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A B S T R A C T

The food safety of livestock is a critical issue between animals and humans due to their complex interactions.
Pathogens have the potential to spread at every stage of the animal food handling process, including breeding,
processing, packaging, storage, transportation, marketing and consumption. In addition, application of the anti-
biotic usage in domestic animals is a controversial issue because, while they can combat food-borne zoonotic
pathogens and promote animal growth and productivity, they can also lead to the transmission of antibiotic-
resistant microorganisms and antibiotic-resistant genes across species and habitats. Coevolution of micro-
biomes may occur in humans and animals as well which may alter the structure of the human microbiome
through animal food consumption. One Health is a holistic approach to systematically understand the complex
relationships among humans, animals and environments which may provide effective countermeasures to solve
food safety problems aforementioned. This paper depicts the main pathogen spectrum of livestock and animal
products, summarizes the flow of antibiotic-resistant bacteria and genes between humans and livestock along the
food-chain production, and the correlation of their microbiome is reviewed as well to advocate for deeper
interdisciplinary communication and collaboration among researchers in medicine, epidemiology, veterinary
medicine and ecology to promote One Health approaches to address the global food safety challenges.
1. Introduction

In the entire ecosystem, rich diversities of microorganisms exist at the
human-animal interface, some of which cause human and/or animal
diseases. There are 58% of human pathogens that are zoonotic and cause
diseases in both humans and animals [1]. A huge number of microor-
ganisms and their products are frequently exchanged in the interface of
humans and animals, which may raise the possibility of cross-species
transmission of pathogens, antibiotic-resistant genes, virulence genes,
etc. The worldwide increase in the population of poultry and livestock
since the industrial revolution has been closely associated with an in-
crease in the prevalence of zoonotic infections in humans [2]. The close
relationship between humans and animals have also led to the similarity
in the structure and function of microorganisms between the two.
Through direct or indirect contact, humans and animals can be exposed
to pathogens and veterinary antibiotic residues. In addition to that,
humans can be exposed to pathogens through the consumption of various
animal products, such as meat, eggs, milk, and their by-products, as well
as animal hides and skin products. A closer scrutiny of such relationships
reveals that food safety, the complex system from farming and slaughter
lsevier B.V. on behalf of Shangha
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to retail and cooking, is caused by the human-animal-environment
interface and where it intersects with each other.

Antibiotics have undoubtedly played an indelible role in helping
humans to combat pathogens, but their overuse has inadvertently
contributed to microorganisms becoming resistant to antibiotics. The
spillover and evolution of these antibiotic-resistant microorganisms is an
excellent example of the interface of co-evolution for human and animal
microbiomes.

The concept of One Health is increasingly recognized as a critical
approach to addressing complex issues related to the interdependence of
human, animal and environmental health. In order to protect human
health, animal health and welfare, and ecological health, it is important
to understand how pathogens interact with antibiotic-resistant genes and
microorganisms at the human-animal interface [3]. The One Health
approach emphasizes the harmony between humans, animals and the
environment, and encourages the interdisciplinary communication and
multi-sectoral collaboration that plays an important role in promoting
the health of humans, animals and the ecosystems within the animal
food-supply chain. On December 1st 2021, the One Health High-Level
Expert Panel (OHHLEP) further refined the definition of One Health,
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which pointed out that One Health is an integrated, coalition-building
approach that seeks to sustainably balance and optimize the health of
people, animals and ecosystems, recognizing that the three are inextri-
cably linked and interdependent, and it takes a multidisciplinary, mul-
tisectoral approach to address global challenges, such as food security
issues and antibiotic resistance prevention [4]. Moreover, in the context
of coevolution, One Health is particularly important because it highlights
the role of genetic variation in driving the evolutionary trajectories of
both hosts and pathogens [5]. Mutations, recombination and gene flow
are key drivers of genetic diversity that facilitate coevolutionary dy-
namics. However, human activities such as habitat destruction, envi-
ronmental changes, and the expansion of livestock farming can indirectly
affect gene flow by altering the behavior of vectors and host populations.
Therefore, regulating gene flow is crucial for preventing the emergence
and spread of infectious diseases that can affect human and animal
health. However, this requires careful consideration of the ecological,
socioeconomic and ethical implications of different policy options, as
they affect multiple stakeholders and values. The previous reviews on
food safety have limitations in that they have either focused on the re-
view of pathogens at the human-animal interface [6], summarized the
flow of antibiotic resistance between humans and livestock [7] or high-
lighted the importance of One Health for zoonotic diseases [8]. To
overcome these limitations, this review summarizes the main pathogen
spectrums of livestock and animal products; the coevolution processes
that occurs between the human-animal-environment interface; pathways
of antibiotic-resistant bacteria and genes with food, animals and humans
from a One Health perspective—considering that these pathogens may
cause a high burden of food-borne diseases in the population, inducing
higher mortality, or being transmitters of antibiotic-resistant genes.

2. The main pathogen spectrum in livestock and animal products

2.1. Bacteria

According to the World Health Organization (WHO), food
contamination caused around 600 million outbreaks of disease, with
350 million caused by pathogenic bacteria, including Campylobacter
spp., Salmonella spp., and others in livestock, fish, pets and wildlife
[9]. These bacteria pose a significant health and economic burden to
both developed and developing countries [10]. This review will focus
on nine species of bacteria associated with domestic animals, specif-
ically those documented by the WHO or the World Organization for
Animal Health (WOAH). Although some bacteria may infect food an-
imals through contact with wildlife, they are not the main focus of this
article.

2.1.1. Campylobacter spp.
Campylobacter spp. is a common bacterial food-borne diarrheal dis-

ease worldwide [11]. Humans are at risk of contracting Campylo-
bacteriosis from almost all livestock products, including unpasteurized
milk and milk products, raw eggs, mayonnaise, undercooked meat and
raw seafood [12]. The bacterium can persist throughout the entire
poultry food chain, from growing to consumption, and is commonly
found in broilers, broiler carcasses and retail chickens [13]. Most strains
are multidrug-resistant, with prevalence of resistance to ciprofloxacin,
enrofloxacin, nalidixic acid and/or tetracycline [14]. Campylobacter is
also commonly found in poultry, cattle, swine and on the surfaces of hoof
and mane in ruminants such as cattle and sheep [15]. Animals are pri-
marily infected with Campylobacter through contact with other animals,
farm workers, as well as environmental media such as water, soil and air
[16]. This requires collaboration between physicians, veterinarians,
public health professionals, scientists and government officials to
develop a holistic system, including strict biosecurity measures, to pre-
vent the introduction of Campylobacter to concentrated livestock through
other animals, farm staff or visitors [17]. Enhancing information sharing
between countries and authorities, such as genome sequences and
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epidemiological information, would reduce the impact on human and
animal health following the One Health perspective.

2.1.2. Salmonella spp.
Non-typhoidal Salmonella spp. is a common cause of food poisoning in

humans, with eggs, egg products and poultry meat being the primary
sources of infection, followed by pork, beef and dairy products. Salmo-
nella can spread both vertically and horizontally in animals. For example,
eggs can become contaminated through contact with feces and the
environment or by the production process of diseased hens [18]. People
can become infected with Salmonella directly or indirectly through con-
tact with animals in various settings, but most human cases result from
food-borne transmission or human fecal contamination [19,20]. The
emergence of antibiotic-resistant strains of Salmonella is also a major
public health concern, with the food chain being responsible for the
primary transmission of these antibiotic-resistant genes at the
human-animal-environment interface [21–24]. Consequently, given the
epidemiological complexity of salmonellosis, in parallel to the imple-
mentation of strict health policies throughout the food safety process, an
integrated surveillance system with a multisectoral approach, like the
One Health actions in Canada [25], could help to control this enteric
disease and antimicrobial resistance in the long-term.

2.1.3. Bacillus anthracis
Anthrax is a fatal zoonotic infection caused by Bacillus anthracis,

which is endemic inWestern Africa [26] and threatens humans, domestic
animals and wildlife. Humans can contract the disease through contact
with infected animals or their remains, or by consuming contaminated
meat [27]. Domestic animals, including cattle, sheep, horses, pigs and
dogs, have varying degrees of susceptibility [28]. The global anthrax
epidemic is a complex one with a lot of impact factors, such as agricul-
ture, veterinary medicine and health education. Limited surveillance in
resource-poor countries further complicates epidemiological data
collection. Additionally, antibiotic resistance in B. anthracis is concerning
[29], with 10 antimicrobial-resistant genes identified in a global
genome-wide dataset [30]. The One Health concept emphasizes collab-
oration between experts in clinical and veterinary medicine, epidemi-
ology, microbiology, genetics, immunology and ecology to develop
interdisciplinary plans to combat this challenging, multi-host and deadly
zoonotic pathogen [31].

2.1.4. Listeria monocytogenes
Listeria monocytogenes causes aggressive and uncommon listeriosis,

with a mortality rate of 20–30% [32]. Animal products, including meat,
milk, dairy and fish are the main sources of infection [33]. Pregnant
women, children, elderly individuals and immunocompromised pop-
ulations are more susceptible [34,35]. The development of
antibiotic-resistant L. monocytogenes has made treatment more chal-
lenging [36,37]. However, hygienic food processing can reduce
contamination and ensure food safety [38]. One Health initiatives have
shown promise in reducing the potential threat of L. monocytogenes by
fostering collaboration between medicine, public health, veterinary
medicine, food safety and policy-making sectors and integrating regional
data [39].

2.1.5. Methicillin-resistant Staphylococcus aureus (MRSA)
MRSA is a zoonotic pathogen that spreads from animals to humans

through contact with infected animal food. Livestock-associated MRSA is
a widespread strain that is derived from a human MRSA strain and can
infect a variety of animals [40–43]. Raw meat handling without gloves
can allow MRSA to colonize the skin and soft tissues, which can then be
transmitted through direct contact with others. It can also spread through
contaminated animal products [44,45]. Good Manufacturing Practices
(GMP), Good Hygiene Practices (GHP), Hazard Analysis and Critical
Control Points (HACCP) systems, as well as increased monitoring of
veterinary antibiotic use, can limit S. aureus contamination in food [46].
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Despite the existing surveillance systems around the world [47],
including collaborative surveillance systems between countries [48,49],
the fragmentation of data sets, particularly heterogeneous data collec-
tions, has a negative impact on MRSA research [47]. A well-coordinated
MRSA surveillance system based on the One Health concept, which in-
tegrates microbiological and epidemiological data, would be of great
benefit to reducing the risks of food safety [50].

2.1.6. Brucella spp.
Brucellosis, also known as “Undulant fever”, is one of the major

zoonotic diseases [51], and its prevalence is also associated with the
prevalence in livestock and wildlife [52]. It can be transmitted to humans
through the consumption of contaminated raw milk and dairy products
or contact with infected animals [53]. The WOAH, WHO and Food and
Agriculture Organization of the United Nations (FAO) rank brucellosis as
one of the most important neglected occupational hazards [54]. The
severity of brucellosis in human populations depends on factors such as
dietary habits, processing methods of milk and dairy products, feeding
practices and environmental hygiene [55]. Non-standard treatment can
lead to antibiotic resistance, with isolates from livestock and their
products showing resistance to commonly used antibiotics in human
treatment [56,57]. The complexity of solving the brucellosis epidemic in
these countries necessitates the application of the One Health approach,
to achieve a strategic layout of multisectoral involvement and multidis-
ciplinary action, all stakeholders including legislators, national and local
authorities, veterinary practitioners and workers, doctors and health care
providers, livestock producers, dairy processors, suppliers, remote
nomadic and rural smallholder farmers and customers should all be
involved in policy planning and implementation together [58].

2.2. Viruses, fungi and parasites

Pathogens of viruses, fungi and parasites can also pose a threat to
human and animal health at the human-animal interface during feed
preparation, mass production, slaughter and food processing. Some ex-
amples of these pathogens include avian influenza viruses, Nipah viruses
and viral hand-foot-and-mouth disease. Mycotoxin residues can cause
chronic health problems in humans and animals. Parasites such as
Cryptosporidium spp. and Toxoplasma gondii can cause significant
morbidity and mortality in both animals and humans. Although it is not
possible to provide a comprehensive list of all potential viral, fungal and
parasitic threats, understanding the dynamic nature of the human-animal
interface is crucial in preventing and controlling their spread.

2.2.1. Viruses
Food-borne viruses, including norovirus and hepatitis A virus, have

become a growing concern at the human-animal interface due to
contamination during food production and processing. While viruses
cannot grow in animal products, they can survive during processing and
storage [59], leading to illness in humans. Swine Influenza (SI) is a res-
piratory disease caused by the influenza A virus and has led to global
infection rates of 10–20% [60–62]. Environmental factors, such as live-
stock and population density, play a crucial role in the emergence or
pandemics of human influenza [63]. The One Health approach can play
an important role in raising awareness and preventing zoonotic disease
outbreaks. Apart from food-borne viruses, other viruses like the Ebola
virus, coronaviruses, monkeypox virus and Nipah virus can also infect
humans through direct or indirect contact with contaminated animal
products [64]. The risk of virus spillovers and transmission changes with
human activities and virus evolution [65]. To mitigate such complex
issues, broader surveillance and the One Health approach are required to
develop holistic frameworks [66].

2.2.2. Fungi
In animal products, mycotoxin residues result primarily from

contaminated feed or pasture, with aflatoxin being the most concerned
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[67]. Because aflatoxins are highly toxic hepatocarcinogens, mainly
residing in animal liver, kidney, blood, milk, eggs and meat, the con-
sumption of these animal products becomes one of the most important
sources of mycotoxin intake in humans. In addition, the approach of
controlling feed safety by avoiding toxin contamination through block-
chain technology and food sensor technologies is in line with One
Health's approach of encouraging interdisciplinary collaboration [65].

2.2.3. Parasites
Parasites in animal products can cause public health issues. In China,

Clonorchis sinensis and Gnathostoma spp. in raw or cured fish and crus-
tacean products, as well as Trichinella spp. and Taenia spp. in pigs and
beef, pose a significant threat to human health. Cestode-caused echino-
coccosis and cysticercosis are the most severe food-borne parasitic dis-
eases in China, resulting in severe damage to the human liver, lungs,
brain and bones [68]. Worldwide, animal products contaminated with
T. gondii, Cryptosporidium spp. and Giardia duodenalis are also a major
concern [69,70]. Toxocara spp. eggs excreted in feces can persist in soil,
contaminate vegetables, or be consumed by farm animals, affecting food
safety and endangering public health [71]. A comprehensive and inte-
grated control strategy, adopting the One Health approach, should be
developed by professionals, scientists, practitioners in the field of vet-
erinary medicine, human medicine, public health, agriculture and hus-
bandry [72].

3. Transmission of antibiotic resistance genes between livestock
and human

The reasons for antibiotic use in livestock farming include increased
productivity, treatment of animal diseases, prevention of disease out-
breaks, and treatment of diseases for the entire herd in large intensive
farms. They are more commonly used in intensively farmed species such as
pigs and poultry in Europe than in extensively farmed species such as cattle
and sheep, which leads to an increase in microorganism selection pressure
[73,74]. The overuse of antibiotics in livestock, particularly the last-line
defense against antibiotic resistance, mucin, accelerates the emergence
of antibiotic resistance in zoonotic pathogens, a significant challenge to
public health [75]. It is encouraging to note that this issue has received
much attention and support, and Table 1 demonstrates the discoveries of
antibiotic-resistant studies conducted in various countries concerning
farmed animals. Microorganisms can acquire antibiotic-resistant genes
through horizontal gene transfer of mobile genetic elements and further
cause their mobile transmission in the human-animal-environment inter-
face [76–80]. Since antibiotic-resistant bacteria and genes develop
trans-habitat and cross-species transmission, an integrated understanding
of the linkages between human, animal and environmental microbiota
with the One Health approach [81]. The One Health approach is essential
in addressing this global health challenge, exploring the complex re-
lationships between humans, animals and the environment at the local,
regional and global levels through interdisciplinary and cross-sectoral
collaboration [82].

3.1. Transmission of antibiotic resistance genes between livestock and
humans through direct contact and food products

In small-scale poultry and livestock farm or animal products pro-
cessing plants that lack biosecurity measures, workers’ involvement can
also facilitate the transmission of antibiotic resistance from animals to
humans through direct contact. In Ethiopia, disease-prevented materials,
such as slaughterhouses, soap, tap water and disinfectant, are not used
during the slaughter process, which may be exposing workers to
antibiotic-resistant bacteria directly [83]. Moreover, in less developed or
rural areas, family members often share living and sleeping quarters with
livestock [84], which provides a possibility for the spread of antibiotic
resistance [85]. The appearance of quinolone-resistant strains of
Campylobacter spp. and Salmonella spp. suggests that antibiotic resistance



Table 1
Detected antibiotic resistance (associated with farm animals).

Region/Country Animals involved in the study Strains involved in the study Antibiotics for resistance Ref

United States Swine Salmonella tetracyclines, sulfonamides, penicillins, fosfomycin, and quinolones [122]
Sheep the extended-spectrum beta-

lactamases- (ESBL) producing
Escherichia coli and Salmonella

ampicillin, chloramphenicol, sulfisoxazole, streptomycin, and
tetracycline

[123]

Cattle Salmonella Dublin amoxicillin/clavulanic acid, ampicillin, ceftriaxone,
chloramphenicol, sulfisoxazole, cefoxitin, gentamicin, nalidixic acid,
streptomycin, tetracycline, and ceftiofur

[124]

Dairy products Staphylococcus aureus aminoglycoside, beta-lactam, fluoroquinolone, lincosamide,
macrolide, streptogramin B, phenicol, and tetracycline

[125]

Poultry and its products Campylobacter ciprofloxacin, clindamycin, erythromycin, florfenicol, gentamicin,
nalidixic acid, telithromycin, and tetracycline

[126]

Canada Swine Salmonella streptomycin, sulfisoxazole, tetracycline, and gentamicin [127]
Sheep Campylobacter tetracycline, ciprofloxacin, nalidixic acid, telithromycin,

azithromycin, clindamycin, erythromycin
[128]

Dairy products Escherichia coli streptomycin, tetracycline, ampicillin, cefotaxime, and cefazolin [129]
Poultry and its products Salmonella ampicillin, amoxicillin-clavulanic acid, ceftiofur, cefoxitin, and

ceftriaxone
[130]

Mexico Swine Escherichia coli cefalotin, ampicillin, cefotaxime, nitrofurantoin, and tetracycline [131]
Sheep Shiga toxin-producing E. coli

(STEC), enteropathogenic E. coli
(EPEC), and enterotoxigenic E. coli
(ETEC)

amoxicillin-clavulanic acid, amikacin, erythromycin, gentamicin,
colistin, kanamycin, neomycin, streptomycin, trimethoprim-
sulfamethoxazole, ampicillin, tetracycline, ciprofloxacin,
sulfisoxazole, and chloramphenicol

[132]

Cattle non-typhoidal Salmonella tetracycline, carbenicillin, amoxicillin-clavulanic acid,
chloramphenicol, and trimethoprim-sulfamethoxazole

[133]

Brazil Swine Escherichia coli ampicillin, amoxicillin/clavulanic acid, cefoxitin, and ceftiofur [134]
Dairy products Staphylococcus spp, Salmonella sp.,

Escherichia coli, and Listeria
monocytogenes

beta-lactams, macrolides, tetracycline, quinolones, and sulfonamides [134]

Poultry and its products non-typhoidal Salmonella sulfonamide, trimethoprim-sulfamethoxazole, nalidixic acid,
streptomycin, gentamicin, and tetracycline

[134]

Argentina Swine Salmonella ampicillin, cefalotin, tilmicosin, gentamicin, chloramphenicol,
tetracycline, nalidixic acid, ciprofloxacin, enrofloxacin

[135]

Cattle Escherichia coli Escherichia coli: authors reported high resistance to polymyxin B52,
very high resistance to gentamicin52, amoxicillin/clavulanic acid79
and extremely high antimicrobial resistance to neomycin52, 79,
enrofloxacin79 and tetracycline52

[136]

Poultry and its products Campylobacter tetracyclines, nalidixic acid, ciprofloxacin, doxycycline, and
ampicillin

[137]

Peru Poultry and its products Escherichia coli trimethoprim/sulfamethoxazole, amoxicillin, nalidixic acid,
tetracycline, and cefalotin

[138]

Chile Aquatic animals / oxytetracycline and florfenicol [139]
China Swine Escherichia coli ciprofloxacin, gentamicin, tetracycline, ampicillin, and florfenicol [140]

Sheep / Antibiotic residues: sulfadiazine, sulfamethoxazole, sulfamerazine,
sulfamethazine, sulfamonomethoxine, trimethoprim, norfloxacin,
enoxacin, ciprofloxacin, danofloxacin, enrofloxacin, fleroxacin,
difloxacin, tetracycline, oxytetracycline, chlortetracycline

[141]

Cattle / tetracyclines, quinolones, β-lactam, and aminoglycosides [142]
Dairy products Staphylococcus aureus and MRSA penicillin G, ampicillin, erythromycin, and oxacillin [143]
Poultry and its products Salmonella streptomycin, phenicol, β-lactams, tetracycline, and sulfonamides [144]
Aquatic animals / tetracyclines, aminoglycosides, chloramphenicol, and sulfonamides [145]

Japan Aquatic animals Listeria monocytogenes penicillins (ampicillin and penicillin), rifampicin, lincomycin, and
tetracycline

[146]

India Cattle Campylobacter fetus nalidixic acid, fluoroquinolones, and tetracyclines [147]
Dairy products / Antibiotic residues: enrofloxacin, oxytetracycline, and sulphadiazine [148]
Poultry and its products Escherichia coli ampicillin, amoxicillin, amikacin, and ofloxacin [149]
Aquatic animals Vibrio parahaemolyticus and Vibrio

vulnificus
ampicillin, colistin and cephalothin, amoxycilin, carbenicillin, and
ceftazidime

[150]

Thailand Swine Salmonella streptomycin, tetracycline, and sulfisoxazole [151]
Pakistan Sheep Clostridium perfringens Type A and

D
rifampin, ceftiofur, teicoplanin, chloramphenicol, amoxicillin,
linezolid, enrofloxacin, and ciprofloxacin

[152]

Iran Sheep Acinetobacter baumannii streptomycin, gentamycin, co-trimoxazole, tetracycline, and
trimethoprim

[153]

Cattle Salmonella enteritidis streptomycin, gentamicin, sulfamethoxazole, amikacin,
chloramphenicol, and imipenem

[154]

Dairy products Arcobacter butzleri and Arcobacter
cryaerophilus

amoxicillin-clavulanic acid, tetracycline, gentamycin, streptomycin,
erythromycin, and ciprofloxacin

[155]

Turkey Sheep Staphylococcus aureus kanamycin, telithromycin, penicillin G, streptomycin, erythromycin,
cloxacillin, ampicillin, pristinamycin, nalidixic acid, azithromycin,
and ciprofloxacin

[156]

Cattle Salmonella enteritidis streptomycin, tetracycline, trimethoprim/sulfamethoxazole, and
chloramphenicol

[157]

Poultry and its products Salmonella ampicillin, tetracycline, trimethoprim-sulfamethoxazole, and
chloramphenicol

[158]
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Table 1 (continued )

Region/Country Animals involved in the study Strains involved in the study Antibiotics for resistance Ref

European Union Cattle, swine, and poultry / ampicillin, trimethoprim/sulfamethoxazole, nalidixic acid,
ciprofloxacin, cefotaxime, chloramphenicol, colistin gentamicin, and
tetracycline

[159]

Spain Cattle Escherichia coli amoxicillin-clavulanic acid, chloramphenicol, ciprofloxacin,
gentamicin, cefotaxime, cefepime, cefoxitin, cefalotin, cefazolin,
nalidixic acid, penicillin G, ampicillin-sulbactam, tetracycline

[160]

Italy Aquatic animals Vibrio parahaemolyticus ampicillin, amoxicillin, tetracycline, oxytetracycline, and
trimethoprim/sulfamethoxazole

[161]

South Africa Sheep Salmonella ampicillin, tetracycline, amoxicillin-clavulanate, trimethoprim-
sulfamethoxazole, and ceftriaxone

[162]

Cattle Campylobacter clindamycin, nalidixic acid, tetracycline, and erythromycin. [163]
Dairy products Staphylococcus aureus ampicillin, cloxacillin, penicillin G, clindamycin, oxy-tetracycline,

cephalexin, cefuroxime, and tylosin
[164]

Poultry and its products Salmonella aminoglycosides, β-lactam, fluoroquinolones, phenicols,
sulphonamides, tetracyclines, and trimethoprim

[165]
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may also be present in food-borne pathogens ingested through animal
products [86–88].

3.2. Transmission of antibiotic resistance genes through the soil

Soil is a potential pathway for the spread of antibiotic-resistant bac-
teria from livestock to crops, animals and humans, and plays an impor-
tant role in human, animal, plant and environmental health [89,90].
Aside from the direct application of antibiotics to prevent or treat crop
diseases, animal manure can also introduce antibiotics to agricultural
soils. In large numbers, animals exposed to antibiotics excrete them in
urine and feces, and 58% are released into the environment through the
soil, surface runoff and groundwater [91]. As a result, antibiotic-resistant
microorganisms are selected in the environment [92], which in turn leads
to the spread of antibiotic-resistant bacteria and genes [93]. In this mode,
manure, especially composted manure, plays a greater role than direct
contact [94,95].

3.3. Airborne transmission of antibiotic resistant genes in livestock

Besides physical and chemical components, airborne particulate
matter may also contain microorganisms or fractions of them, known as
biological particulate matter (BioPM), which may also lead to adverse
health effects [96]. According to several studies, PM2.5 and PM10 con-
taining antibiotic-resistant microorganisms and genes were detected in
both indoor and outdoor environments, especially in hospital air parti-
cles containing carbapenemase genes such as blaNDM, blaKPC, blaIMP,
blaVIM and blaOXA-48 [97]. Furthermore, airborne transmission of
antibiotic-resistant bacteria can be influenced by weather conditions
such as ultraviolet radiation intensity, temperature, and humidity [98].
Researchers found that farms also experience this, with 100% of airborne
bacteria isolated from swine farms being resistant to erythromycin
(100%), penicillin (100%), spectinomycin (100%), clindamycin (67%)
and tetracycline (21%) [99]. Farms such as these pose a threat to human
health, exposing residential areas up to 3000 m away to
antibiotic-resistant genes like mecA and tetW [100].

4. Understanding the correlation of livestock and human
microbiome with One Health

Livestock has an inextricable connection to the human microbiome in
the food safety chain. Fig. 1 shows an example of the feeding, breeding,
slaughtering, handling, retailing and cooking of poultry. At each stage of
this chain, there must be contact between humans and poultry, and the
microbiome is dynamically changing through the human-avian-
environment interface, where it may spillover and evolve, such as the
cross-species transmission of antibiotic-resistant microorganisms.
Breaking a difficult topic into multiple smaller issues is undoubtedly a
good option when faced with such a complex and dynamic interface, but
5

inevitably a global perspective will be lost in the process. Medicine,
veterinary medicine and modern ecology all play a part in the relation-
ship between human health and livestock health. However, researchers
in these disciplines have tended to isolate themselves into discipline-
specific “silos”, in which the internal research communities are robust,
but interaction with each other is limited [101]. As the microbiome,
specifically the gut microbiome has grown in prominence, researchers
with diverse disciplines have joined forces, the human gut microbiome
were considered to contribute to human health and maintains homeo-
stasis by regulating nutrient and pharmaceutical metabolism, synthesiz-
ing essential vitamins, defending against pathogens, regulating immunity
and altering susceptibility [102].

In terms of diet, Animal-Source Foods (ASF) greatly affect the human
intestinal microbiome. For example, it was found that the levels of Fir-
micutes bacteria which metabolize plant polysaccharides, were lower in
people who consumed animal protein and fat [103]. Besides, short-term
high intake of animal foods rapidly alters the intestinal microbial com-
munity structure, increasing deoxycholic acid concentration levels in the
intestinal tract and making inflammatory bowel disease more likely to
occur [103]. The effects of animal foods on human health vary widely,
depending on the type and amount of food. For instance, saturated fats
(from pigs, cows, sheep, etc.) and unsaturated fats (from fish) influence
the human intestinal microbiome in different ways, which may affect
metabolism, the development of obesity, cancer and other aspects of
health. Tryptophan is an essential amino acid that can only be obtained
from red meat, fish and eggs. When commensal bacteria express trypto-
phanase, tryptophan is broken down into indole, which activates aro-
matic hydrocarbon receptors and regulates the production of cytokine
IL-22, both of which are essential in mucosal immunity response
against pathogens, an important conversion in which Lactobacillus spp.
and Clostridium spp. are involved [104]. In addition, dairy products such
as yogurt and cheese contain prebiotics, such as lactic acid bacteria and
galacto-oligosaccharides, which support the growth of beneficial
gastrointestinal bacteria (e.g. Bifidobacterium) [105]. Therefore, the
relationship between animal-food microbiota and health is complex, and
it is difficult to judge whether they are beneficial or not to human health
based on the regulation of intestinal microbiota by food.

Furthermore, from a phylogenetic perspective, the close linkage be-
tween the microbiomes of humans and livestock has been noticed [106].
It has been found that people occupationally exposed to
antibiotic-resistant genes due to livestock farming (swine and poultry
farmers, staff, family members, and slaughterhouse workers) have a
higher abundance of antibiotic-resistant genes in their fecal microbiome
[107]. The human gut microbiome has also been associated with zoo-
notic diseases. Infection of Plasmodium spp., the causative agent of ma-
laria, alters the composition of the gut microbiota of the host,
subsequently affecting the clinical outcome [108].

There is also a link between the microbiome of humans and livestock
based on their environments. Researchers have found antibiotic-resistant



Fig. 1. Correlation of livestock and the human microbiome from the “One Health” perspective. Taking poultry feeding, rearing, slaughtering, retailing, and
cooking as examples, this illustration demonstrates the interaction of humans with livestock and their products, and the environment in the food safety chain from the
One Health perspective, suggesting the interaction, sharing, and evolution of pathogens, antibiotic resistance bacteria carrying antibiotic resistance genes, and the
microbiome of all three.
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genes in airborne particulate matter collected from swine and poultry
farms [109]. Additionally, land-use change by humans affects not only
the diversity of animal species but also their gut microbes [110]. More-
over, as aquaculture develops, humans and animals are also influencing
the microbiome of the environment they live, such as the microbiome of
well water, fish ponds, vegetable farming and field soils [111].

The microbiome can be thought of as shaping host characteristics and
influencing the evolutionary potential of the host, whether in humans,
animals or the environment, by changing the mean host phenotype and
altering the variance in host phenotype in the population [112]. This is
consistent with the concept of coevolution, which emphasizes how the
interaction between the host and its beneficial symbionts can lead to the
reciprocal adaptation of one lineage to another [113,114]. Although
hosts can sometimes evolve mechanisms to resist such evolution through
interactions with microbes, it has been found that even when such
resistance exists, microbes can continue to co-evolve through “rock--
paper-scissors” dynamics [115]. Research in microbiomes similar to that
aforementioned will have the opportunity to be at the intersection of
human, animal and environmental microbiology research. However, by
considering the following three factors: (i) the complex process of
coevolution of microbiome at the human-animal-environmental inter-
face; (ii) mutualistic interactions and syntropy between microorganisms
also have an impact on their evolution [116], microbial communities
change even without external perturbations [117]; and (iii) more factors
such as the impact of climate change on zoonotic diseases [118], facing
such a complex situation, relying only on each field alone cannot well
6

solve real-world topics, it is important for us to consider the needs of both
developed and developing countries and taking actions on One Health
approach in sustainable ways. In order to do this, the One Health
connotation which treats humans, animals and the environment as an
organic whole, is an important tool for interdisciplinary dialogue to
address how pathogens, resistant genes and microbiomes evolve syner-
gistically. And the plan of action for One Health needs to be designed
from an interdisciplinary perspective, taking into account environmental,
sociocultural, and sociopolitical investigations and implementation
strategies. Applying One Health principles to the creation and imple-
mentation of evidence-based policy is not a novel idea, but over the past
decade, awareness of One Health has increased of the importance of
involving interdisciplinary teams, including veterinarians, physicians,
ecologists and agricultural economists, among others, to address complex
problems. By creating strong connections between scientists, industry
stakeholders, and policymakers, communication, which is crucial to
successful policy acceptance, can also be strengthened.

5. Conclusion and prospects

Livestock is the animal group most closely related to humans in terms
of infections with pathogens and microbiomes. In the coevolution of the
human and livestock microbiomes, direct contact, animal products, and
the environment, influence and shape the composition and diversity of
the microbiome. The “shaping” of livestock's microbiome by humans
ultimately affects the composition of the human microbiome through
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direct contact with food or food-safety chains, which is essentially the
“self-shaping” of the human microbiome [119]. Every step of the food
safety chain, whether feeding, slaughtering or processing, has the po-
tential to affect human and animal health [120]. One striking challenge
of food safety is antibiotic resistance. To ensure food safety and promote
human and animal health, in addition to the improvement of hygiene
measures throughout the chain, it would be helpful to establish more
comprehensive monitoring strategies and systems based on the One
Health concept, promote the use of biosafety methods and promote
vaccine research and development, among other approaches [121].

This review reveals the necessity to bridge the multidisciplinary
research silos through the One Health approach. We are progressively
studying the relationship between pathogens, microbiota and antibiotic-
resistant genes and relevant policies are gradually being implemented.
One Health is a promising avenue to create a breakthrough for future
research on the relationship between livestock and their products and
human on the microorganism level.
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