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Abstract

Antimicrobials have been widely used in food animals for growth promotion since the 1950s. Antimicrobial resistance
emerges in animal production settings and frequently spreads to humans through the food chain and direct contact. There
have been international efforts to restrict or ban antimicrobials used for both humans and animals. Denmark has taken
positive strides in the development of a comprehensive database DANMAP to track antimicrobial usage and resistance.
Although food animals are sources of antimicrobial resistance, there is little evidence that antimicrobial resistance orig-
inates from food animals. This review comprehensively introduces the history and trends of antimicrobial use, the emer-
gence and spread of antimicrobial resistance in food animals provides suggestions to tackle the problems of the spread of

antimicrobial resistance.
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Introduction

The World Health Organization (WHO) has recognized
antimicrobial resistance as one of the top three major
threats to public health. The use of antimicrobials in live-
stock feed has been a major factor in the emergence and
spread of antimicrobial resistance. Increased surveillance
of antimicrobial use and bacterial resistance is necessary to
lessen the impact of excessive and unregulated use of an-
timicrobials in food animals. Nonetheless, antimicrobials
are effective tools to prevent and treat disease and have had
profound effects on morbidity and mortality due to bacte-
rial infections.

Responsible editor: Diane Purchase

>4 Yongxue Sun
sunyx @scau.edu.cn

P4 Zhenling Zeng
zlzeng @scau.edu.cn

National Laboratory of Safety Evaluation (Environmental
Assessment) of Veterinary Drugs and the Guangdong Provincial Key
Laboratory of Veterinary Drugs Development and Safety Evaluation,
South China Agricultural University, 483 Wushan Road,
Guangzhou 510642, China

History of antimicrobial use in food animals

The original use of antimicrobials since the World War II was
in large-scale efforts to treat human diseases. However, the use
of antimicrobials as growth promoters in livestock has result-
ed in an ever-increasing threat to both human and animal
health. Penicillin was extensively used during the World
War II and veterinarians used a penicillin preparation to treat
bovine mastitis (Gustafson and Bowen 1997). As early as
1946, growth improvements in chicks were documented after
feeding streptomycin (Moore et al. 1946). The commercial
implications were soon recognized as improvements in the
growth performance of chickens and swine that were fed
chlortetracycline (Aurecomycin) (Stokstad et al. 1949; Jukes
et al. 1950) (Fig. 1). In the 1950’s, similar positive effects of
other antimicrobials on food animals including chickens,
swine, and cattle were observed. The Food and Drug
Administration (FDA) in the USA approved the use of anti-
microbial growth promoters (AGP) in animals in 1951.

The widespread use of antimicrobials in the animal feed
surged as manufacturing and production costs decreased.
Subtherapeutic doses enhanced animal growth rates and feed
efficiency while reducing mortality (Teillant and Laxminarayan
2015). Antimicrobial consumption by animals is currently
twice than that used by humans (WHO 2012). The global av-
erage consumption equals 172, 148, and 45 mg for every
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Fig. 1 History of antimicrobial use and antimicrobial resistance in
food animals

kilogram of pig, chicken, and cattle mass, respectively. The
total global consumption of antimicrobials in food animals
was 63,151 tons in 2010 with a 67% projected increase by
2030 (Van Boeckel et al. 2015). In the USA, approximately
80% of all antimicrobials are used in food animals primarily
at subtherapeutic doses and 14,600 tons were sold for animal
use in 2012 (FDA 2010 and 2014). China is the world’s largest
producer and consumer of antimicrobials and uses about 97,
000 tons in animal agriculture annually (Hu and Cheng 2014).

A European Union joint commission of antimicrobial use in
agriculture reported that human and animal usage in the EU is
currently 3821 and 8927 tons, respectively (European
Medicines Agency 2017). The penicillins, macrolides, and
fluoroquinolones were the most frequently used classes for hu-
man consumption and the tetracyclines, penicillins, and sulfon-
amides were the most frequent for animals. The average usage
of the 3rd- and 4th-generation cephalosporins in people and
livestock was 3.8 and 0.2 mg/kg, respectively. They are effec-
tive against both gram-positive and gram-negative bacteria, in-
cluding Escherichia (E.) coli, Salmonella (S.) Enteritidis, S.
Byphimurium, monophasic S. Typhimurium, and S. Infantis.
The WHO classifies these antimicrobials as highest priority
critically important antimicrobials (CIA). Cephalosporin resis-
tance in invasive E. coli from humans was first reported in 2013
and was linked to the overuse of these antimicrobials (European
Medicines Agency 2017).

Emergence of antimicrobial resistance

Extensive use of antimicrobials in animal production comes as a
cost: it promotes antimicrobial resistance that threatens both
animal health and human health. One of the first observations
of resistance in animals was the report on streptomycin resis-
tance of coliform bacteria from turkeys fed streptomycin in 1951
(Starr and Reynolds 1951). The association of resistance to tet-
racycline in chickens fed this antimicrobial to promote growth
was reported in the late 1950s (Barnes 1958; Elliott and
BARNES 1959) (Fig. 1). Antimicrobial resistance in food
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animals has a great impact of animal health and may be associ-
ated with resistant infections in humans. Multiple drug-resistant
pathogens emerged worldwide in the 1980s. In the USA, more
than two million infections and 23,000 deaths are caused by
antimicrobial-resistant pathogens annually (Hampton 2013). In
Europe, 25,000 people die annually as a consequence of
multidrug-resistant bacterial infections at a cost of €1.5 billion
(Davies 2013). Resistance to antimicrobial agents is a significant
global threat to public health (WHO 2014).

Mechanisms of antimicrobial resistance

Antimicrobials used in livestock are major drivers of spread of
antimicrobial resistance gene (ARG) and particularly for those
antimicrobials administered at subtherapeutic levels (Xiong
etal. 2018; Kanwar et al. 2014). Antimicrobials in feed select
for the corresponding ARG and increase the appearance of
ARGs unrelated to resistance for the administered antimicro-
bials (Looft et al. 2012). This “cross-selection” of ARGs is an
important parameter contributing to antimicrobial resistance
as well as the corresponding evolution of genetic and gene
transfer mechanisms (Oz et al. 2014). Antimicrobials when
present even at infinitesimally low concentrations can main-
tain resistant phenotypes. Feed additives containing copper,
zinc, and arsenic also provide co-selective pressures on
ARGs in animal production settings. Copper and zinc are feed
additives and possess antimicrobial properties. The combina-
tion of antimicrobials and metals in a polluted environment
near animals might be sufficient to select for bacteria harbor-
ing multi-resistance plasmids (Gullberg et al. 2014).

The animal gut is a reservoir but not
the origin of antimicrobial resistance

Intestinal tracts of food animals serve as important ARG res-
ervoirs. However, these ARGs are present in healthy animals
regardless of prior antimicrobial exposure (Looft et al. 2012).
Genes for resistance to tetracycline, sulfonamides, quinolones,
[3-lactams, aminoglycosides, and vancomycin have all been
identified in animals (Zhu et al. 2013; Wichmann et al. 2014).
Indeed, even with a global ban on chloramphenicol in animal
feed, chloramphenicol resistance genes have been detected on
farms and in feedlots (He et al. 2014; Li et al. 2013).
Antimicrobial-resistant bacteria and corresponding ARGs
are continually circulating in plants, soil, and animals.
Resistant pathogens and ARGs can pass to humans via
foodborne routes as well as through contaminated soil, water,
crops, and animal protein (Xiong et al., 2015a, 2015b). There
are numerous examples of the presence of antimicrobial-
resistant bacteria in animal production settings. These include
vancomycin-resistant Enterococcus (VRE), methicillin-
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resistant Staphylococcus aureus (MRSA), extended-spectrum
[3-lactamase (ESBL) producing bacteria, multidrug-resistant
E. coli and Salmonella (Barton 2014). Importantly, ARG types
such as KPC-2 (Klebsiella pneumoniae carbapenemase-2),
NDM-1 (New Delhi metallo-f3-lactamase-1) and MCR-1
(plasmid-mediated colistin resistance) in food animals and on
farms pose grave threats to human and animal health (Liu et al.
2016; Munoz-Price et al. 2013; Wang et al. 2017).

Although animals are important ARG reservoirs, there is
not enough evidence to conclude that clinical ARGs originat-
ed from animals (Allen 2014; Mather et al. 2013). The iden-
tical gene sequences found in animals and humans illustrate
that the same genetic conduit can be open to more than one
microorganism. For example, this process was documented
between Bacteroides spp. from humans and Prevotella
ruminicola found in the rumen and intestines of livestock
(Durso and Cook 2014). Livestock-associated bacteria can
also contribute to clinical resistance without directly causing
human infection and zoonotic transmission of resistant bacte-
ria that occurs frequently (Smillie et al. 2011). Human
extraintestinal-expanded spectrum cephalosporin-resistant £.
coli infections have originated from food animals particularly
from poultry (Lazarus et al. 2015). High-density livestock
production has been associated with human MRSA infections
and zoonotic transmission was confirmed (Casey et al. 2013;
Casey et al. 2014; Harrison et al. 2013). However, there is
much less evidence for food animals as the original sources
of bacterial resistance in humans (Bonten and Mevius 2015).
The CTX-M-5 ESBL gene from the human and animal com-
mensal Kluyvera ascorbata was originated in humans
(Humeniuk et al. 2002). Additionally, although MRSA isolat-
ed from animals were sporadically reported before 2005, sev-
eral MRSA strains associated with animals originated from
humans (Smith and Pearson 2011; Lowder et al. 2009).

Technical advances in analysis methods have also increased
awareness of animal ARG reservoirs. Whole genome sequenc-
ing is currently an economical alternative to traditional culture-
based methods and has become a powerful epidemiological
tool. For example, the recent clonal transmission of
cephalosporin-resistant E. coli from poultry to humans was
disproven using whole genome sequencing (de Been et al.
2014). This data challenged current views on the contribution
of local animal reservoirs as sources of S. Typhimurium
(Mather et al. 2013). In addition, the same resistant bacterial
strains circulating between animals and humans may be genet-
ically distinct. Therefore, food animals are not necessarily the
origins of antimicrobial resistance in humans (Hunter et al.
2010; Allen 2014). The natural environments may contain the
original ARG sources since antimicrobial resistance is a ubig-
uitous and ancient phenotype (D’Costa et al. 2011; Finley et al.
2013). The soil “resistome” is a natural ecological phenomenon
that predates the era of antimicrobial use in humans and animals
(Blair et al. 2015; D’Costa et al. 2011). The soil environment

has the largest apparent diversity of ARG determinants espe-
cially among complex samples such as animal manure, activat-
ed sludge, and human feces (Nesme et al. 2014).

However, there is evidence that correlates antimicrobial use
in food animals to increase antimicrobial-resistant bacteria in
humans and is well-recognized (Schechner et al. 2013).
Antimicrobials used in food animals promote the emergence
and persistence of specific resistant bacteria. The level of the
use of a specific antimicrobial was strongly correlated with the
level of corresponding resistance in commensal E. coli isolates
in swine, poultry, and cattle (Chantziaras et al. 2014).
Metagenomic data at the population level also demonstrated
that antimicrobial use in animals contributes to resistance de-
velopment in human commensal bacteria (Forslund et al.
2013). Third-generation cephalosporins used in poultry may
contribute to human deaths caused by resistant E. coli
(Collignon et al. 2013). However, this evidence does not
prove that clinical ARGs originated from animals. It is diffi-
cult to conclude that antimicrobial use in animals has caused
the emergence, spread, and persistence of ARGs in humans.
This is due to the complexity of the transmission pathways
involved in livestock-human, human-human, and human-
livestock spread.

Drivers of antimicrobial resistance

Horizontal gene transfer is an important driver of antimicrobial
resistance and occurs between different bacterial species via
mobile genetic elements such as plasmids, integrases, and
transposases (Gaze et al. 2011). Such transfer can occur be-
tween animal bacteria and between animal bacteria and human
pathogens. Class 1 integrons involved in the transfer of su/
resistance genes has been demonstrated in swine feedlots and
natural rivers (Chen et al. 2015; Hsu et al. 2014). Horizontal
transfer of ARGs can be enhanced by increased levels of anti-
microbials and metals in animal feedlots (Zhu et al. 2013).

Vertical transmission of antimicrobial resistance through
imported chickens is also a concern. For example, an extended
spectrum cephalosporinase-producing E. coli was prevalent in
animals originating from a country with only limited antimi-
crobial and no cephalosporin use. The bacterial resistance was
transferred with imported animals (Nilsson et al. 2014; Agerso
et al. 2014). This phenomenon provides direct evidence for
the international spread of antimicrobial resistance and em-
phasizes the importance of international standards restricting
the use of antimicrobials in food animals.

Spread of antimicrobial resistance

Several vehicles contribute to the spread of antimicrobial re-
sistance from animal feedlots to the environment. Soil, water,
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crops, and animal protein (e.g., meat, milk, and fish) are the
traditional physical vehicles. Recently, livestock insects have
spread ARGs from animal farms to urban environments
(Zurek and Ghosh 2014). Bacteriophages are most likely the
prime molecular vehicles for ARG transfer in the environment
(Balcazar 2014). In addition, airborne particulate matter de-
rived from beef cattle feedlots has facilitated ARG spread
(McEachran et al.2015). Compared with traditional vehicles,
these emerging vehicles may pose higher risks to human
health since control is problematic (Fig. 2).

Humans can be exposed to antimicrobial resistance via the
food chain through consuming contaminated water, crops,
seafood, and animal protein. Exposure can also occur through
direct contact in recreational and agricultural activities such as
swimming, plowing, and sowing (Wellington et al. 2013;
Xiong et al. 2015¢) (Fig. 2). Farmers and animal feedlot
workers are at higher risk to acquire antimicrobial resistance
than the general population. It is possible that horizontal ARG
transfer from environmental microbes to human commensals
and pathogens occurs and leads to resistant infections in the
clinic (Singer and Williams-Nguyen 2014). The rate of routine
acquisition of antimicrobial resistance from foodstuffs and the
environment must be reduced to control ARG transfer.

National and international preventive
strategies to combat antimicrobial resistance

Several countries have restricted or banned the use of antimicro-
bials in food animals (Table 1). In 1969, recommendations for
the restriction of subtherapeutic use of antimicrobials in animal
feeds were discussed due to oxytetracycline-resistant S. enterica
found in food animals (Swann 1969). Following this, Great
Britain restricted the use of some antimicrobials in feed. The
use of AGPs was first banned by Sweden in 1986, followed
by Denmark, the UK, and EU countries (Fig. 1). In 1997, the
EU banned all agricultural use of avoparcin due to the preva-
lence of vancomycin-resistant Enterococcus (VRE) in patients

Human
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Spread
Soil
meat A nimal feedlots Environment ) Water
m crops
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Fig. 2 Spread of antimicrobial resistance genes and antimicrobial
resistance bacteria from animal feedlots to the environment and humans
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in Europe. In 1999, EU officials imposed a ban on the use of
bacitracin, spiramycin, tylosin, and virginiamycin as AGPs be-
cause they are used in human medicine. In 2006, the EU with-
drew the use of all AGPs based on a cautionary principle.

The FDA in the USA has historically approved antimicro-
bials for use in food animals (Allen and Stanton 2014). This
body initiated guidelines for the industry to voluntarily with-
draw medically important antimicrobials for use as AGPs in
2012. China banned the nontherapeutic use of 150 medically
important antimicrobials in food animals (Hu and Cheng
2014). In addition, China banned colistin use as an AGP in
2016 due to the emergence of plasmid-mediated colistin resis-
tance mechanism MCR-1 in animals first reported by Chinese
scientists (Liu et al. 2016).

Denmark, a representative country banning AGP use has
gained some success in lessening the rate of ARG transfer. A
> 50% reduction in the usage of antimicrobials per kilogram of
pigs was achieved from 1992 to 2008 while the over-all pro-
ductivity increased (Levy 2014). The levels of VRE markedly
declined after avoparcin was banned (Agersg et al. 2011).
Levels of extended spectrum cephalosporinase-producing bac-
teria were also effectively reduced after a voluntary ban on
cephalosporin in Danish pig production (Agerse and
Aarestrup 2013). Furthermore, DANMAP (www.danmap.org)
was established as a comprehensive surveillance system to
track antimicrobial usage and resistance in animals, food
products, and humans (Aarestrup 2012). Although resistance
of key zoonotic bacteria has not decreased, the total consump-
tion of antimicrobials in food animals has declined (Jensen and
Hayes 2014). This is an example of solid progress in reducing
the prevalence of antimicrobial resistance (Levy 2014).

However, the Denmark model may be difficult for other
countries to duplicate. In most countries, animal production still
depends heavily on widespread use of antimicrobials. An acute
and complete ban on antimicrobial use in food animals would
have serious consequences on animal health, productivity, and
welfare as well as food prices (Woolhouse et al. 2015). For
example, a US ban of AGPs in swine and chickens would result
in higher costs for the consumer and producer, including an
estimated 4.5% increase of overall pig production costs
(Hayes and Jensen 2003). Animal nutrition and hygiene man-
agement should be considered when implementing an AGP
ban. Improvements of hygiene and feed management can re-
duce the harmful effects of such a ban on animal health and
productivity (Larson 2015; Teillant and Laxminarayan 2015).
Economic impacts would be potentially higher in poorer coun-
tries with less developed hygiene and production practices,
while it could be limited in industrialized countries with opti-
mized production systems (Laxminarayan et al. 2015).

Better surveillance is an essential feature of antimicrobial
resistance control. Global monitoring systems such as the U.S.
National Antimicrobial Resistance Monitoring System for
Enteric Bacteria and the European Antimicrobial Resistance
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Table 1 Timeline of legal ban of

AGPs in food animal production’ Year Ban Countries

1972-1974 Tetracycline, penicillin, and streptomycin European
1986 All AGPs Sweden
1995 Avoparcin Denmark
1996 Avoparcin Germany
1997 Olaquindox and carbadox Netherlands
1997 Avoparcin EU
1998 Virginiamycin Denmark
1999 Tylosin, spiramycin, bacitracin, and virginiamycin, EU
Olaquindox and carbadox

1999 Flavophospholipol and avilamycin Sweden
2000 All AGPs Denmark
2006 All AGPs EU
2007 Most AGPs * Mexico
2016 Colistin China
2017 Medically important antimicrobials USA

EU European Union, AGP antimicrobial growth promoter
! Cogliani et al. (2011); Maron et al. (2013); and FAD. (2017)

2 Exceptions for 15 drugs including avilamycin, avoparcin, bacitracin, bambermycin, monensin, salinomycin,
spiramycin, tylosin, vancomycin, and virginiamycin

Surveillance Network are making efforts to collect antimicro-
bial consumption and antimicrobial resistance information
(Grundmann et al. 2011). The Food and Agriculture
Organization (FAO), the World organization for Animal
Health (OIE), and the WHO are cooperating to control anti-
microbial use in animals (Maron et al. 2013). However, local
national efforts are disconnected and patchy (Woolhouse and
Farrar 2014). DANMAP is a comprehensive surveillance sys-
tem that may be as a good model for other countries. It is
urgent that counties establish such programs in collaboration
with international agencies.

The global trend of increasing antimicrobial use can be
limited by prudent application in both humans and animals.
The development of new drugs should be enhanced world-
wide, but the discovery of novel antimicrobials is not a sus-
tainable strategy due to the increasing technical difficulties
and a lack of novel compounds. Several antimicrobial alter-
natives such as vaccines, phage therapy, and pre- and
probiotics are in the developmental stages but they may not
be able to cover the antimicrobial spectrum of antimicrobials
in food animals (Woolhouse and Farrar 2014; Allen et al.
2013). For example, although the use of vaccines has a long
history, vaccines are not widely used as alternatives to antimi-
crobials due to the increased cost and technical difficulties in
vaccination of food animals.

Although antimicrobial use in animals varies by country,
those listed as “critically important” by the OIE include rep-
resentatives of all major classes of antimicrobials used in hu-
man medicine and should be restricted or banned globally. In
addition, antimicrobials that co-select or cross select for

clinical antimicrobial resistance should be not used in food
animals. For example, ceftiofur and cefquinome should be
banned in animals due to the emergence of animal sources
of ESBL.

Issues and perspectives

The establishment of standard diagnostic approaches for ARG
identification will allow a more comprehensive view of global
threats to the dissemination of antimicrobial resistance.
Metagenomic analyses based on modern sequencing technol-
ogies are a promising approach if sample collection, nucleic
acid extraction, and sequence assembly steps are standardized.
We should also strive to identify indicators of environmental
ARG pollution. Bacterial indicators, such as E. coli and fecal
Enterococci are already used to assess environmental quality.
However, there needs to be a consensus on accepted indicators
for resistance determinants. Finally, the magnitude of the
threat risk of antimicrobial resistance to public health must
be assessed. Although animals are of important reservoirs of
antimicrobial resistance that threaten human health, the mag-
nitude of the risk to public health via different exposure path-
ways such as the food chain and direct contact is still un-
known, and needs to be quantified. Management options such
as the judicious or prudent use of antimicrobials, good man-
agement of animal health and effective treatment of manure
containing antimicrobials could aid in mitigating risks of an-
timicrobial resistance released from farms. However, bearing
in mind that antimicrobial resistance is global and cross-
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sectorial, effective action on tackling antimicrobial resistance
requires a coordinated response from agriculture, industry, and
governments as well as international agencies. It also requires
collaboration between pharmacists, farmers, veterinarians,
physicians, and patients.

Discussion and conclusions

The relationship between antimicrobial usage and antimicro-
bial resistance for many types of pathogens is complex. The
use of antimicrobials on farms is linked to ARG emergence
but whether animals are the sources of ARG transfer to human
pathogens is an open question. ARG exposure is not only a
food safety problem but also a problem involving public
health and environmental exposure through air, soil, and wa-
ter. Furthermore, it is crucial to establish a diagnostic standard
such as whole genome sequencing for ARG detection.

There are two measures to control antimicrobial resistance:
(1) Reduction of the antimicrobial volumes currently used by
humans and livestock and limiting the use of broad spectrum
and critically important antimicrobials, (2) Prohibiting the
dumping of antimicrobial waste into the environment and
eliminating antimicrobial residues that exceed the standard
limit in foods and water. We need the assistance from all
sectors that use antimicrobials to control antimicrobial use
and to limit the spread of antimicrobial-resistant bacteria lo-
cally and internationally.
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