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Antimicrobial resistance (AMR) threatens to reverse the essential benefits of antibiotics, not only in hu-
mans, where decades of advancements in healthcare outcomes are endangered, but also in the food
production industry. As the world moves toward Sustainable Development Goals, food safety is a critical
element to improve and strengthen global health, and ensure sustainable development. Emergence of
AMR in the food production industry represents a serious risk for exposed workers, their relatives and
consumers. This perspective presents the challenge of AMR through the lens of food safety, by highlight-
ing its multisectoral and multidimensional implications not only on the Sustainable Development Goals
for food safety and public health but also on food security, animal health and welfare, the environment
and climate, and socioeconomic development.

Lay abstract: Antimicrobial resistance (AMR) occurs when microorganisms are unaffected by antimicro-
bials that previously killed/inhibited them and cured the infection. This paper focuses on AMR from a
food safety perspective. AMR in the food chain is a risk to exposed workers and consumers both locally
and globally. AMR in the food chain affects the achievement of Sustainable Development Goals related
to poverty, hunger and promoting health and well-being. The consequences of AMR in the food chain
thus extend beyond reduced productivity and food safety to reach food insecurity, becoming a drain on
national and global economies as well as worsening climate change.
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Generally, agriculture is the group of technical processes and works in natural fields including terrestrial and aquatic
environments, which allow the production of food products. It encompasses several activities including crop
production, livestock breeding, fishing and hunting, all of which are associated with the farm-to-plate continuum.
The availability and use of antimicrobials, especially antibiotics, in the food production industry (viz., terrestrial and
aquatic animal and crop production) is indispensable to maintain animal health and welfare, sustain productivity,
contribute to food safety and security, and for the protection of livelihoods [1]. However, the increasing worldwide
concerns related to antimicrobial resistance (AMR) threatens the reversal of essential benefits of antibiotics not only
in humans, where decades of improvements in healthcare outcomes are endangered but also in the food production
industry [1].

AMR is a general term that encompasses the resistance of bacteria, fungi, parasites, viruses to antimicrobials
normally active against them, whereas antibiotic resistance (ABR) is a more specific concept of bacterial resistance
to antibiotic substances [2]. For the purpose of this article, the commonly used term AMR is retained, albeit
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with the emphasis on ABR. As an ancient and natural evolutionary process occurring whenever antimicrobial
substances including antibiotics are used [2], the rate of AMR emergence and spread has far outstripped progress in
the development of new and effective antimicrobial drugs, leading the world toward a post-antibiotic era devoid
of these life-saving substances [1]. Although antibiotic use in human health has initially been established as the
most important risk factor for the emergence and spread of AMR, the concern has been exacerbated due to the
extensive use of antimicrobial drugs in the food animal production [3]. It is now widely acknowledged that increased
AMR in bacteria affecting humans and animals is also influenced by the extensive usage of antimicrobials in animal
production for a variety of purposes, including therapeutic and nontherapeutic uses as metaphylactics, prophylactics
and growth-promoters [1,4].

Emergence and spread of antibiotic-resistant bacteria (ARB) and antibiotic-resistant genes (ARGs) in the farm-
to-plate continuum (viz., from the farm to the end consumer) via direct and indirect contact has health and
socioeconomic repercussions globally. Direct contact that occurs through immediate exposure of humans with
infected or colonized food animals and their biological substances, enhances the rapid and easy dissemination of
ARB and ARGs from host-to-host. The human population may also be exposed indirectly to ARB and ARGs via
contact with or consumption of contaminated food products [3]. This indirect transmission has been associated
with several foodborne illness outbreaks globally and is often considered more dangerous as it indicates the transfer
or spread of AMR at each step in the continuum [5,6]. Direct and indirect transmission of ARB and ARGs in the
food chain increase the likelihood of their entrance and spread into communities and hospitals where substantial
exchanges are possible, potentially jeopardizing healthcare systems [3]. Moreover, with the globalization of trade
in animals and food products as well as international travels, there are no species, ecological nor geographical
boundaries to contain AMR. Resistance emerging in one geographical location or bacterial species can easily spread
or spill-over into several bacteria at each stage in the farm-to-plate continuum and similarly affect all countries,
regardless of the income level [3]. AMR is thus a quintessential One Health issue requiring global solutions [7].

Determining the relative implications of AMR emergence and spread in food animal production is a significant
challenge given the interconnectedness and interdependence of epidemiological pathways between animals, humans
and the environment [8]. The United Nations (UN), the WHO, the United Nations Food and Agriculture
Organization (FAO), the World Organization for Animal Health (OIE), the World Bank, the World Economic
Forum and several other international organizations recognized AMR as a serious public health threat and global
priority [1,9–13]. As the world is moving toward the post-Millennium Development to Sustainable Development
Goals (SDGs) [14,15], food safety is a critical element to improve and strengthen global health, security and ensure
sustainable development [12]. This paper presents the challenge of AMR through the lens of food safety. First, it
highlights foodborne illness as serious food safety and public health issue; second, it underlines the multisectorial
and multidimensional implications of the emergence and spread of AMR in the farm-to-plate continuum on the
SDGs of food security, public health, animal health and welfare, the environment and climate, and socioeconomic
development; and finally, it suggests a global strategy to ensure food safety along with sustainable development.

Foodborne illness as an important food safety & public health issue
Food safety is an area of global public health priority and a vital element to achieving several SDGs such as
those pertaining to poverty, hunger and promoting health and well-being. Food is considered unsafe when it is
likely to physically harm the consumer as a result of damage, deterioration and presence of biological or chemical
substances [16]. It can become unsafe at different stages in the farm-to-plate continuum, either during the production,
distribution, retail/sale or preparation and consumption. Unsafe food can cause several health problems ranging
from acute or chronic food poisoning or foodborne illnesses, reproductive and developmental concerns, to AMR,
cancers and deaths [17]. Antimicrobial use at production level leads to food safety issues associated with the presence
of antibiotic residues [17], ARB [3] and ARGs [3] in food animals and products, whereas the lack of adequate
transportation and storage facilities as well as limited hygiene practices lead to breach of food safety and the
deterioration of food integrity during the transport, storage and processing, respectively [16].

Emergence of AMR in the pre- and post-harvest systems presents a serious risk of contamination or infection
directly by ARB and ARGs for farmers, agricultural practitioners, abattoir workers, food handlers and their
associated contacts as well as consumers at the end of the food chain [16]. Foodborne illnesses are among the
main public health consequences associated with unsafe food and water, particularly in infants, young children,
pregnant women, elderly and people who have weak immune systems and are at high risk of acquiring and dying
from foodborne illnesses [5,18]. Foodborne illness ranges from mild and self-limiting diseases including diarrheal
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episodes, vomiting and nausea, to debilitating and life-threatening consequences such as neural and brain disorders,
kidney and liver failures, disabilities, cancers and deaths [5,18]. Undernourished infants and children are more prone
to develop more severe forms that often lead to premature deaths [5,18].

According to the WHO, foodborne illness caused approximately 600 million of cases with 420,000 premature
deaths in 2010 [19]. The global burden of food safety issues associated with foodborne illnesses is unequally dis-
tributed and differs from geographical location, income levels, healthcare infrastructures, diets and local conditions.
By undertaking a systematic review of literature, Ao et al. demonstrated that globally, around 3.4 million cases
of invasive non-typhoidal Salmonella infection occurred from January 1990 to December 2012, with 681,316
deaths reported [20]. The study revealed that Africa had the highest incidence (227 cases per 100,000 population)
and number of cases (1.9 million cases) annually with infants, young children and young adults being the most
affected [20]. Resistant shiga-toxin and entero-hemorrhagic producing Escherichia coli, especially serogroups O157,
O26, O91, O103, O111, O128 and O145, were similarly associated with severe foodborne gastroenteritis across
the world [21]. Majowicz et al. revealed that shiga toxin-producing E. coli was involved in 2.8 million acute illnesses
every year with 3,890 cases of hemolytic uremic syndrome, 270 cases of end-stage renal diseases and 230 deaths
being reported from January 1990 to April 2012 in ten out of 14 WHO subregions [22]. More specifically, in South
East Asia, approximately one million children under 5 years of age die every year from diarrheal episodes due to
consumption of contaminated food and water [16,23]. Likewise, foodborne illnesses claim around 200,000 deaths
annually in Nigeria with 124,400 being children under 5 years old [24].

In a staggering contrast, a report from the Foodborne Diseases Active Surveillance Network (FoodNet) of
CDC’s Emerging Infections Program conducting active and population-based surveillance for laboratory-diagnosed
infections revealed that over a 4-year period (2015–2018), 25,606 cases of infection, 5893 hospitalizations and
120 deaths were caused by pathogens transmitted through food with the principal pathogens being Campylobacter
spp. (19.5%), followed by Salmonella spp. (18.3%) and shiga toxin-producing E. coli (5.9%) [25]. The emergence
of resistant foodborne illnesses will thus considerably increase morbidity and mortality around the world, albeit
the problem will be more severe in developing countries where AMR in the food chain is already considerably
neglected regardless of the high prevalence of ARB and ARGs reported in food animals and food products [26], and
due to limited conditions prevailing in the food production industry, suboptimal hygienic conditions, unsafe water
used for cleaning and cooking, and poor food handling [18].

Despite foodborne intestinal diseases due to E. coli, extra-intestinal illnesses associated with animal-originating
resistant bacteria are recently gaining considerable attention, with foodborne urinary tract infections (UTIs)
representing the major paradigm shift in the understanding of these illnesses [27]. ARB from contaminated food
products can transiently colonize the human GI tract that becomes a reservoir for subsequent infections [27]. Similar
genetic fingerprints have been detected in geographically and temporally matched UTI cases and E. coli from
food. Jakobsen et al. revealed that foodborne E. coli were not only genetically associated with UTIs in humans
but were also responsible of UTIs in vivo, with 13 foodborne phylogroup B2 of E. coli strains causing UTIs and
pyelonephritis in a murine UTI model [28].

Altogether, the emergence and spread of ARB and ARGs in the farm-to-plate continuum will likely hinder
the success of infection and prevention control measures and antimicrobial stewardship programs implemented in
communities and hospitals [6,29]. The breach in the food safety barrier due to resistant bacteria of animal origin
threatens in parallel, health policies implemented to contain sustainably noncommunicable diseases including
diabetes mellitus, cardiovascular, pulmonary and heart diseases, and communicable diseases such as HIV-AIDS,
tuberculosis, malaria as immune-compromised patients suffering from these pathologies will be most affected [29].
As consequences of these and other likely damaging effects of the emergence and spread of AMR in the farm-to-plate
continuum, the SDG 1 and 3 of ending poverty and ensuring healthy lives and promoting well-being would be
difficult to achieve without effective antibiotics [29,30].

In spite of all these concerns, food safety is still a veiled and often unheeded problem worldwide. The WHO
consequently devoted its 2015 World Health Day to food safety, under the theme ‘From Farm-to-Plate, Make
Food Safe,’ to invigorate decision-makers and all stakeholders to implement effective and efficient measures that
will improve safety of food on farms, factories, slaughterhouses, supermarkets, street vendors and at kitchens [5].
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Figure 1. Chart of 17 Icons of UN Sustainable Development Goals.

AMR in the farm-to-plate continuum at the edge of United Nations’ sustainable development
goals
Any breach in the food safety barrier leading to the emergence and spread of ARB and ARGs has multisectoral
implications and threatens to reverse decades of human and animal health improvements globally. Food security,
animal health and welfare, climate and environmental health as well as socioeconomic development are likely to be
impacted by the emergence of AMR in the farm-to-plate continuum (Figure 1).

Food security implications
Food security is achieved ‘when all people, at all times, have physical and economic access to sufficient, safe and
nutritious food that meets their dietary needs and food preferences for an active and healthy life’ [31]. Globally,
food animals are significant sources of food, and the food production industry is an important contributor to the
world economy [32,33]. Meat, milk and eggs are the major commodities produced from classical food animals such
as cattle, buffaloes, pigs, poultry, sheep and goats, whereas in aquaculture, fish, crustaceans and molluscs are the
foremost [34,35]. The annual consumption of meat is around 80 kg/person in high-resource countries while it is
about 10 kg/person in low- and middle-income countries (LMICs) [36]. In 2010, 296 million tonnes of meat were
produced worldwide, with 37% being pig meat, 33% poultry meat, 23% beef or buffalo meat and 5% goat or sheep
meat [36]. The same year, 69 million and more than 700 million tonnes of eggs and milk were produced, respectively;
and aquaculture contributed with approximately 60 million tonnes of fish [36]. The UN SDG 2 promotes end of
hunger, achievement of food security, improved diet and sustainable agriculture by 2030 [15, 76].

However, nowadays, 700 million people living in rural areas are still living under extreme conditions of poverty.
Approximately a third of food produced is wasted or lost, leading to unnecessary pressure on Earth’s resource and
losses for agricultural practitioners [37], while around two billion people suffer from micronutrient deficiencies and
800 million are chronically hungry worldwide [37]. The situation is likely to worsen propelled by the 2.3 billion
persons increase in global population during the next 35 years. Indeed, according to the UN Department of
Economic and Social Affairs report, the current global population of 7.3 billion is estimated to reach 8.5 billion in
2030, 9.7 and 11.2 billion by 2050 and 2100, respectively [38]. This drives the world toward a threefold challenge:
to match this unprecedented demand on animal and crop proteins from a bigger and more affluent population
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to its supply, do so in ways that are environmentally and socially sustainable, and ensure that the world’s poorer
people are continually food secure [39].

When food supplies become insecure, people lean toward less healthy diets and consume more unsafe food
containing chemical and microbiological hazards and posing health risks [5] as food safety and security share a
fundamental basis and are inextricably connected to one to another with feedback effects [31,35]. Van Boeckel et al.
reported that changes from extensive farming systems toward large-scale intensive and industrialized production
will be observed, with evident upsurge of negative conditions such as overcrowding, intensive human contacts
with animals and environment, as well as considerable antimicrobial use in the food production industry that will
lead to increased AMR in agriculture, and thereby in the farm-to-plate continuum [40]. Unsafe food due to the
emergence and spread of ARB and/or ARGs in food animals and products leads to a vicious cycle of worsening
health including malnutrition and foodborne illnesses that endangers the nutritional status of most vulnerable as
well as the achievement of global food security as it may lead to chronic or transitory food insecurity across the
world [31,35].

In fact, the global spread of ARB and/or ARGs in the farm-to-plate continuum may cause price instability
viz. increase of food costs [1,39], as well as devastation of whole herds or flocks when resistant outbreaks occur in
several production systems [41]. It will thereby lessen access to safe food to poorer people and significantly aggravate
hunger [1]. Hunger hotspots may also emerge particularly in developing nations due to extensive emergence and
persistence of ARB and ARGs in food animals and products, and protract the crisis [1,39]. Half a billion people
located in more than 20 countries are already affected by hunger and this could be aggravated by AMR [1,39]. This
implies that the extensive use of antimicrobial medicines in farming practices will threaten the achievement of
UN’s SDG 2 of eliminating hunger in our lifetime by 2030. Similarly, it will impede the eradication of all forms of
poverty (SDG 1), endanger the achievement of global well-being (SDG 3) and jeopardize sustainable consumption
and production (SDG 12).

Building efficient, inclusive and resilient food systems is needed for effective management of food security [37], as
any efforts addressing food security or sustainable consumption and production will have an impact on food safety
and vice versa [39]. Development of sustainable food production systems where high productivity is not over-reliant
on antibiotic use, is of crucial importance to double the quantity of animal and crop proteins and reach the SDG
2 [1,15,35,39]. The Rome Declaration on Nutrition (2014) and World Food Summit (2012) already recognized that
food systems must contribute to address and prevent infectious diseases, and curb the worldwide dissemination of
AMR [35]. It endorsed a Framework for Action recommending actions on food safety and AMR: to raise awareness
among all stakeholders on this threat, implement adequate and comprehensive measures for its containment, and
develop and implement national guidelines on judicious use of antibiotics in food animals, in line with international
standards of competent supranational organizations [35].

Achievement of global food security would thus require not only comprehensive sustainable consumption and
production, but mainly, sustainable access to safe food worldwide, thereby confirming food safety as one of the key
elements to achieve world’s food security [29,35]. Implementation of appropriate policies and activities to fight AMR
are further of crucial importance to ensure food security for current and future generations [30,42]. Although the
FAO recently called for a One Health and food chain approach to respond to the increasing threat of resistance in
the world’s food production systems, eradicate hunger and rural poverty, considerable public health strategies and
activities are still required to ensure consumers’ health through food safety.

Implications for animal health & welfare
AMR crosses food safety and security to reach animal health and welfare. Several reports on the consequences of
AMR emergence and spread in the food chain relate the danger of ARB and ARGs transmission to people, and
thereby its potential public health implications [8,13,41]. However, the repercussions of AMR in animals are not
merely limited to human health and it has been reported that the emergence of ARB and ARGs in the food chain
put animal health and welfare at high risk and will subsequently have adverse repercussions on human livelihoods
and food security.

Antimicrobials are critical to treat and prevent diseases in animals (as with humans) and are essential tools in
maintaining animal health and welfare [8,13]. However, without timely and responsible use of effective antimicrobials,
a resistant infectious disease could rapidly spread on-farm with direct and indirect negative impacts on animal health
and welfare, endanger health of herds/flocks and safety/security of food [8,13].
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For instance, soft tissue and surgical site infections in animals could, if left untreated due to inefficiency of
antimicrobials, be life-threatening or lead to euthanasia of infected animals for welfare reasons [41]. Enteric and
respiratory diseases are among the most significant in several animal species such as pigs and poultry, and mastitis
is frequent in animals reared for milk production, including cows, goats, sheep and buffaloes [41]. These diseases
are highly contagious and therefore more problematic when associated with resistant bacteria in farming systems
where animals are kept in large and overcrowded groups, as they will cause drug-resistant infections of whole
herds/flocks and thereby result in suffering of the animals [41]. To alleviate their implications, antimicrobials are
used therapeutically for the treatment of sick animals, thereby preventing suffering and, as such, contributing to the
welfare of animals, food safety and security, and productivity [8,13]. This aspect has as-yet received minimal or no
scientific attention and, unlike in humans where the WHO published a global report on AMR [43], the worldwide
burden of resistance on animal health is unknown and no report from the OIE has mentioned it [41].

The main way to minimize the levels of antimicrobial use in animals is to prevent infections and ensure good
animal care, as on-farm activities directly affect the level of medications required. The key elements are biosecurity
measures (good agricultural and hygiene practices) and immunization that prevent the emergence and transmission
of infectious diseases, ARB and ARGs, along with commercial incentives and disincentives, and, a legal framework
regulating antibiotic use in animal sector. Experiences of some countries such as Denmark, Sweden, Norway and
The Netherlands confirm that antimicrobial use in animals can be substituted with alternative measures including
vaccines, good husbandry practices and biosecurity measures, without disruption of the productivity. This does
not mean that antimicrobials should not be used at all, but rather, that it is crucial to maintain antimicrobial
effectiveness for treating very sick animals, thereby reducing suffering, ensuring good welfare and top-class food
safety for the consumers.

Also, given the fact that AMR has reduced the therapeutic arsenal for several animal diseases some antibiotics
are no longer proposed as first-line drug and there are only few alternatives remaining for their management due
to the widespread resistance. Penicillin for instance, which has been used for the treatment of mastitis caused
by S. aureus in cattle since the 1950s, is currently not an empirical first choice for this condition. Emergence
of penicillin and tetracycline resistance in Mannheimia haemolytica (M. haemolytica) and Pasteurella multocida
(P. multocida) responsible for pneumonia in calves make it difficult to use these drugs as first-line treatment in
some part of the world [41]. Similarly, resistance in E. coli causing enteritis in young pigs has worldwide ousted
trimethoprim-sulfamethoxazole as appropriate first therapeutic option [44].

Swine dysentery caused by the spirochete Brachyspira hyodysenteriae (B. hyodysenteriae) is a serious enteric
infection for suckling pigs that usually affects a large proportion of animals within a herd and persists with recurring
outbreaks causing animal suffering and economic losses attributed to mortality, limited feed conversion and retarded
growth [41]. Resistance to antimicrobials previously used in the management of swine dysentery, including tylosin
and lincomycin, is actually widespread, and nowadays, pleuromutilins are recommended. However, resistance to
pleuromutilins has also been detected, making the management of swine dysentery difficult with serious constraints
on the production of the farm where outbreaks of resistant B. hyodysenteriae emerge [41].

The MRSA clonal complex 398 emerged in the last decade in pigs, and asymptomatically colonized various food
animals. It has now been detected in milk and associated with mastitis in dairy cows with concomitant resistance
to several antibiotics including tetracycline, gentamicin, trimethoprim-sulfamethoxazole and erythromycin [45].
This implies that should MRSA strains become more prevalent in mastitis, for instance, there will be limited or no
antimicrobials available for its management [41]. Although such scenarios could certainly be managed in single herds
through depopulation, cleaning and subsequent restocking under biosecurity measures, emergence and spread of
multiresistance in endemic bacteria such as M. haemolytica and B. hyodysenteriae, in indicators like E. coli and
Enterococcus spp., and emerging pathogens such as MRSA clonal complex 398, would have serious implications for
productivity (especially in large-scale intensive production systems), food security and safety regardless of country-
income, thereby threatening achievement of SDGs 1, 2, 3 and 12 (UN, 2015; Figure 2). Preserving the effectiveness
of the current therapeutic arsenal is therefore crucial to ensure our ability to alleviate the threat posed by ARB and
ARGs for animal health and welfare, as well as public health.

Implications for socioeconomic development
In its 2013 annual report on global risks, the World Economic Forum concluded that ‘arguably the greatest risk
... to human health comes in the form of antibiotic-resistant bacteria. We live in a bacterial world where we will
never be able to stay ahead of the mutation curve. A test of our resilience is how far behind the curve we allow
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Figure 2. Multidimensional repercussions of the emergence of antimicrobial resistance in the farm-to-plate
continuum.

ourselves to fall’ [10]. This has been confirmed by the AMR review which stated that a cumulative global economy
loss of US$100 trillion over the 35 next years will be attributable to AMR if considerable efforts are not sustainably
implemented [4]. In addition, the World Bank estimated that the annual cost of AMR could be as high as those of
the 2008’s global financial crisis and that LMICs would be most affected with the largest economic shortfalls in
economic growth [9]. In fact, LMICs are estimated to face a total productivity loss of around US$95 billion yearly
owing to unsafe food with the cost of treating foodborne illnesses being projected at US$15 billion [19]. The total
productivity loss associated with foodborne illnesses in LMICs is estimated to cost US$95.2 billion per year, and
the annual cost of treating them is estimated at US$15 billion. Although difficult to quantify, other costs include
company sales and losses of farm, foregone trade income, the health repercussions of consumer avoidance and the
environmental burden of food waste. The majority of the health and economic burden could be avoidable through
simple preventive measures, behavioral changes and investments adopted in the farm-to-plate continuum [19].

Furthermore, financial losses that will occur due to higher mortality directly associated with resistant infections,
and indirectly through reduced feed conversion, decreased growth and production, as well as premature culling of
dairy cows and breeding animals, will result in higher costs of commodities derived from animal food production
and ultimately for the end consumer [41]. AMR, therefore, negatively impacts agricultural practitioners and food
production industry, as the absence of effective antibiotics to treat sick animals will irreversibly damage food
productivity, leads to loss in consumers’ confidence in the products, thereby reducing benefits [8,37,46].
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In the lens of the consumer, substantial medical expenses, together with absenteeism at work and school that is
prejudicial for the society will also be attributed to resistant foodborne infections [47,48]. US National data of seven
foodborne pathogens reported losses between US$5.6 and 9.4 billion in absence at work and medical expenses,
whereas in the European Union, annual healthcare costs attributed to Salmonella infection alone were estimated
at €3 billion. The cost of 11,500 daily cases of foodborne infections was estimated at AU$2.6 billion annually in
Australia. Based on 2011 CDC data, Scharff estimated at US$1626 and 77.7 billion the average cost per case and
annual cost of foodborne illness, respectively [49].

Moreover, consequences related to food contamination will drain the national economy as country economic
losses associated with resistant foodborne infections will range from increase of national medical expenses, outbreak
investigations and food recalls. In 2011, an outbreak due to enterohemorrhagic E. coli and linked with contaminated
fenugreek sprouts emerged in Germany and spread in height countries in Europe and North America, with 53 deaths
reported. This outbreak caused US$1.3 billion losses for German farmers and industries and up to US$236 million
in emergency aid payments to 22 European Union member states [5]. The same year, an outbreak linked to a strain
of Salmonella resistant to four antibiotics and originating from ground turkey caused 136 cases with one death and
recalling of 36 million lbs of ground turkey in the USA [50].

The 2016 World Bank report revealed that output and trade in food animals and products are especially
vulnerable to AMR effects not merely because of reduced productivity associated with resistant infections but also
due to international trade disruption in the wake of disease outbreaks [9]. The report estimated that decline in
global food production could range between 2.6–7.5% of food products and LMICs will be the most affected with
11% loss in a simulation of worst AMR impact scenario [9]. This suggests that if nothing is done to significantly
address this threat, the socioeconomic development of several countries, particularly those in the developing world
that relies mainly on agriculture and food production, will be seriously impeded, along with the achievement of
some world’s SDGs. For instance, SDG 1 of eradicating poverty by 2030 would be difficult to reach as the number
of poor people will be 8 million in an optimistic and up to 24 million in a pessimistic scenario, and the majority
of these increases will occur in LMICs [9]. To a further extent, elimination of hunger, achievement of well-being
for all, ensuring equitable education, sustainable management of water and sanitation for all as well as sustainable
economic growth, and sustainable consumption promoted under SDGs 2, 3, 4, 6, 8 and 12 (Figure 2), respectively,
may likely not be accomplished by the same period.

Implications for environmental health & climate change
Environmental health

The use of antibiotics for prevention, treatment and growth promotion purposes in animal husbandry and fish
farming as well as in crop production enables their release in natural ecosystems [51,52]. A large fraction (30–90%) of
these antibiotics are not transformed into inactive compounds, retain their biologically active form and enter either
to waste water treatment plants (WWTPs) or directly into groundwater or soils with one of three fates: absorption
to sewage sludge [53]; biodegradation [54,55] or persistence unchanged in the effluent [54]. The dissemination of
antibiotics, antibiotic residues, as well as ARGs and ARB excreted via food animal waste leads to ‘environmental
pollution’ and therefore, establishes the environment as an important reservoir for the emergence and spread of
AMR across the farm-to-plate continuum [54].

In fact, the aquatic environment can serve both as natural AMR reservoir and route for the entrance in the
food chain since aquatic bodies such as rivers, lakes, streams and even coastlines are generally end points receiving
effluents from WWTPs and agricultural runoff, and increasing thereby the level of ARB and ARGs in natural
ecosystems [56,57]. A critical review by Williams et al. highlighted oceans as the largest reservoir of ARGs in
the environment, with 28% of known genes including clinically relevant and unknown genes [56]. The authors
also reported that the incidence of tetracycline resistance was twice as high in coastal runoff compared with
forested area runoff as well as around 35% of β-lactam ARGs (blaTEM-1 + SHV12 and blaCTX-M-15) in environmental
Enterobacteriales [56]. This poses a serious public health risk as accidental ingestion of ARB- or ARG-containing water
may occur during bathing or recreational activities. Considering that 1.8 billion people, especially in developing
countries, do not have access to safe drinking water, the high rate of ARGs reported in water surfaces could
drastically increase morbidity and mortality due to resistant waterborne bacteria [58].

In addition, ARB and ARGs spread off a large livestock operation, termed confined animal feeding operation,
by several routes including via manure applied to land as fertilizer, from lorry transporting animals, wind leaving
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farm/abattoir facilities or even via flies or beetles attracted to the dung, which can pick up and spread ARB. A
recent study of the South Platte River in the USA, found that ARGs coding for resistance to sulfonamides were
10,000-times superior in river sediments downstream compared with those upstream from larger feedlots (ones
with 10,000 cattle). The same study further revealed that these same ARGs were 1000-times higher from sewage
treatment plants releasing ten million gallons of effluent per day compared with pristine sediments [59]. Once
these pollutants of animal origin escape the farm, genetic exchanges of resistance mechanisms with other bacteria,
even those that have never been exposed to antibiotics can ensue. Consequently, farm soils, manure, waste streams
and WWTPs have been acknowledged as ‘hot spots’ of antibiotic pollution and dissemination of AMR in the
food chain, with antibiotic residues, mobile genetic elements, ARGs and ARB being detected across the world in
these ecological niches [60,61]. Horizontal gene transfer has then been documented in these niches as well as in
rivers, lakes and wildlife animals, and are involved in microbial communities containing various levels of ARB and
ARGs [2,51,52].

How the environmental pollution contributes to the selection of resistant bacteria and the exacerbation of the
environmental resistome (assortment of genes that are able to confer ABR when expressed in a susceptible organism)
elements is highlighted by a study from Huang et al. on 4767 commensal isolates originating from fish, feed and
water of an aquaculture farm, which revealed that up to 80% were resistant to antibiotics with feed showing the
highest levels upon real-time or quantitative PCR [62]. The dissemination of these materials onto soil increases AMR
emergence and dissemination risks to: wild animals; crops, vegetables and fruits; surrounding water surfaces and
groundwater; farm workers; and air and dust particles. Azanu et al. reported that carrot and lettuce, two vegetables
that are frequently eaten raw, were associated with sub-inhibitory concentration of antibiotics (tetracycline and
amoxicillin) upon water irrigation [63]. When recognizing that around 70% of global freshwater of agricultural
production is based on resources from rivers, lakes and groundwater and is required to produce 20% of global
foods [64], it is likely that ARB and ARGs spread to food animals and products, fish, shellfish, vegetables and water
to ultimately reach the consumers and thereby, enhancing the public health risks associated with the presence of
AMR in the farm-to-plate continuum [51,57].

Besides, animal waste is used throughout the world and particularly in developing countries as fertilizer in crop
lands, and feeding of fish and shellfish in aquaculture. The persistence and changes in the resistome [65] of sludge
or manure after anaerobic digestion or composting gained high interest worldwide and land spread of composted
sludge has been associated with spread of ARGs in the soil and wider environment [66]. In keeping with this, Calero-
Cáceres et al. reported an elevated prevalence of ARGs after digestion of sludge and suggested that agricultural use
of sludge-harboring ARB could significantly contribute to the spread of AMR in the environment [67]. In addition,
Xiao et al. identified 16 types of ARGs corresponding to 110 ARG subtypes encompassing major resistance
mechanisms and with multidrug-resistant genes (e.g., gene-encoding efflux) being the most common type detected
(range: 38–47.5%) in all samples in China [68]. Udiko-kolic et al. reported that application of manure as fertilizer to
agricultural soil led to emergence and dissemination of AMR, even when the animals that produced the manure were
not treated with antibiotics [69]. The authors further concluded that enrichment of resident soil bacteria harboring
AMR elements is favored by manure fertilization [69]. All these confirm that farm environments, especially soil and
water, may contribute to the spread of AMR along the farm-to-plate continuum. The environmental pollution is
of particular concern as ARB and ARGs may spread through plant, crop production and wildlife, and revert back
to animals and humans, thereby increasing the risk of transmission of foodborne infections and pose food safety
and public health risks, particularly in developing countries due to the limited access to clean water and precarious
sanitary conditions.

However, the impact of environmental pollution goes beyond selecting resistant mutants, favoring the acquisition
of ARGs via horizontal gene transfer and food safety and public health threats, to the enrichment of the pool of
intrinsically resistant microorganisms and reduction of susceptible ones in the environmental microbiota [54].
Cyanobacteria, for instance, that are responsible for more than a third of CO2 fixation and total free O2 production
are naturally susceptible to antibiotics, and there is currently no evidence that this population is suffering the impact
of antibiotic pollution. However, the elimination of cyanobacteria as a result of this pollution might imbalance the
micro-biosphere and have impact on climate change [54]. The AMR environmental pollution, thereby, threatens
achievement of SDGs 2, 3, 6, 12 and 15 promoting end of hunger, healthy lives and well-being, availability
and sustainable management of water and sanitation for all, sustainable consumption and production as well as
sustainable use of terrestrial ecosystem, respectively. It also endangers global actions undertaken in the mitigation
of climate change.
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Climate change

Food animal production and its environmental footprints is recognized as great contributor to climate
change [37,64,70,71]. Indeed, after fossil fuels, animal agriculture is the second largest contributor of human made
greenhouse gas (GHG) with deforestation, water and air pollution, and biodiversity losses being the main con-
sequences [71,72]. A heavy strain on Earth’s finite resources such as water, land and energy is caused by animal
agriculture in order to accommodate the world’s 70 billion animals annually raised to feed the human population.
As such, around 60% of global freshwater and a third of the planet’s ice-free land and global grain production are
dedicated to growing of food animals [37,64,70,71].

With the world’s population projected to reach 9.7 billion by 2050 [38], the FAO estimates that the demand of
animal proteins and crops, both through population growth and economic development, will require as much as a
doubling the global food and agriculture production over the same time period [37]. The consumption of meat and
dairy products is projected to rise by 76 and 64%, respectively, thereby, increasing the resource load from the food
production industry [33,37,64].

The production and distribution of quality, nutritious and safe food for the expected 9 billion population by 2050,
without destroying Earth’s finite resources, including antimicrobial substances, represent a multifaceted challenge
that lacks a single solution [33,39]. The environmental repercussions of agricultural industrialization/expansion
increase with the global food demand and this has been confirmed by a recent modeling study, which revealed
that meeting the unprecedented global demand on animal proteins relies on the agricultural evolution. If greater
agricultural industrialization continues, around 1 billion ha of land would be cleared globally by 2050, with
concentration of GHG emissions reaching approximately 3 Gt y-1 and azote use approximately 250 Mt y-1 by the
same year [33].

As one of the foremost users of natural resources and thereby contributor to climate change, the food animal
production sector needs to address its environmental footprints [70–72]. The sector currently faces the significant
challenge to reduce its GHG emissions with the large part being caused by methane released from enteric fer-
mentation and partly from animal manure [70,72], while responding to a substantial demand for animal and crop
proteins [33]. This situation led farmers and food producers to favor and implement intensive agricultural practices
that are over-reliant on antimicrobial medicines [40] that, besides threatening human, animal and environmental
health with the emergence of ARB and ARGs, further exacerbates climate change and undermines the considerable
efforts undertaken to combat it as depicted in SDGs 13 and 15 [15].

As food safety is intricately linked to sustainable consumption and production [34,39], AMR in the food chain
may cause an imbalance leading to environmental issues and jeopardizing achievement of UN’s SDGs 12 and
13 [15]. This is confirmed by Hammer et al., who revealed that antimicrobial use in food animals increases GHG
emissions from cow dung. The authors showed that antibiotics, especially tetracycline used in this study, boost
methane production in cowpats by favoring ARB and methane-producing organisms in the digestive systems [73].
The authors reported that manure of cattle feed with tetracycline produced 1.8-times more methane, a potent
and principal global warming gas, than normal manure, while their belches produced far more methane than their
manure did [73]. The challenges of increased food production are magnified by its potential impact on environmental
sustainability and resource availability, which will require entirely new approaches, public–private collaboration,
scientific discovery and translation of results into effective strategies and policies for decision-makers.

Global strategy to ensure food safety & sustainable development
Containing AMR requires a global approach combining multifaceted and comprehensive actions within the One
Health approach, with a strong overarching goal to ensure food safety, sustain food security, combat communicable
and noncommunicable diseases successfully, as well as preserve antimicrobial effectiveness for future generations [4].
In keeping with this, a better use of antimicrobial substances in food production is needed while substantially
preventing and monitoring the transmission of resistance already present in the farm-to-plate continuum as
containing it throughout this continuum will substantially lessen multisectorial implications associated with this
issue ([1]; Table 1 & Figure 2). Interdependent and inter-related problems such as AMR need integrated and global
solutions [74] as per the examples of Denmark, Sweden and Norway where levels of antibiotic use and resistance are
the lowest in the world, a situation partly due to the effective containment of AMR concomitantly in humans and
animals.
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Table 1. Summary of implications of antimicrobial resistance in the farm-to-plate continuum.
Implications of AMR Direct impacts Indirect impacts SDGs affected

Food security Unsafe food
Increased hunger and malnourishment

Increased morbidity and mortality
Increased poverty

SDG† 1, 2, 3 and 12

Animal health and welfare Therapeutic failure
Increased animal morbidity and
mortality
Threat to animal well-being

Increased cost of food production
Increased hunger
Endangered human health

SDG 1, 2, 3 and 12

Public health Intestinal and extra-intestinal
foodborne illness

Endangered IPC‡/ASP§

Increased cost of hospitalization and medication
SDG 1 and 3

Environmental health Environmental pollution
Unsafe water
Change of environmental microbiome

Increased hunger
Threatened sustainable consumption and production
Endangered sustainability of Earth’s finite resource
Endangered human and animal health

SDG 2, 3, 6, 12, 15

Climate change Increased GHG emissions
Deterioration of natural resources

Endangered public health, food security and climate change
actions

SDG 2, 3, 6, 12, 13, 15

Socioeconomic development Increased poverty
Drain on national economy

Increased hunger
Threatened education and well-being
Endangered policies and actions on sustainability

SDG 1, 2, 3, 4, 6, 8, 12

†Sustainable development goals.
‡ Infection, prevention and control.
§Antimicrobial stewardship programs.
AMR: Antimicrobial resistance; GHG: Greenhouse gas.

A multi-pronged strategy has been proposed to ensure food safety as it is a collective responsibility requiring
collaboration among the government, food-producing industries and the public across the farm-to-plate contin-
uum (viz., from farmers and food manufacturers to food-handlers and end consumers). Decision-makers should
acknowledge food safety a public health priority, to ensure that all stakeholders along the whole farm-to-plate
continuum, from the food producers and suppliers to the consumers, operate responsibly to preserve the safety of
food while ensuring food security [75]. Farmers should, for instance, be advised to implement effective biosecurity
measures to prevent emergence of AMR and on-farm contamination with ARB and ARGs or external dissemina-
tion when contamination occurs, whereas food-handlers and consumers are advised to make use of WHO’s tool
‘Five Keys to Safer Food’ when cooking [75]. Decision-makers should further implement and maintain adequate
and sustainable food systems and infrastructures in order to manage appropriately food safety risks throughout
the entire farm-to-plate continuum. The development of specific and achievable goals, reinforcement of political
will, mobilization and allocation of resources, financial support to reinvigorate antibiotic pipeline and alternatives
to antibiotics, and agreement on a responsible mechanism for global collective action on this threat are further
required [74].

Conclusion & key recommendations
The emergence and spread of AMR in the farm-to-plate continuum is a food safety issue with public health
implications just being the tip of the iceberg. Not considered are the manifold implications on food security, animal
health and welfare, socioeconomic development, environment and climate change, which make the emergence
and spread of AMR in this continuum among the keystones of this global disaster. In this regard, emergence and
spread of AMR in the farm-to-plate continuum should not merely be considered a food safety issue but recognized
as a grave barrier in the accomplishment of UN’s SDGs. Policy makers and governments should invest smartly
in food safety, heighten awareness to engage effectively with all stakeholder, especially consumers and implement
appropriate preventive measures in the farm-to-plate continuum.

Future perspective
This perspective emphasizes that AMR in the food chain is a silent pandemic threat requiring holistic actions
and sustainable political will and commitment. It further reveals that the manifold repercussions of AMR in the
food chain extend beyond reduced productivity, benefits or health risks and food safety to reach food insecurity,
higher healthcare costs, drain on national and global economies as well as worsening climate change. Upcoming
efforts for containment of AMR in the farm-to-plate continuum should focus on a collaborative and holistic One
Health approach that considers not only the problem itself but also all upstream and downstream factors associated
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with it. As with threats posed by the climate change, where positive results of interventions are already evident,
sustainable efforts endorsed, coordinated and monitored by the United Nations in line with One Health approach,
and involving WHO, FAO, OIE, UN Environment Programme (UNEP); the UN Children’s Fund (UNICEF),
UN Development Program (UNDP), UN Educational, Scientific and Cultural Organization (UNESCO), the
World Bank and other multilateral agencies should be implemented to contain AMR from farm-to-plate, as part
of a global coordinated plan.

Executive summary

• Antimicrobial resistance (AMR) in the food chain is a silent pandemic threat with public health implications just
being the tip of the iceberg.

• Food safety is an area of global public health priority and a vital element to achieving several sustainable
development goals such as those pertaining to poverty, hunger and promoting health and well-being.

• Any breach in the food safety barrier leading to the emergence and spread of antibiotic-resistant bacteria and
antibiotic-resistant genes has multisectoral implications and threatens to reverse decades of human and animal
health improvements globally.

• Emergence of AMR in the pre- and post-harvest systems presents a serious risk of contamination or infection
directly by antibiotic-resistant bacteria and antibiotic-resistant genes for farmers, agricultural practitioners,
abattoir workers, food handlers and their associated contacts as well as consumers at the end of the food chain.

• The manifold repercussions of AMR in the food chain thus extend beyond reduced productivity, benefits or
health risks, and food safety to reach food insecurity, higher healthcare costs, drain on national and global
economies as well as worsening climate change.

• Assessing the real implications of AMR is difficult, as such, the numerous ecological niches of the farm-to-plate
continuum need to be integrally considered when addressing the effective containment of AMR, conservation of
antimicrobials for current and future generations, as well as sustainable development by 2030.

• Implementing the One Health approach is essential as sustainable healthcare solutions for current and future
generations cannot be achieved in isolation but require well-coordinated efforts locally, nationally, regionally
and internationally.
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