, many chronic diseases also do not follow a direct
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cause and effect relationship and research methods de-
veloped to address these challenges may be applicable to
antimicrobial resistance. One widely used epidemio-
logical model of causation that fits these chronic
diseases and antimicrobial resistance is that of ‘suffi-
cient-component causes, first articulated by Rothman
[16]. According to this model, a sufficient cause can be
made up of multiple components, each of which needs
to occur in order for the sufficient condition to occur.
For example, in order for a certain bacterium in a cer-
tain environment and with a given genetic make-up to
acquire antimicrobial resistance both exposure to an
antimicrobial drug and external factors such as contact
with bacteria carrying a plasmid with resistance against
the antimicrobial drug have to occur. In addition, there
can be more than one sufficient condition for a cause.
For example, another bacterium with a different genetic
predisposition or exposed to other environmental condi-
tions may not require exposure to the antimicrobial drug
to develop resistance, for instance because of co-
selection for heavy-metal resistance. While antimicrobial
exposure may be a necessary condition for resistance in
one situation, it may not be necessary in all situations,
depending on the genetic predisposition and external
factors. This model of causation, which is widely ac-
cepted by epidemiologists, will be used here. It provides
a useful framework for the assessment of causality, in-
cluding in instances with seemingly contradictory study
findings. Moreover, it demonstrates the challenge associ-
ated with quantifying the proportion of antimicrobial re-
sistant bacteria associated with different causes: if each
cause in fact consists of multiple component causes each
occurrence of antimicrobial resistant bacteria could be
attributed to each of the component causes.

Study aims and objectives

The goal of this review is to provide an objective meth-
odical summary of the available scientific evidence for or
against a relationship between antimicrobial drug use on
farms and antimicrobial resistant human infections. Be-
cause this nexus remains contested by some groups, par-
ticularly in the U.S., relevant antibiotic use policies and
restrictions in the U.S. are highlighted where relevant.
To achieve this, we review the scientific evidence sup-
porting or refuting each step in the causal pathways
from on-farm antimicrobial use to human public health
risk, placing particular emphasis on the strengths and
limitations of the available scientific evidence. Breaking
down the exceedingly complex pathway from farm to
public health risk into discrete intermediary steps con-
siderably reduces complexity and allows for a
hypothesis-driven approach. The goal of this study is to
characterize the link between antimicrobial use on farms
and human infections with resistant bacteria, rather than
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quantifying the relative importance of this link compared
to antimicrobial drug use in other settings even though
that quantification will ultimately be important to guide
public health policy and data gaps that complicate or
prevent quantification are highlighted. Similarly, quanti-
fying the relative importance of different transmission
routes from farm to humans is important but beyond
the scope of this study.

Pathways from antimicrobial drug use on farms to resistant
infections in humans

There are different pathways that can lead from anti-
microbial use on farms to a public health risk, including
foodborne and non-foodborne routes. (Drug residues are
a separate public health concern not considered in this
study.) Regardless of pathway, four distinct factors have
to be understood to characterize the public health risk
associated with antimicrobial drug use in animal
agriculture.

Antimicrobial drug use on farms and feedlots

How antimicrobial drugs are used on farms and feedlots
is central to understanding the emergence of antimicro-
bial resistance. Unfortunately, the amount of informa-
tion available on actual antimicrobial drug use on farms
and feedlots differs considerably across countries and is
in many cases insufficient for understanding antimicro-
bial exposures.

Risk of resistance emergence as a result of antimicrobial
exposure on farms and feedlots

This question concerns foodborne and zoonotic patho-
gens as well animal pathogens and commensal bacteria
(ie., the very large number of naturally occurring micro-
organisms that usually inhabit the body surfaces of
humans and animals [17]). Resistance in commensal or
animal pathogens poses a human health risk only if the
resistance genes can be transferred to human pathogens;
this is regardless of whether the transfer occurs in the
gut of farm animals, in the environment — be that on
farms or off - or within the human gut. Horizontal gene
transfer between human commensals and human patho-
gens has been widely demonstrated [18]. Therefore, evi-
dence of resistance gene transfer from animal-associated
bacteria to human commensals can be regarded as indir-
ect evidence for a potential transmission to human path-
ogens and therefore a public health risk.

Risk of infection due to resistant bacteria that emerged on
the farm

Bacteria, including foodborne or zoonotic pathogens,
can be transferred from food producing animals to
humans through direct contact, or indirectly through
food or the environment. In addition to contact with the
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environment in which the animals are raised, indirect
transmission may also include exposure to agricultural
operations through manure run-offs, airborne particles,
or other environmental exposures, even though these
transmission routes are considerably less well under-
stood and documented than the other possible transmis-
sion routes [19-21]. Some evidence further suggests that
humans can transmit bacteria that originated on farms
to other humans through direct contact, food contamin-
ation during processing, or contamination of shared en-
vironments, but, again, the evidence is limited and often
circumstantial, the underlying dynamics are not well
understood, and at least some animal-associated bacteria
may be poorly equipped to be transmitted from human
to human [22-24].

In some cases (e.g., foodborne outbreaks) the direc-
tionality of infection is quite obvious, but this is not al-
ways true. The question of directionality has to be
considered in evaluations of the available scientific evi-
dence. However, even if directionality may not always be
clear, such studies imply a shared host range, which
makes cross-species transmissions likely.

Excess morbidity and mortality caused by antimicrobial
resistance traits that emerged on farms

Several specific mechanisms by which antimicrobial re-
sistance can have adverse human health impacts have
been identified in the literature, of which at least three
are directly relevant to resistance that emerged in animal
agriculture [25]:

1. Linkage of virulence and resistance traits, leading to
drug-resistant strains with increased virulence

2. Treatment delay because initial treatments are
ineffective

3. Necessity to choose less desirable treatment options
because of resistance to more desirable antimicrobial
drugs

Observational studies on the topic can be complicated
by the presence of potential confounders such as differ-
ences in age or underlying disease among patient groups
[26, 27]; the choice of reference group can also have sig-
nificant impacts on study findings [28]; in addition, bac-
terial strains can differ in the severity of associated
health outcomes independent of antimicrobial resistance
[29], thus potentially introducing another source of
confounding.

Given the vast amount of literature published on the
subject, this review does not strive to be comprehensive
in reviewing the available literature associated with the
topic. Rather, for each step in the pathway a selected
number of studies that exemplify each relevant study
type are discussed together with a general discussion of
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the strength and limitations of the available evidence.
Unanswered questions and areas requiring further study
are clearly highlighted. Therefore, this study documents
the current scientific understanding about the link be-
tween antimicrobial drug use on farms and human
health risks associated with antimicrobial resistant infec-
tions, highlighting what is known and what remains to
be determined.

Main text

A modified GRADE approach for evaluating the strength
of scientific evidence

The approach for evaluating the scientific evidence for a
link between antimicrobial use in food producing ani-
mals, antimicrobial resistance, and a resulting human
health risk is based on the principles guiding the
GRADE (Grades of Recommendation, Assessment,
Development and Evaluation) approach to systematic re-
views. The fundamental notion underpinning this ap-
proach is that scientific studies vary in the strength of
evidence they provide, or, as stated by the Cochrane Col-
laboration, the ‘extent to which one can be confident
that an estimate of effect or association is close to the
quantity of specific interest’. The GRADE approach con-
siders the study type as well as factors relevant to study
quality that are specific to an individual study (e.g.,
width of confidence intervals, inconsistency of results)
to arrive at a quality rating for each study. The grade ap-
proach considers three basic types of evidence [30]:

1. Controlled trials are intervention studies where
subjects are allocated by the investigators into
treatment and control groups, ideally randomly but
occasionally based on another allocation scheme.
The GRADE approach classifies randomized
controlled trials (RCTs) as ‘high quality of evidence’
because further research is unlikely to change the
confidence in the effect estimate. However, as
detailed below, the presence of specific study
limitations can cause the quality of evidence to be
downgraded.

2. Observational studies include epidemiological
study designs such as cohort, case-control and
cross-sectional studies; contrary to RCT's the investi-
gators do not allocate subjects to specific exposures,
but compare outcomes among exposed and compar-
able unexposed population subgroups. The GRADE
approach classifies observational studies as ‘low qual-
ity of evidence’. Because allocation of individuals to
different exposures cannot be controlled, biases are
more difficult to control than in RCTs and therefore
further research is likely to have an important im-
pact on the confidence in the effect estimate and is
likely to change the estimate. The presence of
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specific study characteristics can cause the quality of
evidence to be up- or downgraded.

3. Any other evidence is classified in the GRADE
approach as ‘very low quality of evidence’ because
any effect estimate is uncertain; however, specific
study characteristics can cause the quality of
evidence to be upgraded, and a variety of study types
in this category can provide useful information,
including for example molecular subtyping studies,
phylogenetic analyses, and case studies or outbreak
investigations that lack a proper control group.

In the GRADE approach, the evidence ratings can be
up- or downgraded based on a variety of study charac-
teristics that impact study quality, including [31]:

1. Study limitations and risk of bias

2. Directness of evidence (i.e., the extent to which
the subjects, interventions and outcome measures
are similar to those of interest)

3. Consistency of results (i.e., similarity of effect
estimates across studies)

4. Precision of estimates (e.g., width of confidence
intervals around effect estimates)

5. Risk of residual confounding and publication bias

Finally, the strength of recommendations based on this
evidence is affected by [31]:

1. Quality of evidence

2. Uncertainty about the balance between desirable
and undesirable effects

3. Uncertainty or variability in values and preferences

4. Uncertainty about whether the intervention
represents a wise use of resources

Importantly, practical as well as ethical considerations
can restrict the type of evidence that can be collected to
address a specific research question in a meaningful way
[32]. For instance, a randomized controlled trial to
evaluate human health outcomes associated with expos-
ure to drug resistant foodborne pathogens would in
most cases be unethical.

In the following sections, each step in the causal path-
way from antimicrobial use in food producing animals
to public health risks caused by infections with anti-
microbial drug resistant pathogens is described and the
strength of the available evidence is evaluated. A similar
approach has been used by the Australian government
to review the scientific literature on antimicrobial resist-
ance in animal bacteria and human disease in a study
completed in 1999 [33].

Notably, because a number of somewhat different defi-
nitions have been used in different scientific disciplines
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it is important to clearly define the terms ‘antimicrobial
drug’ and ‘antibiotic’. For the purpose of his study, and
following similar definitions in other authoritative publi-
cations [34], we use the term ‘antimicrobial drug’ to
refer to ‘antibacterial agents classically used for therapy,
prophylaxis, or growth promotion’ as adapted from
EFSA [34]. The effects of disinfectants, biocides, anti-
viral, antifungal or antiparasitic drugs will not be consid-
ered while synthetic antibacterial agents will be
considered. For the purposes of this study and following
the definitions herein, the terms ‘antimicrobial drug’ and
‘antibiotic’ will be used synonymously.

Evaluating the link between antimicrobial use on farms to
the emergence of antimicrobial resistant human
infections

Antimicrobial drugs use on farms and feedlots

Intervention studies are not applicable for measuring
antimicrobial use but a number of observational studies
have been conducted. Many follow a cross-sectional de-
sign where antibiotic consumption is recorded at one
point in time, even though longitudinal designs have also
been used and may be preferable to address certain re-
search questions (see for instance [35]). As the examples
in Table 1 demonstrate, a number of different data
sources are available that contain information regarding
on-farm antimicrobial drug use. Data should ideally be
based directly on a review of treatment and/or prescrip-
tion records (e.g., [35-39]). However, this data source
may not be readily available or the data collection may
be cost-prohibitive. In these cases, more indirect sources
may be used, for instance questionnaires administered to
veterinarians [40], producers [41-43] or both [44]. In
addition, other data sources such as antimicrobial sales
data reported by drug manufacturers (e.g., data reported
in the U.S. under section 105 of the Animal Drug User
Fee Act) may be used albeit the information collected in
these cases is less direct and detailed, and consequently
less informative. In some cases, it may be possible to
collect data from each relevant operation — for instance
every producer in the target area (see for instance [36]).
Often, however, this is impossible and a subset of opera-
tions must be sampled. Ideally, the sampling design
should lead to nationally representative estimates (for
example [35, 40]). Realistically, it may be possible only
to collect data that is representative of a subset of opera-
tions, for instance operations representing a segment of
the animal agriculture industry such as dairy herds [41]
or broiler chicken and turkey flocks [35]. Similarly, stud-
ies may focus on operations located in a specific geo-
graphic region such as the densest pig production area
in Belgium [37], Vietnam’s Tien Giang province [42] or
Germany’s state of Northrhine-Westfalia [39]. Regardless
of study scope, a robust sampling frame and an
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appropriate sample size are needed to ensure the study
will be representative of the target population, and ex-
trapolations beyond that population may be challenging.
Studies of antimicrobial consumption can be con-
ducted for surveillance or research purposes. Surveillance
studies are typically conducted by governmental organiza-
tions (e.g., [36, 43]) and research studies more commonly
done by academic investigators (e.g., [37-42, 44]). In some
cases, a study goal may for instance be to evaluate different
antibiotic use metrics (e.g., [35]), but more common re-
search questions involve evaluating antibiotic use practices
([38, 39]) or comparing antibiotic use and farm manage-
ment practices across different types of operations, such as
conventional and organic operations [41]. The study goals
have important implications for which study aspects to
prioritize if resource limitations force trade-offs among
them. For instance, for surveillance purposes it may be
more important to collect nationally representative data
and to repeat the data collection periodically to evaluate
temporal trends ([36, 43, 45]) than to collect highly granu-
lar and detailed data on related issues such as correlation of
antibiotic use with farm management practices. In contrast,
some research questions may require the collection of com-
prehensive and highly detailed data on study operations but
funding may not be available to repeat the study periodic-
ally (e.g., [38, 40, 41]). Regardless of purpose, though, infor-
mation on antimicrobial dosage, duration and reason for
use are key determinants of antimicrobial use patterns and
necessary to evalaute antibiotic exposures. This information
should be collected in surveillance as well as research stud-
ies where possible. Unfortunately, this information is not
consistently collected in all studies (see Table 1) and for in-
stance in the U.S. this data is currently very scarce.
Antimicrobial sales data are the only nationally repre-
sentative, annually available data source in the U.S.
However, these data do not directly capture antimicro-
bial use on farms, and are currently not specific to indi-
vidual species, even though drug companies are required
to estimate sales for the major food-producing species
(i.e., cattle, swine, chicken and turkey) separately starting
with the reporting of the 2016 data. Other nationally
representative data sources in the U.S. are surveys con-
ducted as part of the National Animal Health Monitor-
ing System, which are focused on farm management
practices, not quantitative with respect to dosage and
duration, and currently only conducted every 5 to
7 years; and surveys conducted as part of the Agricul-
tural Resource Management Survey, which are focused
on farm finances. Despite these data limitations it is
clear that antimicrobial drugs are used on U.S. farms
and feedlots. According to the most recent available
sales data, almost 10 million kilograms of medically im-
portant antibiotics approved for food-producing species
were sold in the U.S. in 2015, including 6.9 million
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kilograms of tetracyclines, 900 thousand kilograms of
penicillin and 600 thousand kilograms of macrolides.
Also sold were drugs in a number of other classes in-
cluding aminoglycosides, amphenicoles, cephalosporins,
fluoroquinolones, lincosamides, and sulfonamides. While
it is thus not currently possible to sufficiently
characterize antibiotic exposures on U.S. farms and feed-
lots they undoubtedly occur.

Risk of resistance emergence as a result of antimicrobial
exposure on farms and feedlots

Data based on studies in foodborne and zoonotic
pathogens

Data on the emergence of resistance in foodborne or
zoonotic pathogens is directly relevant for human health
but studies have more commonly focused on commensal
bacteria or animal pathogens. Yet, as shown in Table 2, a
variety of study types are available that evaluate the link
between antimicrobial use on farms and the emergence
of resistance in foodborne or zoonotic pathogens. These
include controlled trials, various observational study
types, and other studies such as microbiological studies
comparing resistance levels across production types.

Among the controlled trials allocation to treatment or
control groups should ideally be random and often is
([46—48]), but this is unfortunately not in all studies suf-
ficiently described [49, 50]. Treatment and control ani-
mals are often experimentally challenged with foodborne
pathogens such as Campylobacter [46, 49] or Salmonella
[47, 48, 51]. In these cases bacterial strains used for the
inoculum are well-characterized and the emergence of
resistance can easily be detected. However experimental
challenges may differ from naturally occuring infections
in important ways including for instance the types and
diversity of bacterial strains used for infection, the meta-
bolic profiles of the bacteria at the time of infection, and
the bacterial quantities used for challenge. Naturally
occuring bacterial populations of Campylobacter have
also been investigated [50], and in some cases naturally
occuring populations of E. coli have been analyzed to-
gether with experimentally inoculated human pathogens
[48, 51]. In most cases, the outcome of interest is
phenotypic resistance measured by dilution or, more
rarely, disc diffusion test but phenotypic methods
have also been combined with genotyping, which pro-
vides more detailed information about the emerging
resistance traits [51].

A number of controlled studies have demonstrated the
emergence of resistance in Campylobacter isolates after
exposure to antimicrobial drugs . For instance, one study
experimentally infected groups of 15 broiler chicken
each on day 19 of life with a quinolone-sensitive Cam-
pylobacter strain, and exposed the birds to enrofloxacin
flumequine at low (15 ppm) or high (50 ppm) dosages in



Page 9 of 38

211

Hoelzer et al. BMC Veterinary Research (2017) 13

saads Ja1pqofduind
pue bnip [elqoniwnue Aq

skep i

10 padnpoliulRl ‘skep |6
10§ PIAOWRI S[BIqODIWIIUe
10|p23J 1e |eALLR Ja)R

sAep g| Burels ‘skep 95 1oy
pa31e3J1 {UISO|A} IO ‘UISUaUOW

PRIBHIP SYNSI INQ ‘S1L[OS| JUeISIS) ‘UIDAWEIUIBIIA lBUIZeY1aWIR) NS suole|ndod
10} 91eJ dbelIed DY) PIsealdu| uonnjip Jobp  dnoib Jad sials 2DUelsISal NOYIM |e1oeq HULIN>0 sjned
SBNIP [e1qoIdIWIIUe JO UONBASIUIWPE  S[OU0D dAlebau  didAlousyd 0l ‘sdnoib og  Jo aduabiewa pas) 1O UM SulDAdeI1910]YD Ajleinieu 4a1o0qojAduwind JEET] Ib) [05]
(dnoib auo
Joj uswiadxe ayy Jo | Aep
UO J0) UOIDSJUl Jale SAep /
(91gndadsns paulewal Buluuibaqg ‘sAep 1, 1o} paiean 3JIl Jo
sdnoub J19Y1o ||e WOy Sa1e|0sl) SpiIq 'SUONBIIUSDUOD JUaIRYIP 61 Aep uo ulens s|gndadsns
P21PaJ1 UIDBXOJOIUS UWIOJ) S91|0S! uoisnyip osip - dnoib Jad Iy 2DUESISa) J91eM Ul 2UINDaWIN| JO UIDBXOPOIUS  YIIM UOIDSJUI [PIUSWILIDAXS usyaIyd
12120qojAdwip) Ul pabIawd dURISISAI - |00 dAnebau  didAousyd Gl ‘sdnoib g jo aduabiewa Bupulp :sauojoulnbolonyy U2100q0)AdWn) J19]101q Ib) 6]
pasn alam sonolgnue
Je[IUISSIP JI UBY) 9DUEISISD) J21ealb sKep 17| 10} ‘UonddUl JaYe
Ul Pa1|Nsal UOIRI0A Ul SOROIGNUe sAep / paieniu Juswieain
JejiWIs JO 3N ‘UawiIbal Juswiea) ‘UIDAWO3U pue upIweIusb Jo
AQ pa1oays sem pue suoneindod XOpeqIeD pue auizeyiauwle)ns  bulueam Jaye skep ¢ s19|61d
/02 '3 9NI1BU Ul pabISWS SDURISISal J1218M AQ pamol|o) sased  Jo 2buajleyd [pruRWILRAXS
‘Uswibas Juswieal) Aq paoedull Jou 1591 uonn|ip yoes sbid g Jo DURISISAI Bupuup SWOS Ul ‘sawayds buisop ‘uone|ndod Jjo3 7 AU
SeM S$91B|OS| DJ}QUOWDS JO 9DURISISA)  S|0AU0D dAllebau  didAlousayd  sdnoib g 'sjeur z - Jo aouabiawa 10 pagy 1UBJRYIP Ul udAwelede ‘wnunwiydA] pjjpuow|ps sbid 104 [8¥]
'sbid paresnun (edAiousyd 1ueisisaleiusd)
ueyl £011Q wnunwiydA| pjjsuow|ps sbid Ayyeay Apuaiedde
4O sisquunu Jsybiy pays sbid W) Pa1e|os! Suleis §
pa1e3J] JUSWILIY JO)E SH2IM 7 IO} UOIIBINDOUI  YIIM UOIIDR4UI [PIUSUILISAXS
pai1sisiad aouelSISa pasea.dul pue J2ye Y g buiuels skep / 1oy ‘pajoyuow uonejndod
sjewliue paieal} woly suonendod uonnjip Jobo dnoub sad 2DUESISa) pa1eai) ‘asop dnnadelayigns 103 'F 3ARU K01 1d
Jj0> 7 dNeU Ul pablawd duelsisal  §joJuod aAnebau  didAlousyd  sbid 9 ‘sdnoib ¢ jo adusbiaws pagy 10 plepuels ‘uppAwoaine wnunwiydA] pjjauow|ps sbid 104 /%]
Apnis ay1 Inoybnoayy
$|03U0D Pa1eR.IUN Ul MO
paulewas duelsisal ‘pouad Hulduies EI
31 INoybBNOIY PaueIds Sem (PR} 40O 0€ Aep uo Burels ‘skep § B
9DUEISIS3) ‘UIDBXO[JOIUD YIIM Paleal) Jley) dnoib 1o} pajeaiy ‘upexoyoldid  JO 7 10 9| Aep UO suleis
SpJiq 10} ‘pue SpiIq Pa1eaI1 WO} uonnjip Jobp Jad sPIYd 05 2DUeISISal J918M ‘UIDBXO|JRIRS ‘UPDBXOPOIUD  9]gndadsns § Yum Uondajul usyIYd
$91e(0s! Ul A|pides pabiaa aouesisas  $|0Juod aAnebau  didAousayd  Jo Gz ‘sdnoib ¢ jo sdusbiswe Bupuup sauojouinbolonyy  [eluswadxe 4a190qojAdwp) J3[10iq 104 [ov]
[BL) P3[|0IUOD) :]oA3| SpeID
2DUEISISa)
[elqoIwnuUe
0} paiefal
punssy SSWO2IN0 21n0J
sjojuod  Ayjigndassns ubisap Apnis Apnis  uonensiuiupe Bnip [eigosdjwiue 19b1e) |epIa1oRq sapads 2041

sbuipuly Ay

Apnis  aduaIasey

sBbnup [eiqoJoiuiue 01 pasodxa alam sjewliue bupnpold pooy Jaye susboyied suIogpoo) Ul 9DURISISaI JO 9duUabiaws oyl buen|ead saipnis Jo ssidwex3 g ajqel



Page 10 of 38

211

Hoelzer et al. BMC Veterinary Research (2017) 13

1USWIRAIY J21JR P3IRASJS PaUlRWIRI
pue Juawieas; Buunp paseaiul
Sulel}s JUBlSISaI JO dud|eAid

sBrip [elqoidIwIUe SSOIDe

POLEA S[2A9| 92URISISS) QURISISaI BNnup
nwi q 03 AjRyI| 240w Apuediyiubis
2I9M $1|OS| [BUOIIUSAUOD

pue ‘suiiey D1UebIO UBYL [EUOIIUSAUOD
wioJy $1ejos! ul Jaybiy Apuesyiubis
2I9M S$31eJ SDURISISAI [elqoIDIWIIUR

spiay
Ailep [euonusaauod buuogybiau
'SA D1UeBIO 10§ S8 SDUEISISAI U
2ouaIayIp uedyiubls Ajjeonsiels ou

‘SUIB} [BUOIIUSAUOD
Uo Ja1ealb sem j0zexoyauieyns
pue upPAwWoIdais 01 dURISISAI
JUIIp ARUBDHIUBIS 10U 219M

S|9AS| DURISISDI ‘SBNIP [RIGOIDIWIAUR
1S0W 10} Dolqiue AQ pasgp synsal

PaNUIIUODSIP SeM 2INsodxa

J9Je 9DURISISAI [PIGOIDIWINUE 1995
JO 9seanul panunuod ‘Buldwes

4o Aep 1se| 9y1 UO 159yDIY Sem

pue spiemiaye Ajipeais paseaioul
1ng uonendoul 150d {7 Aep UO 1S9MO)
SEM 8DURISISAI — SWI) JSAO PaLIeA
2DUPRISISI [elqouDIWIIUR JO Aduanbaiy

sAep Ge 01 dn Joj pa12219p S1e(0S|
JUelsISal {(2Insodxa dnoignue o}
Joud paidaiep 2dueIsISal suojouinb
ou) upexoyo.did pue pioe dixXipljeu
01 JUEISIS3 S31e|OS| Ja100qojAdwn)
Ul Pa1|NS$al UIDeXO0oIUS 01 aInsodxe

sbid woly sa1e(os! [ela1deq Ul
2DURISISDI PaseaIdU] M P3JeIDoSse
3UI2ADRIIRIAXO 0} SMOS JO 2INSodx]

Pasbq-4Dd

uswiean) JidAlousn

Jaye pue buunp  uonnjip iobo
‘10j2q 2duelsisal - didAouayd

|[BUOIIUSAUOD  UouNIp I0bp
'sadluebio  didAiousyd

[BUOIUSAUOD  LOISNYIP YSIP

'saoluebio  didAiousyd
uonnjip

[PUOIIUSAUOD Y1019
'saoluebio  didAiousyd
uorsnyip 2sig

sj0Jjuod aApebau  didAlouayd

uonnyip 1obo

s|0Jju0d aApebau  didAlouayd
Pasbq-4od
oidAiousn
1521 uonnyip
sj0Jjuod aApebau  didAlouayd

syool
[PIDIBWWIOD §

|BUOUSAUOD
0¢ Dluebio
0l :suuey 0g

|BUOIIUSAUOD
Bupoqybiau
0€ pue djuebio
0€ 1swiiej 09

|BUOIIUSAUOD
69 pue djuebio
9z sWiey 56

dnoib
1ad sbid 7|
'sbid jo sdnoib 1

dnoib sad sbid 9
'spid jo sdnoib z

sbid jo sdnoib ¢

20UPRISISal
|ergosnjwinue
JO 2duseAald

Bupulp

SHD0|) JO JUSUILAI) Ja)Je pue

Bunnp ‘a1049g uayel sajdwies
[PLI212BQ ‘UONIJUI JURAS[DI

Ajjea1ulp 1eai1 01 sAep g

J91eM  JOJ JUSWIEaI) UDXE[JOIUD JO
uexoIp ‘ssuojouinbolonyy

J2U10 :]2A3] DpeID

SELE
2oUes|sal
|eigosdiwue

SELE
ERIENEEY]
[eigomIwue

HELET
90URISISA)
|eigosiwinue

(232 ‘upAweiulbia
‘uppelideq ‘UPAwodU|
J91em ‘UdIWeIuab) swiey

pue pa9}  [EUOIUSAUOD UO P3SN SNOLIEA

suey
B/U  [EUONUSAUOD UO Pasn SNOLIeA

suey
/U [BUOIUSAUOD UO P3sn SNOLEA

Apnis [BUONRAIDSTO ([9A3] DpRID

EVENES))
Jo 2duabIswa

aoUeIS|sal
4O 2duabiawa

(smos
JIeRUENTEEN
J2)e s19161d
ul) eduelsisal
4O 2duabiawad

uolenooul
150d skep z bunsers
pa1e3l] ‘9UulDADeIIRIAXO

(Injonyad Aq pamoj|o4 ‘xopeaued
10} W) PRy 10 ‘upAweiede Injoiyad
skep

104 950p dnnadesayy plepuels

so Jad YIM Pa1eal) ‘UIDeXO}JOIUD
Buimoue}

0} Joud pajeal} SMos
pagy  ‘upAwelede ‘aulpAdeIIDIAXO

12190q0jAdwip)

12120qojAdwip)

12100qojAduwip)

DpjjauowW|pS

19¥IeW dURISISAI
pioe Jixipijeu Bujujeuod
UIRAS PaYJeW Yiim
abua|leyd [pruswILRdXS
‘winunwiydA] ojauowps

suonejndod BuIN>0
Ajleinieu Ja1o0qojAduwiny

(SMOs pajealiun Jo pajealt
woly) s19161d jo abus|leyd
|e3UsWILRAXD ‘uonendod
102 SARU 'SDURISISAI
pioe JIXIpIfeu yim
wnunwiydA] pjjauow|os

usdIYd
1910iq

Aaxiny
pue
usydIYd
13104q

smed
Kirep

amed
Kirep

sbid

sbid

sbid

Apnis
[eutpnibuo

O

SO

1002000
:pouad
1oyod

104

104

[£8]

[9¢]

[ss]

[rsl

[€g]

[es]

[1s]

(panuiuoD) sbnp [elqoJdiuilue 01 Pasodxa alam sjewliue budnpold pooy Jaye suaboyied suIogpPOOo) Ul 9DURISISI JO 9dUabiaws oyl bunenjead saipnis Jo ssidwex3 g ajqel



Page 11 of 38

211

Hoelzer et al. BMC Veterinary Research (2017) 13

ApnN1s [UOII3S-SSOID D ‘[eL) P3]|0JIUOD PIZILIOPUEI [ DY ‘(PAQUISIP A|BS|D 10U BWISYDS UONEDO|(e) [eli) PIJ|0AUOD D,

‘pauueq sem uopowoid Yyimoib

10§ UISOJA} JO 9sn 3y} 1aye paseaidap
SaUIDADBIIR) pUB SIPILESODU|
'SOPI0JoBW 01 3DURISISAY

'$91e|0S| /03 J pue
DJj2UOW|DS USXDIYD Ul 3DURISISI
INJOIJad YUM P31e|aIiod Pawass

pouad Apnis Buunp sauaydley

Ul 3sN JNJoIyad JO S[9AJ| 29GaND Ul

'SUOIDRUI UBWINY PUB UDDIYD [1e13)
uo BIag|epIaH bjjpUOW|DS JUEISIS)

-INJOIYad JO dDUS[eARId UDaMmIa]
UOI1e[2110D JUuedyIubIs Aj[eonsiiels

QLU 9O PISeaIdUl SDURISISS) SUIRAS
pue sbrup [eigoiunUe AUew Joj pue
‘urens Jpqojfdwin)) Aq pasayip ‘USIILD
SbUeI-931) UBY) PIEPUB]S WO $91L[OS! Ul
Aj9¥l| 910U Sem SDURISIS3I [PIGOIDIWINUE

so|dules ueuiny

Ul 9511 01 0 woyy pue s1pnpoid
Annod Ul 9t7| 01 0 WoI) Paseadul
2dueIsisal auojouinb Jo sdusieasid

ueq ay1 Jale pasealdsp $Iasiun|oA
Ayijeay Jo eR1oeq [eUNSaIUl
pue 1eaw Ainnod ur uond1BP JYA

(EE

J190npold JO Wiie) 3y} 18 UOlIepI[eA Jo
U0N23|0D 3|dWes ou) PaNUARUOISIP
Alpauiodal sem asn Jaye

|23 dUBISISaI duojouInboionyy Ul
9dUaIaYIp JuedyIubIs Ajjednsiels oN

Aiois1y uonensiuiwpe
|elgolojwiue pue adAy

uondnpoud Aq Ajpuedyiubis passyip
S[9A9| @DURISISDI [RIGOIDILIUER

J910W01d Yimoib

e se UIsojA1 Jo
ueq ay1 Jaye pue
210420 oUEIS|SI

23GaND

ul sauaydIRy

Ul 3N Jnjoryad

JO uonenunUOdsIP
Areyun|on

e Ia)ye pue
‘Bunnp ‘210430
S|oAS| @OURISISY

pouad Apnis
pue (piepuels
10 abuel-391))
2dAy uononpoud
Jo uonduNny

e se Jaybneys 1e
S|9A3] 2UEISISal

auwin
J9A0 DURISISAI
JO 2dusjeAald

ueq ay1
J2)Je pue 310437
S91eJ JaLIed JYA

|EUOIIUSAUOD
SA 3N

A101s1y asn
[eIgoIDIWNUE pue
2dA1 uopdnpoud
JO uonouny

e se Jaiybnels 1e
S|oAS| @dURISISal

uolsnyip ysip
oidAouayd

uonnyp

o9
oidAouayd

uonnyip 1obo
oidAouayd

uoIsnyip xsip
oidArousyd

V/N

oidAouayd

poylaw
uonnjip
oidAouayd

JEN]
skep /87 01 €81
ulebe paujwexs

QUM SWIBY
€1 ‘swiej 9|

spouad awl pue
sadulnold ssone
uone[RLI0D

oy
Jad suaypiyo
0l 40l ¢

6861

01 7861 Wol
pa129]|0> ‘a|dwies
2DU3JUSAUOD

sajdwies
9DUBIUSAUOD

900¢ Ul SYeem
SAIINDASUOD

Gl pue

$00C Ul Sfoam
SAIINJISUOD

0z 1oy |1e121 18
pajduwes syeaw
‘s1dnpoud §

uaNdIYd
woy sa|dues
[e2R3D 009 = U

20URISISal
[eigomiwnue
JO 2duseAald

$958D
uewny pue
183U UaXDIYD
wolj saie|
-0s| [el212eq
Ul 9dUeIsIsal
-Injonyad

JO 9ouseAaud

J21ybnes

18 9DUPRISIS3)

[elgo.niwnue
JO 2duserald

aoueIs|sal
JO 2duseAald

ousjeAaud
JUA 4O S99

ERIENESY)
4O dURjRARIY

191ybnes

18 30URISISAU

|elgoIwnUe
JO 9ouseAaud

po3y

e/u

SNoleA

e/U

SsnoueA

loiem

Ajgewnsaid

SnoleA

upAwelusb ‘upAwoidans
‘jod1uaydwielo|yd ‘auljpAdesnay
‘uyjpiuad ‘unAwepuld
‘upAwelds ‘uPAWOIYIAIS

01 9DUPISISAI ‘UISOIAY

800¢—€00¢

10U saop pouad 700z

-100¢ ‘si20woid ymwmoib
JnoIgIue Jof Ueq 310§3q S|je}
pouad awn 96617661 ‘Swiey
[BUOIIUSAUOD UO Pasn SNOLieA

sauojounbo.nyy

pouad Apnis Buunp
N0 paseyd uonowoid
ymoib 1oy asn upiedone

auojouinbolonyy

UL
[PUOIIUSAUOD UO Pasn SNOLIBA

winaby SN22020i21U3 sbid

suewiny
pue 1eaw

102 3 [PSUSLIWIOD uPIYd
JURISISaI INJOILD woyy
‘BIaqOPISH DjjaUOW|DS $91e0S!

usdIYd

12100qojAdwn) 19]10iq

synpoud
Ainod
pue

Ja120q0)Adwip) suewny

SI993UN|OA
uewny

Ayajeay

‘1esul

Aaxiny

(3YA) JUBISISAI UIDAUIODURA pue
9dA1-yueA 122030101U7 VENRIVR]

lesw

12120qojAdwip) uaxdIYD

usyPIYd

12120qojAduwip) 139]101G

Apnis
|eupniibuo’

Apnis
uone[a1Iod

11ybnes
1e sojdudes
|ena10eq

sojdues
|en10eq

sojdues
|en10eq

s1eaul |1eyal
Jo sa|duies
|en1oeq

191ybnes
1e so|duies
|eL10eq

[#9]

[€9]

[¢9]

[19]

[09]

[65]

[85]

(panuiuo)) sbnup [elqoJdiuilue 01 Pasodxa alam sjewliue budnpold pooy Jaye susboyied suIogpPOOo) Ul 9DURISISI JO 9dUabiaws 9yl bunenjead saipnis Jo ssidwex3 g ajqel



Hoelzer et al. BMC Veterinary Research (2017) 13:211

drinking water for 4 days, beginning on day 26 of life,
7 days after infection [49]. On days 29, 33 and at slaugh-
ter on day 43, Campylobacter isolates from both exposed
groups harbored resistance to enrofloxacin as well as
nalidixic acid and flumequine, while those from unex-
posed control groups remained sensitive to these drugs
and non-infected control groups did not yield Campylo-
bacter isolates, making introduction of other Campylo-
bacter strains from outside sources unlikely. In another
trial, broiler chicken were experimentally infected with
susceptible Campylobacter strains on days 16 or 24 of
life and exposed to enrofloxacin or sarafloxacin in drink-
ing water for 5 days, starting on day 30 of life [46]. Flur-
oquinolone resistance emerged rapidly in Campylobacter
isolates from exposed birds, and, for birds treated with
enrofloxacin, resistance was retained throughout the
sampling period. Another controlled trial evaluated the
impact of a single enrofloxacin exposure on naturally
occuring Campylobacter populations isolated from pigs.
Before exposure, all 867 collected isolates were suscep-
tible to nalidixic acid and ciprofloxacin. After treatment,
isolates with high resistance to nalidixic acid and cipro-
floxacin were detected in the exposed groups, up to
35 days after treatment [52]. Similar observations have
also been made for naturally occuring Campylobacter
populations in beef cattle. In this study, steers were ex-
posed to a variety of antimicrobial treatments (i.e., chlor-
tetracycline  with or  without sulfamethazione,
virginiamycin, monensin and tylosin) in feed for 56 days,
and then again for 42 days after 91 days without any
antimicrobial exposures [50]. Exposure to antimicrobials
resulted in an increased carriage rate for resistant Cam-
pylobacter isolates but the authors noted marked differ-
ences among antimicrobial drugs and Campylobacter
species. For Campylobacter jejuni, administration of anti-
microbials significiantly increased resistance rates to
ampicillin and tetracycline but not erythromycin. In con-
trast, for Campylobacter hyointestinalis, results were not
statistically signficiant for ampicillin and erythromycin
resistance was statistically signficiant only in cattle fed
tetracycline, highlighting the potentially important dif-
ferences among antimicrobial drugs and bacterial
species.

In fact, studies for Salmonella have yielded somewhat
different results. A randomized controlled trial investi-
gating the impact of different treatment regimen admin-
istered to pigs through feed or drinking water failed to
find a statistically significant impact of antimicrobial ex-
posure on resistance in the Salmonella Typhimurium
isolates used in the experimental challenge, but did find
an impact on resistance in the native E. coli population
which was effected by treatment regimen [48]. In that
study, piglets were experimentally challenged with Sal-
monella two days after weaning and treatement through
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feed or drinking water was initiated 7 days after infec-
tion, for 14 days. Notably, data for Salmonella Typhi-
murium were not actually presented in the study and
isolation rates were not reported. Still, the reasons for
this apparent difference in results for Salmonella com-
pared to native E. coli are not clear. In another con-
trolled trial, sows were treated with oxytetracycline prior
to farrowing (or not), their piglets challenged with Sal-
monella Typhimurium, and then piglets were treated
with oxytetracycline or apramycin (or not at all) [51].
Resistance levels in the Salmonella isolates were not sig-
nificantly effected by the treatment regimen, but resist-
ance to both aparamycin and oxytetracycline was
reportedly highest in E. coli isolates from pigs that
nursed sows treated with oxytetracycline prior to farrow-
ing. In yet another randomized controlled trial, piglets
were experimentally infected with Salmonella Typhimur-
ium and exposed to aureomycin fourty-eight hours after
challenge. Exposed pigs consistently shed statistically
significantly higher numbers of Salmonella than unex-
posed controls but resistance was not reported for Sal-
monella isolates. On the contrary, in another
randomized controlled trial pigs were experimentally
challenged with a Salmonella Typhimurium strain carry-
ing a nalidixic acid resistance marker and then exposed
to ceftiofur and oxytetracycline, aparmycin and oxytetra-
cycline, or carbadox and oxytetracycline [53]. Resistance
levels varied over the study period and differed by anti-
biotic treatment but for all treatments were highest on
the last day of the study. Notably, for aparamycin, carba-
dox and ceftiofur, resistance continued to increase after
the antimicrobial exposure was discontinued.

Evidence from observational studies supports a risk of
resistance emergence in foodborne pathogens exposed
to antimicrobial drugs on farms but also reinforces the
complexity of the issue. For instance, one cohort study
during the years 2000 and 2001 compared phenotypic
resistance to various antimicrobial drugs in Salmonella
isolates from 69 conventional and 26 organic daries. Re-
sults differed by antibiotic. Resistance to streptomycin
and sulfamethoxazole was greater on conventional farms
while for most antimicrobial drugs, resistance levels
were not significantly different [54]. In contrast, a cross-
sectional study of Campylobacter resistance in insolates
from 30 organic dairies and 30 neighboring conventional
operations failed to find a statistically significant differ-
ence in resistance rates [55]. Yet another cross-sectional
study of Campylobacter resistance in conventional and
organic broiler chicken and turkey flocks found signfi-
ciantly higher antimicrobial resistance rates in isolates
from conventional compared to organic farms [56]. In
addition, isolates from conventional farms were signifi-
cantly more likely to be multi-drug resistance, and resist-
ance levels varied across drugs.
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A variety of other study designs have also been used to
investigate the issue and generally support a risk of re-
sistance emergence after exposure, even though the
strength of evidene is significantly lower compared to
that from controlled trials or observational studies. For
instance, one study investigated the prevalence of anti-
microbial resistance in Campylobacter isolates from 5
commercial broiler flocks before, during and after they
were exposed to difloxacin or enrofloxacin in the drink-
ing water [57]. Even though this study lacks proper con-
trol groups it was conducted in commercial flocks and
therefore provides a valuable complement to the con-
trolled trials discussed above. The prevalence of resistant
strains increased significantly during treatment and
remained elevated after treatment. Other studies have
compared rates of resistance across production systems
[58, 59], over time periods that coincided with the intro-
duction or ban of certain antimicrobials [60, 61], or both
[62]. These studies generally support a risk of antimicro-
bial resistance emergence after on-farm exposure. A
drop in vanA —type vancomycin resistance in Entero-
cocci from poultry meat and health volunteers, for in-
stance, coincided with a ban of avoparcin as growth
promoter [62], ceftiofur resistance levels in Salmonella
Heidelberg from retail chicken and human cases de-
creased while ceftiofur use in hatcheries was tempor-
arily discontinued and increased when it was
reinstated [63], and a rise in fluoroquinolone resistant
Campylobacter coincided with the introductin of
enrofloxacin [61]. Notably, another study failed to
find a statistically significant drop in fluoroquinolone
resistance among Campylobacter isolates after their
use was supposedly discontinued [59].

Taken together, these studies provide evidence that
antimicrobial use on farms can and does lead to an in-
crease in resistance among foodborne pathogens isolated
from the exposed animals. How quickly resistance
emerges seems to depend on many factors, including the
pathogen species, strain and drug treatment of interest.
In some instances, discontinuation of use may lead to a
rapid decrease in resistance; for example, a decrease in
vancomycin-resistant Enterococci (VRE) coincided with a
ban of avoparcin as growth promoter [60], and a de-
crease in vancomycin resistance was demonstrated on
individual farms after the ban of antimicrobial growth
promoters [64]. In other cases, however, resistance levels
have remained increased for extended periods of time
after antibiotic uses were discontinued. For example, in
a longitudinal study of farms that discontinued fluoro-
quinolone use as well as control farms, resistance rates
in Campylobacter isolates remained high for years after
use was discontinued [59]. Similarly, vancomycin resist-
ance in Enterococci isolates from pigs did not decrease
in response to a discontinuation of use until the use of
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tylosin, a macrolide, was also discontinued, because both
resistance traits were genetically linked [2]. Also notably,
antimicrobial exposure does not always lead to a statisti-
cally significant increase in resistance rates during the
studied time periods [54]. Similarly, resistance levels in
bacteria associated with operations that do not use anti-
microbial drugs are not in all cases significantly lower
than those associated with operations that do [55].
Therefore, while exposure of foodborne pathogens to
antimicrobial drugs on farms or feedlots clearly poses a
risk of resistance emergence that risk is currently diffi-
cult to quantify.

Data based on studies in animal pathogens or commensal
bacteria

Bacteria can readily share their genetic material. The
emergence of antimicrobial resistance in commensal
bacteria or animal pathogens contributes to the abun-
dance of resistance genes that may subsequently be
transferred to human pathogens. Because commensal
bacteria are ubiquitous in the environment and their
study tends to be easier than that of foodborne or zoo-
notic pathogens, considerably more studies have focused
on the impact of antimicrobial exposure on commensal
bacteria than foodborne or zoonotic pathogens. Only a
few representative studies are highlighted in Table 3, as
illustrative examples. Additional examples are provided
in other reviews, including that performed by the Joint
Expert Technical Advisory Committee on Antibiotic Re-
sistance (JETACAR) [32].

As shown in Table 3, a variety of study types are avail-
able that investigate the emergence of resistance in com-
mensal bacteria in response to antimicrobial exposure.
These include controlled trials, observational studies,
and correlation studies that compare bacterial popula-
tions across settings. Similar to the situation described
in the preceding section, most studies rely on pheno-
typic methods to evaluate resistance levels, and studies
vary vastly in the amount of control they exert on treat-
ment allocation and antimicrobial exposures. Because
the primary focus is on commensal bacteria, studies typ-
ically follow naturally-occurring bacterial populations,
even though, as described in the preceding section, in
some cases animals are experimentally challenged with
pathogens and both pathogens and commensals are
followed over time.

A number of randomized controlled trials have dem-
onstrated an increase in the prevalence of antimicrobial
resistant bacteria following antimicrobial exposure. For
instance, in one study feedlot steers were fed chlortetra-
cycline with or without sulfamethazine, monensin, tylo-
sin or virginiamycin for 61 days in a silage-based diet,
followed by 86 days without antimicrobials, and then an-
other 42 days of exposure while being on a grain-based
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diet [65]. Expsoure to antimicrobial drugs significantly
incrased the prevalence of steers shedding resistant
baceria and the data suggested a potential genetic link
between tetracycline and ampicillin resistance. Notably,
the type of feed significantly impacted shedding rates
with higher rates associated with the grain-based diet,
emphasizing the importance of external factors. In an-
other randomized controlled trial, feedlot steers were ex-
posed to a single dose of florfenicol by subcutaneous
injection and resistance in fecal E. coli populations were
measured before and immediately after exposure, and up
to a month later [66]. Notably, treated and control ani-
mals were housed in the same pen together with other
steers. Immediately after treatment, all isolates from
treated animals were resistant to multiple antimicrobial
drugs including chloramphenicol, and resistance per-
sisted in later samplings. The source of the animals and
their previous management were found to have a statis-
tically significant impact on the resistance dynamics. Yet
another study used a metagenomic approach [67]. Feed-
lot steers were exposed to chlortetracycline — adminis-
tering the drug either to one or all steers in the pen —
followed by administration of chlortetracycline (or no
antimicrobial drugs). Fecal bacterial communities were
analyzed for common resistance genes (i.e., blacyy.o,
blacTx.am tet(A) and tet(B)) by real-time PCR. A deter-
mination of the bacterial species carrying the resistance
genes was not performed but 16S rRNA gene quantity
was determined to standardize the number of resistance
gene copies. The frequency of ceftiofur resistance genes
increased significantly when all steers received ceftiofur
while tetracycline resistance decreased at the same time,
likely indicating a shift in the composition of the micro-
bial community. In response to subsequent chlortetra-
cycline exposure both ceftiofur and tetracycline
resistance genes increased.

Similar results have also been observed in pigs. In one
trial, for instance, pigs on 3 farms were exposed to
chlortetracycline in the feed and resistance was evalu-
ated in their aerobic gram negative bacteria as well as
Salmonella. Antimicrobial exposure was associated with
increased prevalence of resistance in aerobic gram-
negative bacteria. In another study, pigs were fed tylosin
and weekly samples were taken to evaluate macrolide re-
sistance in fecal enterococci and skin staphylococci [68].
The prevalence of resistance in enterococci immediately
increased 2.4 times in response to tylosin exposure. By
comparison, resistance in Staphylococcus hyicus oc-
curred more gradually, at a rate of 8% per day and 5
times over 20 days.

As shown in Table 3, there is also strong evidence
from observational studies as well as the analysis of con-
venience samples that antimicrobial use on farms leads
to an increase in resistance among commensals and
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animal pathogens isolated from the exposed animals. In
one cohort study, for instance, the impact of olaquindox
exposure on coliform bacteria from pigs was analyzed
and compared to resistance in coliform bacteria from
pigs on neighboring farms not exposed to olaquindox
[69]. Both the prevalence and level of resistance increased
on farms that used olaquindox, and to lesser extent on ad-
jacent farms. Two cross-sectional studies of 34 and 47 pig
farms provide further evidence for a risk of resistance in
response to antimicrobial exposure [70, 71]. Notably, one
of the studies provided some evidence for co-resistance
and cross-selection, and noted that antimicrobial use in
weaners was associated with incrased resistance [71]. In
addition, a study of E. coli convenience samples across 7
countries revealed a correlation between antimicrobial use
and resistance [72] and an analysis of Enterococci from
poultry samples collected before and after the avopar-
cin ban found the prevalence of vancomycin-resistant
Enterococci decreased in poultry meat samples after
the avoparcin ban [73].

Taken together there is ample evidence supporting a
risk of resistance emergence in commensal bacteria after
exposure to antimicrobial drugs. How quickly resistance
emerges is affected by a variety of factors, including the
bacterial species and the antimicrobial treatment choice
as well as potential preceding antimicrobial exposures
[66, 68]. A variety of external factors, such as the type of
feed chosen, can also influence the emergence of resist-
ance [65]. Resistance may be reversible [73], but can re-
main at elevated levels after use is discontinued [47],
and a single exposure can lead to increased resistance in
the commensal bacterial population [66]. Therefore,
while exposure to antimicrobial drugs on farms or feed-
lots clearly poses a risk of resistance emergence in com-
mensal bacteria that risk is currently difficult to

quantify.

Data based on studies in humans, laboratory animal
models or in vitro systems

Data on the correlation between antimicrobial use and
the emergence of antimicrobial resistance have also been
collected in human healthcare, laboratory animal models
and in vitro systems. Results collected in these settings
are generally consistent with the observations made in
agricultural settings. As shown in Table 4, a variety of
study types are available, including RCTs, observational
studies, and other types of evidence. Many of the scien-
tific studies have analyzed the emergence of resistance in
humans during treatment, monitoring the resistance of
bacteria isolated from the patients over time. In some
cases, patients were randomly allocated to treatment
arms, whereas other studies compared isolates from pa-
tients that received treatments with different antimicro-
bial drugs or treatment regimen. Yet other studies
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followed bacterial populations in laboratory animals or
in vitro systems, or evaluated correlations between anti-
biotic use practices and the prevalence of resistance.

A systematic review of randomized controlled trials in
pneumonia patients with initially sensitive Pseudomonas
aeruginosa infection, for instance, found that resistance
emerged readily de movo in response to imipenem
exposure, with an average of 38.7% of isolates (range:
5.6-77.8%) acquiring resistance [74]. Notably, de novo
resistance emergence was less likely in the comparator
group treated with other antimicrobials (i.e., beta-
lactams, aminoglycosides, vancomycin, or fluoroquino-
lone), where resistance emerged in an average of 21.9%
of isolates (range 4.8—56.5%). Another meta-analysis of
human patients with various types of infections treated
with beta-lactam antibiotics or a combination of beta-
lactams and aminoglycosides found that resistance
rapidly emerged de novo, with up to 20% of isolates be-
coming resistant, and there was no statistically signifi-
cant difference between the two treatments [75]. Results
from a variety of observational studies as well as meta-
analyses of individual observational studies also support
a risk of resistance emergence in response to antimicro-
bial exposure [76-79]. Studies in laboratory animals and
in vitro models have also demonstrated for a number of
different bacteria and drugs that antimicrobial resistance
readily emerges in response to exposure, sometimes very
quickly, even though the dynamics of that resistance de-
pend on the specific bacterium and drug [80, 81]. Simi-
lar to the situation in animal agriculture [72], a cross-
national study has demonstrated a correlation between
antibiotic use patterns and resistance levels, showing
that rates of antimicrobial resistance are higher in high-
consuming countries [82].

Together, these data further support that antimicrobial
drug use can and does lead to the emergence of resistance
in exposed bacteria. The data also suggest that in general,
longer exposure periods and preceding antimicrobial ex-
posure tend to be associated with an increased risk of re-
sistance compared to short exposure times [78, 79, 83].
However, how quickly resistance emerges depends on the
pathogen, drug, and resistance mechanism, among other
factors [80, 83]; exposure to a drug can also select for re-
sistance to a related drug due to cross-selection, and some
resistance may be maintained in the absence of antimicro-
bial selection, for instance due to co-selection [84]. The
data further suggest that certain treatment regimens may
be associated with an increased risk of resistance com-
pared to others (see for instance [77, 78, 85]), but more
data are needed to allow the optimization of treatment
regimen to minimize the risk [83, 86] and data specific to
animal agriculture are needed to determine how to trans-
late the information to optimize treatments in this regard
in veterinary settings.

Page 19 of 38

Risk of infection due to resistant bacteria that emerged
on the farm

Transmission of foodborne or zoonotic pathogens to
humans

Because of ethical considerations, RCTs that evaluate
the risk of pathogen transmission from animals to
humans are generally not feasible. However, there is
considerable evidence from observational studies, as well
as other study types, such as outbreak investigations,
case reports, and bacterial studies of correlation among
bacteria from different sources that foodborne or zoo-
notic pathogens carrying antimicrobial resistance genes
are shared between animals and humans (Table 5). Many
of the studies have focused on Salmonella or
methicillin-resistant Staphylococcus aureus (MRSA), and
many are based on case-control studies that compare
risk factors for infections with resistant or susceptible
isolates retrospectively. In at least some studies, the dir-
ectionality of transfer remains unknown; and for at least
some pathogens and settings, cross-species transfers
may be relatively infrequent. Moreover, in some instance
the study analyzed colonization with a potential human
pathogen such as MRSA, rather than actual infection
that led to clinical disease. While colonization with these
potential pathogens clearly demonstrates transmission,
the associated public health risk is less clear.

A number of observational studies have evaluated the
human health risk posed by infections with antimicrobial
resistant foodborne or zoonotic pathogens. A retrospect-
ive case-control study in New England (U.S.), for in-
stance, evaluated risk factors for infections with a
multidrug-resistant Salmonella Newport strain (MDR
AmpC), comparing 34 case patients to 37 controls in-
fected with susceptible Salmonella Newport strains and
94 healthy community controls [87]. Infections with the
multidrug-resistant Salmonella Newport strain were sig-
nificantly associated with dairy farm exposure.

(Adjusted odd ratio 12.2; 95% Confidence Interval:
1.2-640). Investigation of two regional dairy farms
where the Salmonella Newport strain had recently been
identified detected the strain in animals and ill farm
workers. In fact, bacterial isolates from humans and cat-
tle were indistinguishable or closely related based on
antibiotic resistance profiles and PFGE patterns. Another
case-control study, also focusing on Salmonella Newport
MDR AmpC in the U.S. but national in scope and com-
paring 54 case patients to 146 controls infected with
pan-susceptible Salmonella Newport strains and 1154
healthy community controls, identified consumption of
uncooked ground beef or home prepared runny scram-
bled eggs or omelets during the 5 days prior to illness
onset as a significant risk factor [88]. A third case-
control study of Salmonella Newport MDR AmpC, com-
paring 268 cases from Wisconsin to 402 controls from
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the remaining U.S. found infections with Salmonella
Newport MDR AmpC significantly associated with ex-
posure to cattle, farms and unpasteurized milk [89]. Yet
another case-control study of 45 case patients infected
with Salmonella Newport strains carrying chlorampheni-
col resistance and 89 matched healthy controls identified
eating ground beef during the week before illness onset
and penicillin and tetracycline use during the month be-
fore onset of symptoms as significant risk factors [90].
Notably, the same Salmonella strain was isolated from
hamburger products eaten by case patients, as well as
the abattoirs where the animals were slaughtered, dairies
that sent the animals to slaughter, and ill dairy cows.
Chloramphenicol resistant Salmonella from dairy farms
were associated with chloramphenicol use on those dair-
ies. In addition, case-control [91] and cross-sectional
[92, 93] studies in the Netherlands and Belgium have
identified animal contacts as risk factors for carriage or
infections with MRSA. In one study of veal calf farmers
in the Netherlands, human MRSA ST 398 carriage was
associated with intensity of animal contact and number
of positive animals on farm; calves were more likely to
be carriers when treated with antibiotics, and good farm
hygiene had a protective effect [92]. In another study of
swine farmers in Belgium, MRSA ST 398 carriage by
farmers was associated with prevalence among pigs on
the farm, having regular contact with pigs, dogs, and
horses, and use of protective equipment [93]. A case-
control study of human infections with non-typable
MRSA in the Netherlands, comparing 35 cases to 76
controls based on a national database of human patients,
identified living in rural areas and contact with pigs and
cattle as significantly associated with case patients [91].
In addition, Salmonella outbreaks have been traced
back to farm animals. For instance, an outbreak of
multidrug-resistant  Salmonella Typhimurium DT104
that occurred in Denmark in 1998 was traced back to a
swine herd [94]. The outbreak strain was a rare strain,
simplifying the trace-back. In fact, the same rare strain
was isolated from patients and pork samples and pork
samples were traced back to the swine herd of origin.
Notable, the resistant infections in humans were more
difficult to treat due to the resistance profile. In another
outbreak involving a rare strain of Salmonella Newport
that occurred in the U.S., hamburgers from beef cattle
fed chlortetracycline were identified as the likely out-
break source [95]. Trace-back investigations revealed the
same rare Salmonella strain found in human patients
was shed by cattle. Human case reports have identified
farm exposures as the likely source of infections with
multidrug resistant Salmonella Typhimurium in the U.S.
[96] and MRSA in the Netherlands [97]. In fact, in the
latter case infection with MRSA was traced back a pig
farm, where it was isolated from the pigs and co-
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workers, and onward transmission to the farm family
was documented [97]. Correlation studies and phylogen-
etic analyses also provide evidence supporting a transmi-
sison of MRSA between animals and human contacts
[22, 98, 99]. In Canada, the rate of ceftiofur-resistant
Salmonella Heidelberg infections was statistically signifi-
cantly associated with contamination rates on retail
chicken [63].

Taken together, the evidence for a link between food-
borne or zoonotic bacteria with antimicrobial resistance
genes on farms or feedlots and human health risks is un-
disputable. Exposure to farms, consumption of raw or
undercooked foods of animal origin, and living in rural
areas have been identified as risk factors for infections
with those foodborne pathogens that carry antimicrobial
resistance genes [87, 88, 90, 91]. Outbreaks of foodborne
illness associated with resistant bacteria have been traced
back to the farm of origin [94-96]; identical bacterial
strains have been identified in animals and humans in
contact with them or the food they produce [97-99].
And in at least some cases, increased intensity of animal
contact led to a measurably increased risk of human in-
fection with resistant strains [92, 93]. While the magni-
tude of the risk may vary across pathogens and
circumstance, it is clear that foodborne or zoonotic bac-
teria on farms or feedlots that carry resistance genes
pose a human health risk.

Transmission of commensal bacteria from food-producing
animals to humans

Most of the research on the emergence of resistance as a
result of on-farm use of antimicrobial drugs has been
conducted on commensal bacteria, and observations
from studies which simultaneously analyzed resistance
emergence in foodborne as well as commensal bacteria
suggest that resistance may emerge more quickly in the
latter. The question of whether the emergence of resist-
ance among commensal or animal pathogens on farms
poses a human public health risk is therefore an import-
ant one.

As shown in Table 6, a variety of studies have evalu-
ated the link between antimicrobial resistance in animal
commensals and human health risks. The available evi-
dence types include observational studies and other
study designs such as correspondence of bacterial strains
from different sources. Notably, because of the complex-
ity of the events evaluated, study designs are often intri-
cate and may include, for instance, a randomized
controlled trial of chicken exposed to antimicrobials,
paired with an observational study evaluating the
colonization of their human caretakers [100]. While
some studies choose prevalence of resistance as study
outcome, others also include degree of resistance,
expressed for instance as MIC. Farm workers as well as
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workers in slaughterhouses tend to be the primary popula-
tion subgroups of concern in these studies, even though
consumers handling potentially contaminated carcasses,
as well as animals in contact with infected animals have
also been considered in some studies [100—106]. Studies
also vary in the bacterial population of concern and range
from narrowly defined, for instance E. coli carrying nali-
dixic acid resistance [100] to broad, for example anaerobic
bacterial populations in general [107]. Conjugation studies
are a special study type relevant in this context, which
evaluates the transfer rates of bacterial resistance genes
between bacterial populations in vivo, in the gut of ani-
mals or human volunteers [108—112], or in vitro [107].

A number of observational studies have investigated
the effect of antimicrobial exposures on farms on resist-
ance in commensal bacteria isolated from farm animals
and human contacts. In one cohort study in the U.S., for
instance, when broiler chicken were exposed to tetracyc-
line in the feed, the emergence of tetracycline resistance
was traced in the intestinal bacteria isolated from the
birds, and in commensal bacteria isolated from 11 mem-
bers of the farms where the exposed birds were housed
[102]. Resistance to tetracycline in the intestinal bacteria
from farm members in contact with the exposed birds
was compared to that of 24 neighbors. Antimicrobial re-
sistance emerged under exposure on the farm and the
prevalence of antimicrobial resistance was higher in bac-
teria from exposed farm families than in neighbors. In
another study of poultry farmers in the U.S. a random-
ized controlled trial design was combined with a case-
control study design [101]. In the randomized,
controlled part of the study, groups of 50 chicken were
exposed to tetracycline in feed while controls did not re-
ceive any antimicrobial drugs. The emergence of resist-
ance in the commensal bacteria on the chicken was
tracked. At the same time, the commensal bacteria of
farm families in contact with the chicken was tested for
the emergence of resistance, and this was compared to
the commensal bacteria from other farm families in the
proximity, and to commensal bacteria from medical stu-
dents. The study clearly demonstrated that antimicrobial
resistance emerged in exposed chicken and the farm
family contacts. Similarly, in a study of 47 turkey,
51 broiler and 25 layer farmers and their flocks as well
as 46 poultry slaughterers in the Netherlands, the preva-
lence and degree of resistance in E. coli populations was
analyzed and antibiotic use on the farms was recorded
[104]. The prevalence of resistance was significantly
higher in E. coli samples from turkey and broiler flocks
than in those from laying hens, which was correlated
with antibiotic use practices. The prevalence of resist-
ance was also higher in bacteria from turkey and broiler
farmers and slaughterers than in laying hen farmers. In-
dividual isolates from farmers or slaughterers and birds
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or their meat seemed to match, despite some variability
across farms. In another cross-sectional study, the preva-
lence of resistance in E. coli isolates from 290 pig
farmers and 316 abattoir workers in the Netherlands
was compared to that of 160 urban or suburban resi-
dents [103]. Fecal E. coli from the three human groups
were tested for resistance to multiple antimicrobial
drugs. The highest percentage of resistant E. coli was
found in pig farmers, while urban/suburban residents
had the lowest prevalence. In another very complex
study design, the colonization of poultry workers with a
specifically marked E. coli strain was evaluated [100].
Birds were experimentally inoculated with a challenge
strain of E. coli (36 birds on a university farm, and 16 on
a commercial farm). Poultry workers in direct contact
with the challenged birds were sampled for colonization
with the challenge strain. The results were compared to
control workers with or without direct contact to con-
trol birds, and to samples collected from the exposed
workers prior to exposure. In addition, the birds were
sampled for colonization. The study clearly showed that
after birds were challenged, the poultry workers in direct
contact with the challenged birds were colonized; results
were similar on the university and commercial farm.
Evidence for a transmission risk from farm animals to
humans is also provided by other study types. For in-
stance, a number of studies lack proper negative controls
and apply complex study designs but, despite these limi-
tations, provide evidence in support of a transmission
risk. For instance, one study performed in the U.S. eval-
uated the spread of resistant E. coli to livestock, farmers
and the environment [105]. In separate experiments, one
pig and one cow were experimentally inoculated with a
specific E. coli strain that carried a particular resistance
to make it easier to detect. Animals in contact with the
inoculated animals (pigs or cows and mice) were sam-
pled for the E. coli strain, as were human caretakers and
the environment. Contact animals, mice, flies and care-
takers were found to excrete the challenge strain of E.
coli. The length of colonization varied, but in several
cases exceeded 4 weeks. The E. coli strain was also found
in the environment and housing system and this finding
impacted the dynamics of spread. Exposure to chlor-
tetracycline use in the experiments led to increased re-
sistance, even though transfer of resistance plasmid to
other bacteria was not detected. The number of animals
in this experiment was low (Table 6) and only the cattle
experiment was repeated once, with one ‘replicate’ in in-
door and one in outdoor settings. Nonetheless, the ex-
periments provide evidence that transmission of
resistant bacteria from livestock to human contacts can
and does occur. In another uncontrolled transmission
study, also conducted in the U.S., the spread of resistant
E. coli from calves to human contacts was evaluated, and
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the impact of tetracycline exposure on the risk was
assessed [113]. In this case, the experiment was repeated
three times. Calves were inoculated with a rare E. coli
strain carrying resistance genes and human volunteers in
contact with the calves were sampled for carriage of the
challenge strain. The study provided evidence that chal-
lenge bacteria were transferred from calves to human
contacts. However, no statistically significant impact of
tetracycline exposure on the transmission risk was de-
tected. The exposure of calves to tetracycline did not re-
sult in a statistically significant difference in resistance
levels of bacteria in the human volunteers. In yet an-
other uncontrolled study, the transmission risk associ-
ated with consumer handling of contaminated carcasses
was assessed [106]. An E. coli strain with an antimicro-
bial resistance marker was used to inoculate a chicken
carcass, and the volunteer handling the carcass was eval-
uated for carriage of the marked strain. The study clearly
showed that the E. coli strain was transferred from the
chicken carcass to the volunteer handling it. Even
though this study also lacked controls and replicates it
does provide evidence that bacteria can be transferred to
consumers through the handling of contaminated meat
or poultry products.

Results from correlation studies, which compare bacter-
ial populations in food producing animals and human
contacts, also support a transmission risk even though the
evidence is less-well controlled and less rigorous. In one
study in Norway, for instance, 13 cattle, and 3 family
members in contact with the cattle as well as the veterin-
arian, were evaluated for the presence of antimicrobial-
resistant E. coli, and the sampling of human volunteers
was repeated after one year, at which point samples from
4 other veterinarians were added [114]. The study found
concurrent strains of multi-drug resistant E. coli in the an-
imals and human contacts. In another Norwegian study,
poultry farmers and their birds were sampled for
vancomycin-resistant Enterococcus faecium and the gen-
etic relatedness among the bacterial isolates was assessed
[115]. On one of the farms, human and animal bacteria
were genetically closely related. Notably, even genetically
unrelated strains shared related vancomycin resistance
genes, suggesting HGT. In another study in the U.S,, 14
farm families in Missouri and their livestock (i.e., cattle or
swine) were sampled for E.coli and the genetic relatedness
among the human and animal isolates was assessed [116].
The frequency of animal contact was recorded and its po-
tential impact on the genetic relatedness among the iso-
lates was assessed. Notably, the frequency of animal
contact was not significantly associated with the genetic
relatedness among human and animal isolates. However,
consumption of home-raised beef appeared to be associ-
ated with concordance between human and animal
isolates.
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Taken together, the data clearly support the notion
that antimicrobial-resistant commensal bacteria that
emerged in food-producing animals can be and are
transferred to humans. This may occur through direct
contact with the animals, or indirectly, for instance
through handling of contaminated carcasses. Notably, in
cases of transmission through direct contact directional-
ity may not always be clear and in some instances bac-
teria may also be transmitted from humans to the
animals they are in contact with. Nonetheless, the fact
that commensal bacteria can be transferred to humans
from food-producing animals is undoubtable.

Risk of resistance gene transfer from food-animal associated
commensal bacteria to human pathogens

Resistance that emerged in commensal bacteria on farms
or feedlots poses a human health risk if it can be trans-
ferred to human pathogens. This transfer may occur in
the human gut, in the environment, or in the food-
producing animals. The ability of human commensals to
transfer their resistance genes to human pathogens has
been extensively studied and is clearly possible, even
though certain transfers are clearly more likely than
others (see [117] for a review). Therefore this study fo-
cuses on evidence for a transfer of resistance genes be-
tween bacteria of human and animal origin regardless of
the human-pathogenic potential of the human-
associated recipient strain.

A number of in-vivo and in-vitro studies have investi-
gated the ability of commensal bacteria of animal and
human origin to transfer their resistance genes. In one
study of six human volunteers, for instance, the transfer
of resistance genes between Enterococcus faecium strains
of chicken and human origin was investigated [108]. Re-
sistance genes were readily transferred from chicken to
human isolates in the gut of the human volunteers. Not-
ably, in one volunteer, additional resistance genes were
also transferred. In another study, transfer of vanco-
mycin resistance between Enterococcus faecium isolates
of human and swine origin was investigated in the gut of
gnotobiotic mice (i.e., mice reared under conditions so
that colonization with bacteria is fully known) [106].
Vancomycin resistance was readily transferred from por-
cine to human isolates in the gut of the mice. Notably,
tylosin exposure through drinking water favored
colonization with strains that had undergone conjuga-
tion. Similar results were observed in another study,
which evaluated the transfer of vancomycin resistance
between Enterococci faecium strains of human and ani-
mal origin in the environment and in the gut of germ-
free mice [107]. Vancomycin resistance was readily
transferred among Enterococci of different origin. Not-
ably, the frequency of conjugation was higher in the
mouse gut than in the environment. In most cases,
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resistance disappeared within 3 days but one of the bac-
terial strains persisted for more than 20 days in the ab-
sence of antimicrobial exposure.

Exchange of resistance genes between isolates of ani-
mal and human origin has also been demonstrated for
other bacteria [118]. In one study, for instance, the
transfer of resistance genes from a multi-drug resistant
Klebsiella strain isolated from a human pneumonia pa-
tient to a mouse-adapted E. coli strain was investigated
in the mouse intestine and under in-vitro conditions
[112]. Some of the mice were exposed to antimicrobial
drugs during the study. Resistance genes were readily
transferred in vitro and in vivo. Antimicrobial exposure
selected for resistant strains, which rapidly disappeared
in the guts of mice not exposed to antibiotics. Even
though transfer in this case occurred from human to
animal —associated bacteria it clearly demonstrates that
the exchange of genetic material is possible. In another
study, the transfer of resistance genes between com-
mensal E. coli and two pathogens (E. coli O157 and Sal-
monella), all of porcine origin, was investigated in an in-
vitro model of the porcine gut [108]. Antimicrobial
resistance genes were readily transferred between the
bacteria and in one example persisted throughout the
duration of the study. In yet another study, the transfer
of resistance genes among E.coli, Vibrio and Aeromonas
was investigated in a number of environments (e.g.,
meat, seawater, hand towel) [107]. Plasmids were readily
transferred from one bacterium to another, across bac-
terial species and in a number of different environments.
Similar findings have also been reported for MRSA. In
one study, for instance, gnotobiotic piglets were co-
colonized with human- and pig-associated variants of
MRSA ST 398 and the bacterial populations were
followed for 16 days and analyzed by whole-genome se-
quencing [119]. Transfer of mobile genetic elements
from the pig to the human isolates was detected as early
as 4 h after co-colonization. Plasmids and bacterio-
phages were extensively and repeatedly transferred
among the isolates, indicating a very high frequency of
horizontal gene transfer. Interestingly, bacterial popula-
tions differed considerably across pigs, implying limited
transfer among the pigs in this study. In another study,
nine human volunteers ingested an E. coli strain of hu-
man origin that carried resistance to rifampicin but was
susceptible to sulfonamides. This was followed three
hours later by ingestion of another E. coli strain, of pig
origin and carrying sulfonamide resistance. Stool sam-
ples from the volunteers were collected 24 h prior to the
challenge, and on days 1 to 7 as well as 14 and 35 after.
Conjugation was detected on day 2 in one of the volun-
teers, mediated through the exchange of a plasmid con-
taining the sulfonamide resistance gene sul2, and co-
transfer of ampicillin resistance was also demonstrated.
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Notably, however, the sul2 resistance gene was identical
to one carried by commensal bacteria present in the gut
of the volunteer before the experiment but differed from
that carried by the pig strain, demonstrating the com-
plexity of these types of investigations, in particular if
the resident bacterial populations are not fully known or
controlled. A number of other studies have also inves-
tigated the transfer of various resistance genes among
a diverse group of bacteria in the guts of various ani-
mals and other environments and found ample evi-
dence that resistance genes are readily transferred
(see [117] for a review). In addition, phylogenetic
studies provide further support for horizontal gene
transfer of resistance by identifying virtually identical
resistance genes in distantly related bacterial species
from varying geographic regions [120].

Taken together, there is considerable evidence that re-
sistant animal-associated commensals can and do, at
least transiently, colonize humans that are in contact
with the animals or, in some cases, their food and that
these commensals can transfer resistance genes to
human-associated commensals and to human pathogens.
Notably, antimicrobial exposure seems to favor the se-
lection and maintenance of conjugates with newly-
acquired antimicrobial resistance genes, even though
this selection pressure does not seem to be necessary in
all cases. There is also strong evidence that the same re-
sistance genes are present in bacteria from animals and
humans. What has so far remained less clear is how fre-
quently this transfer occurs under real-world conditions,
what other factors such as management practices or
antibiotic exposures favor or limit this transfer, exactly
when, where and how the transfers occur, and what frac-
tion of resistance genes present in populations of human
pathogens originated in commensals on farms.

Excess morbidity and mortality caused by antimicrobial
resistance traits that emerged on farms
To fully evaluate the impact of antimicrobial resistance
as a public health burden, it is important to quantify the
excess morbidity and mortality caused by the fact that a
certain pathogen is resistant to antimicrobial drugs. This
section focuses on antimicrobial resistant zoonotic and
foodborne pathogens. However, the origin of resistance
genes is complex and it is not clear that the resistance
genes carried by these foodborne or zoonotic pathogens
necessarily emerged in animal agriculture rather than
other settings such as human healthcare. Regardless of
the origin of the resistance genes, the studies are rele-
vant to the question of whether infections with
antimicrobial-resistant bacteria pose an increased public
health risk.

For ethical reasons, RCTs comparing health outcomes
associated with resistant as compared to susceptible
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human pathogens are not feasible. However, observa-
tional studies as well as other study types such as out-
break analyses are available. Observational studies
typically compare outcomes such as hospitalizations or
deaths among patients infected with resistant or suscep-
tible strains.

A number of observational studies have compared
health outcomes for patients infected with susceptible
versus resistant strains of foodborne or zoonotic patho-
gens such as Salmonella, Campylobacter or Staphylo-
coccus aureus (Table 7). One study in the U.S., for
instance, compared the frequency of hospitalization
and bloodstream infections in patients with resistant
and susceptible Salmonella strains [121]. Resistant iso-
lates were significantly more likely to be associated with
bloodstream infections than susceptible isolates. For ex-
ample, for serotype Typhimurium, 3% of patients in-
fected with susceptible isolates had bloodstream
infections, compared to 6% of patients infected with re-
sistant strains. Patients infected with resistant isolates
also were more likely to be hospitalized because of
bloodstream infection than those infected with suscep-
tible isolates. Among the hospitalized patients, those
infected with resistant isolates had longer stays than
those infected with susceptible isolates. Similar results
were obtained in another U.S. based study of 875 pa-
tients with gastro-intestinal and bloodstream infections
due to Salmonella [122]. Bloodstream infections and
hospitalizations were significantly more likely among
patients with resistant compared to susceptible Salmon-
ella isolates. Results from yet another U.S. based study
of patients infected with Salmonella further support
this finding [123]. Patients with resistant infections
were significantly more likely to be hospitalized than
those with susceptible infections. Notably, recent anti-
microbial treatment as well as age and race were sig-
nificant predictors of resistance.

Another observational study, conducted in Canada
to compare the risk of hospitalization in response to
infection with resistant Salmonella Typhimurium
strains found similar results [124]. Hospitalization was
significantly more likely in patients infected with re-
sistant compared to susceptible strains. In fact, an es-
timated 57-72% of hospitalizations were attributable
to the resistance patterns. A Danish study of patients
infected with Salmonella Typhimurium infections that
occurred between 1995 and 1999 evaluated death
rates in patients infected with Salmonella Typhimur-
ium strains carrying various antimicrobial resistance
genes [125]. For every patient enrolled in the study,
10 random controls were found, matched by age, sex
and county of residence. Subjects were followed for
up to 2 years. Patients with susceptible Salmonella
Typhimurium infection were 2.3 times (95% CI 1.5 to
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3.5) more likely to die during the study period than
the general population. By comparison, patients in-
fected with the most resistant strains were 4.8 times
(95% CI: 2.2-10.2) more likely, and patients infected
with quinolone-resistant isolates were 10.3 times (95%
CI 2.8-37.8) more likely to die than the general
population.

Similar results have also been obtained for other bac-
teria. One Danish study of Campylobacter infections,
for instance, compared the risk of invasive illness and
death within up to 90 days of sample collection in 3471
patients infected with quinolone and erythromycin re-
sistant or susceptible strains [126]. Patients infected
with quinolone-resistant Campylobacter strains had a
6-fold increased risk of invasive illness or death within
30 days of sample collection compared with patients in-
fected with susceptible isolates. Similarly, infection with
erythromycin-resistant Campylobacter strains was asso-
ciated with more than a 5-fold higher risk within
90 days compared to infections with susceptible strains.
A meta-analysis of cohort studies focused on patients
with bloodstream infections due to Staphylococcus aur-
eus in multiple countries found similar results [127].
Data from a total of 3963 patients from 31 individual
studies were analyzed, comparing mortality rates due to
infections with methicillin susceptible and resistant
strains. A significantly increased mortality rate was as-
sociated with MRSA infections compared to methicillin
—susceptible strains (OR: 1.93; 95% CI — 1.52 - 2.42).
Data from outbreaks further support worse health out-
comes for infections with resistant compared to suscep-
tible strains (see for instance [128]), even though
potential confounding effects such as virulence differ-
ences among strains or differences in exposed popula-
tions have to be considered.

Taken together, there is unequivocal evidence, from epi-
demiological studies, meta-analyses, and the analysis of
outbreaks, that infections with antimicrobial resistant bac-
teria tend to be associated with worse public health out-
comes than infections with susceptible strains. Notably,
the impact appears to differ by pathogen as well as resist-
ance involved [121, 126]. The underlying reasons may not
always be clear, but can include delayed treatment onset,
the need to choose less-desirable treatment options, and,
at least in some cases, increased virulence of antimicrobial
drug resistant strains because of co-selection for resistance
and virulence genes. Regardless of what drives the in-
creased public health cost, infections with antimicrobial
resistant bacteria are a public health threat that needs to
be addressed.

Conclusions
The review clearly demonstrates that there is ample scien-
tific support, based on observational studies, a variety of
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other relevant scientific evidence, and, where ethically
feasible, also RCTs to support each step in the causal
pathway from antimicrobial use on farms to the public
health burden caused by antimicrobial resistant infections
in humans. These studies reach across the major food-
producing species and a variety of bacterial species includ-
ing Salmonella, Campylobacter, E. coli and Enterococci
even though there seem to be some important differences
among the bacterial species and data are not readily avail-
able for all bacteria, species and antimicrobial drugs of
interest. Yet, taken together, the data support what the sci-
entific community, national governments, and inter-
national organizations such as the World Health
Organization, the Food and Agricultural Organization of
the United Nations, and the World Organization for the
Health of Animals (OIE) have long recognized: antimicro-
bial use on farms clearly contributes to the emergence of
resistance and poses a human public health risk.

Because the molecular and evolutionary determinants
of antimicrobial resistance are complex, resistance does
not strictly follow a simple epidemiological model of
causation; rather, a more sophisticated model typically
used for chronic diseases applies. For example, anti-
microbial use may not in all cases lead to the immediate
emergence of resistance, and its discontinuation may not
lead to an immediate drop in resistance. The antimicro-
bial drug and treatment regimen as well as external fac-
tors such as the feed type used on a given operation can
have significant impacts on resistance, and rates of re-
sistance emergence may be markedly different across
bacterial species or even strains.

Bacterial resistance genes can be readily shared across
bacteria, and some may be pre-existing or persist in en-
vironmental reservoirs such as soils. Tracing their origin
back across bacterial backgrounds is challenging, even
though technological advances such as whole-genome
sequencing and more advanced phylogenetic and popu-
lation genetic models make their trace-back increasingly
feasible. Currently, it may be impossible to exactly quan-
tify the contribution of animal agriculture to the overall
burden of resistance, but this goal is becoming increas-
ingly feasible.

Importantly, even if some data gaps remain to be
filled, there is no doubt that antimicrobial use on farms
or feedlots contributes to the problem of antimicrobial
resistance. It is therefore important to take action now
to ensure antimicrobial drugs are used judiciously, and
only when needed to ensure animal health and well-
being. Almost 50 years have passed since the Swann re-
port called for the discontinuation of growth promotion
uses for medically important antibiotics, and the practice
has just now been phased out in the U.S. Many of the
studies reviewed here are not new — in fact, many well-
designed, compelling studies were published more than
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20 or 30 years ago. Time is running out on curtailing
antimicrobial resistance. Antimicrobial use on farms
contributes to the burden of antimicrobial resistance.
Science has shown it, many times over, and stakeholders
around the world have come to accept it. It is time to
move the public debate away from the problem to its
potential solutions.
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