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Review of major meat-borne
zoonotic bacterial pathogens
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The importance of meat-borne pathogens to global disease transmission
and food safety is significant for public health. These pathogens, which can
cause a variety of diseases, include bacteria, viruses, fungi, and parasites. The
consumption of pathogen-contaminated meat or meat products causes a
variety of diseases, including gastrointestinal ailments. Humans are susceptible
to several diseases caused by zoonotic bacterial pathogens transmitted
through meat consumption, most of which damage the digestive system.
These illnesses are widespread worldwide, with the majority of the burden
borne by developing countries. Various production, processing, transportation,
and food preparation stages can expose meat and meat products to bacterial
infections and/or toxins. Worldwide, bacterial meat-borne diseases are caused
by strains of Escherichia coli, Salmonella, Listeria monocytogenes, Shigella,
Campylobacter, Brucella, Mycobacterium bovis, and toxins produced by
Staphylococcus aureus, Clostridium species, and Bacillus cereus. Additionally,
consuming contaminated meat or meat products with drug-resistant bacteria
is a severe public health hazard. Controlling zoonotic bacterial pathogens
demands intervention at the interface between humans, animals, and their
environments. This review aimed to highlight the significance of meat-borne
bacterial zoonotic pathogens while adhering to the One Health approach for
creating efficient control measures.

KEYWORDS
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Introduction

Humans are considered omnivores because they have been eating meat for about
2.6 million years. Meat is a prominent source of protein in the average person’s diet.
Additionally, it has been shown that fortifying different lentils can ease the pressure
on meat consumption (1). Since 1961, the amount of meat produced worldwide has
more than quadrupled. Pork is the most consumed meat, although the poultry supply
is expanding rapidly. Meat consumption varies widely among countries depending
upon various factors, including the country’s economy, culture, and more. Figure 1A
depicts the amount of meat consumed by one individual in selected countries since
1961. It has been demonstrated that countries with a higher per capita income
consume more meat than those with a lower per capita income. The world produces
almost 340 million metric tons of meat a year, three times more than 50 years ago.
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Meat supply per person, 1961 to 2017

Average total meat supply per person measured in kilograms per year.
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reflect the quantity of food finally consumed by a given individual.

FIGURE 1

rise to between 460 and 570 million metric tons.

Note: Data excludes fish and other seafood sources. Figures do not correct for waste at the household/consumption level so may not directly

Global meat consumption and production since 1961. (A) Summarizes a select group of nations with annual meat consumption per person.
Broadly speaking, the wealthier a country is, the more it consumes meat. Most people in low-income countries still consider meat a luxury item.
(B) Summarizes global meat production/consumption. Compared to 1961, meat production is now four times as high. By 2050, it is predicted to

OurWorldInData.org/meat-production « CC BY

Meat consumption is estimated to rise by 460-570 million
metric tons by 2050, as described in Figure 1B. It is estimated
that the global consumption of meat will exceed 328 million
metric tons in 2021 (2). Pathogenic diseases, such as lumpy
skin disease, are becoming increasingly common in key livestock
countries, which poses a major threat to the global supply of
meat and meat products (3).

Among the numerous microbes interacting with animals,
some of these pathogens may become zoonotic and cause
illness among humans, posing a threat to public health and
the economy. Animal-derived food products, including milk,
meat, and eggs, are considered essential components of human
nutrition (4). However, food contaminated with pathogenic
microbes may pose a serious threat to public health. These
diseases can be as mild as self-limiting diarrhea or as fatal as
cancerous conditions. It has been estimated that contaminated
food is the source of illness for 1 out of 10 people (5). Food-
borne infections are more common in children under five, who
account for 40% of all cases, burdening the healthcare system
and impeding a nation’s socioeconomic development (6).

Meat-borne diseases (MDBs)

Meat, red or white, from mammalian, avian, amphibian,
aquatic, and reptilian species is consumed by humans as
food. It is an excellent source of proteins, vitamins, and
minerals and contains essential amino acids. Food products
that are consumed raw are considered a direct source of food-
borne infections. These include unpasteurized milk, raw eggs,
undercooked meat, and uncooked shellfish (7). Depending on
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the animal’s health and the hygienic conditions of the meat
processing facilities, meat can be a source of many different
pathogens. These pathogens can enter the food chain either by
direct infection of animals or by contamination during meat
handling, processing, and retailing due to poor personal hygiene
and sanitary conditions (8).

Humans have learned from their experiences that eating
the meat of diseased animals may lead to serious disease
conditions. The importance of meat-borne diseases (MBDs) has
been emphasized with the development of the meat industry (9).
Meat-borne diseases can be of chemical or toxicological origin,
zoonotic animal diseases, or environmental contaminations.
Among these types, bacterial pathogens are the most important
causative agents, whether as zoonotic diseases or environmental
contaminations (10).

Several bacterial pathogens, including E. coli, Salmonella,
Campylobacter, Listeria monocytogenes, Yersinia enterocolitica,
Brucella species, Mycobacterium bovis, Bacillus anthracis or
toxin-producing species like Staphylococcus aureus, Clostridium
species, and Bacillus cereus, cause meat-borne disease either
by infecting animals or contaminating meat during meat
processing or handling (11). Animals, the environment,
human handlers, and contaminated water used during
processing can be the sources of these pathogens. Therefore,
preventing pathogens in food animals and having strict
policies for proper hygiene are mandatory for minimizing
MBDs (12).

Identification of the correct source of infection is usually
hard to establish because of the slow progression of signs and
symptoms of MBDs. The causative agent of the disease can
be identified by testing a sample of recently consumed food.

frontiersin.org


https://doi.org/10.3389/fpubh.2022.1045599
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Ali and Alsayeqh

10.3389/fpubh.2022.1045599

FIGURE 2

Meat-borne disease progression in humans. The human gut contains many beneficial/non-pathogenic microbes (1,2). Meat or meat products
can get contaminated at any point throughout the production, processing, or preparation steps (3). Consuming contaminated food/meat or
meat products can cause gastroenteritis, resulting in various health issues such as diarrhea, nausea, abdominal pain, and vomiting (4,5).

However, it is hard to determine because the recently consumed
food sample is not available for laboratory processing (13).
MBDs can be categorized into five types, i.e., infections,
intoxications, allergies, metabolic food disorders, and
idiosyncratic illnesses (14). Among these illnesses, infections
and intoxications can affect almost every person. The remaining
are comparatively less common. Consumption of contaminated
meat can lead to various diseases that can be divided into GIT
diseases and extra-GIT diseases. The bacterial pathogens causing
GIT diseases include E. coli, Salmonella, Campylobacter, Listeria,
and so on, while pathogens like Brucella and Mycobacterium
can cause diseases other than GIT. Most cases of MBDs are due
to gastrointestinal (GIT) problems, particularly small intestine

issues that manifest as diarrhea.

Diarrhea

Diarrhea is a GIT disease that can be caused by a
variety of pathogens and their toxins. Most meat-borne
infectious pathogens cause exhausting diseases such as severe
diarrhea. The term “diarrhea” comes from the Greek phrase
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“diarrhea,” which means “to flow through.” An increased bowel
movement, fluid contents, and fecal volume distinguish it.
Ultimately, unabsorbed solutes increase intestinal movement,
and abnormal intestinal structure results in diarrhea. Toxins
from bacteria and the virulence factors of bacteria that
multiply can also cause diarrhea (15). Intestinal microbiota
plays a key role in fighting off infections and keeping the
body healthy.

In contrast, eating contaminated meat or meat products
can cause severe inflaimmation of the gastrointestinal tract
and a variety of related symptoms, such as nausea, vomiting,
abdominal cramps, and diarrhea. A general mechanism
of the
Figure 2. Bacterial infections can cause diarrhea through two

food-borne GIT infection has been described in

distinct methods:

Toxigenic diarrhea

The physiological movement of the small intestine is
disturbed by bacterial enterotoxins. By binding to epithelial cells,
enterotoxins cause an increase in the secretion of electrolytes
and a subsequent loss of water. This mechanism only results
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FIGURE 3

Meat supply chain (farm to fork). Meat or meat products can be contaminated with bacterial pathogens from “farm to fork”. The meat supply
chain includes a production system for animals, a slaughterhouse, a meat processing unit, transportation, a retail market, and a restaurant.
Stringent control measures should be adopted to minimize contamination and, hence, meat-borne diseases.

in secretory diarrhea because bacteria do not penetrate beyond chain before they are consumed by the final consumers (18).
epithelial tissues (16). Meat and meat products can be purchased by consumers at
grocery stores or consumed at restaurants. Many community
members can get sick by consuming contaminated meat and

Invasive diarrhea meat products (19). An overview of the meat supply chain

The severe dehydration that results from invasive diarrhea, from farms to consumers has been described in Figure 3
caused by pathogen infiltration of the epithelial tissues lining (20). Considering the One Health strategy for effective disease
the small or large intestine, is a leading cause of death prevention, this article reviewed the most prevalent meat-borne
among children worldwide. Penetration into deeper tissues and bacteria and the diseases they cause.

epithelial lining ulceration can induce dysentery (the appearance
of blood in feces) (17).

Escherichia coli
Meat-borne bacterial pathog ens Escherichia coli (E. coli) is a gram-negative, rod-shaped, non-
spore-forming, facultatively anaerobe that was first isolated from

Mesophilic and psychotropic bacteria typically contaminate a fecal sample in 1885 by Theodor Escherich. It is part of
red and white meat. The majority of MBDs are zoonotic and the normal microbiota of human and animal intestines. E. coli
transmitted to humans by direct or indirect contact. Meat or strains are classified based on H-antigen (flagella), O-antigen
meat products go through several processes in the meat supply (somatic), and K-antigen (capsule). Currently, there are 174
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Reservoir and transmission of E. coli O157:H7. Cattle act as the main reservoir for O157:H7. The pathogen can be transmitted from cattle to
humans directly (through the contamination of meat, meat, or dairy products from cattle) or indirectly [adapted from Vidovic and Korber (21)].

somatic antigens, 80 capsular antigens, and 53 flagellar antigens
that have been reported (22).

Pathogenic E. coli serotypes are usually associated with
diarrhea or intestinal illnesses, but some strains of E. coli
can also cause non-intestinal diseases. The primary source of
this pathogen is the animal population, which is transferred
to humans through animal products (23). Since the human
food chain remains the primary transmission route for E.
coli O157:H7 infection in humans, it is essential to stress the
role that an intermediate habitat (i.e., a natural environment,
in particular, the human food chain) would play in the fate
of the clinical strains (24). These clinical strains of E. coli
0157:H7 in hospitals are thought to be significantly influenced
by the intermediate habitat. This zoonotic pathogen has been
demonstrated to survive in its intermediate habitat, including
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the natural environment and the food matrix, after being
excreted from its primary habitat (cattle). In this period, the
intermediate habitat promotes the evolution of E. coli O157:H7
strains that can endure the harsh conditions of the human food
chain and the natural environment, increasing pathogen fitness
(21). Figure 4 depicts the spread and continuous presence of E.
coli in the environment and in humans and animals.

Many E. coli strains, once thought to be harmless, have
acquired pathogenic genes and have evolved into potentially
harmful pathogens. Such pathogenic strains, listed in Table 1,
can infect humans and animals. Intestinal epithelial cell lining
may be damaged and compromised by these pathogenic
strains, which in turn can lead to disease by disrupting ion
pumps, altering cytoskeletal assembly, triggering cell death, and
exacerbating fluid loss (26).
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TABLE 1 Pathotypes of pathogenic E. coli, diseases, and important
virulence toxins.

E. coli pathogenic  Disease Important toxins

strains

Intestinal pathogenic E. coli

a. Enterohemorrhagic E.  Diarrhea, hemorrhagic Shiga-like toxins,

coli or Shiga colitis, hemolytic uremic  enterohemolysin
toxin-producing syndrome
E. coli

b. Enterotoxigenic Acute watery diarrhea Heat stable toxin, Heat
E. coli labile toxin, Shiga toxin

c. Enteroinvsive E. coli Acute dysentery Enteroaggregative heat

d. Enteropathogenic E. Acute and/or persistent stable, plasmid-encoded

coli diarrhea toxin

e. Enteroaggregative Persistent
E. coli watery diarrhea

f. Diffusely adherent E. Watery diarrhea in Enterotoxin Secreted
coli children autotransporter toxin

g. Adherent invasive Diarrhea, inflammatory

E. coli bowel diseases

Extraintestinal pathogenic E. coli

a. Uropathogenic E. coli ~ Urinary tract diseases

b. Sepsis-associated E. Sepsis
coli

c. Neonatal meningitis Meningitis in newborns ~ Hemolysin (Hly)
E. coli

d. Avian pathogenic Colibacillosis in fowls

E. coli

Invasion (Ibe)

These data were adapted from Kaper et al. (25).

Food animals have been the source of several disease
outbreaks in developed and developing countries. E. coli
infections are a common source of reported GIT illnesses, and
many of these cases are traced back to eating contaminated meat
(27). Among E. coli strains, Enterohemorrhagic Escherichia coli
(EHEC) can cause life-threatening diseases due to hemolytic
uremic syndrome and hemorrhagic colitis. The EHEC strain,
O157:H7, can be differentiated from other E. coli strains
by its inability to ferment sorbitol. EHEC is believed to be
present in a wide variety of meat, poultry, lamb, pork, and
raw milk products (28). Strict monitoring in light of the One
Health approach can help reduce the spread. Additionally,
prevention strategies such as cooking, practicing good hygiene,
and avoiding potentially contaminated food might reduce the
prevalence of this bacterium in the general population (29).

Salmonella
Salmonellosis, caused by the bacterial pathogen Salmonella,
is one of the most common causes of mortality globally.
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Salmonella is a gram-negative, rod-shaped, non-lactose
fermenting, non-spore-forming, and facultative anaerobe
belonging to the family Enterobacteriaceae. The species of
this genus do best between 35°C and 37°C (30). Many
serotypes of Salmonella have been identified, although
they can be divided into two species: Salmonella enterica
and Salmonella bongori (31). Serotypes belonging to the S.
enterica subspecies enterica account for 1,586 of the 2,659
serotypes (32).

Salmonella serotypes can be classified into three groups
according to their ability to infect different hosts: host-restricted,
host-adapted, and generalist. Host-restricted serovars can infect
only a single type of host, causing typhoid-like disease. These
include S. Pullorum and S. Gallinarum (poultry pathogens)
and S. Typhi and S. Paratyphi (human pathogens) (33). Host-
adapted serovars normally infect a single host but can also
infect other host ranges. These include S. Dublin (a cattle
pathogen) and S. Choleraesuis (a pig pathogen) (34). Generalist
serovars can live in the gastrointestinal tracts of a wide variety of
animals, rarely causing systemic infections (35). Non-typhoidal
Salmonella (NTS) serovars are particularly widespread among
these, infecting a wide variety of animal and human hosts.
These NTS include S. Enteritidis and S. Typhimurium (36).
The World Health Organization (WHO) has declared that NTS
is a major threat to world health, particularly in low-income
nations (37).

After interacting with microfold cells, typhoidal Salmonella
spreads to lymphoid tissue and causes a systemic infection.
Eventually, they disseminate throughout the body via the
lymphatic or circulatory systems. In contrast, NTS serotypes are
localized to the intestinal tract and provoke a strong immune
response (38). Overall, host-restricted serovars of Salmonella are
more pathogenic than host-adapted and generalist serovars. The
phenotype, genotype, and systemic impacts of these serotypes
have been summarized in Figure 5.

Antimicrobial medications can inhibit infections by
disrupting their key function. Nonetheless, antimicrobial
resistance (AMR) can develop when bacteria find ways to
evade these medications (39). The increasing prevalence of
antibiotic-resistant bacteria due to horizontal gene transfer
is a major public health threat (40). Multiple drug-resistance
serovars have developed resistance to three or more different
classes of antimicrobials (41). Five percent of NTS isolates from
human infections have been observed to be resistant to multiple
drugs (42). A major threat to global public health is posed by
multidrug-resistant Salmonella serovars, which are now again
on the rise (43). Using alternatives to antibiotics in the feed may
help slow the spread of AMR in animals (44).

Especially in the case of host-adapted serovars, most
Salmonella infections in farm animals are acquired from animals
of the same species. There are notable behavioral differences
between S. Dublin and S. Typhimurium in adult cattle. The
cases of S. Dublin clinical infection that resolve in the animal
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may become long-term carriers. It is possible that other herds
are also infected but only show symptoms during times of high
stress, especially during parturition (45). Experimental infection
of calves by aerosol has also been reported, supporting the long-
standing hypothesis that Salmonella may be transferred through
the air (46). There have been numerous clinical cases in adult
cattle because of grazing on recently contaminated pastures.
Figure 6 summarizes how NTS can spread and persist at the
point of contact between humans, animals, and their natural
environments (47). Continuance of surveillance, early detection
and management of sources, adequate hygienic measures, and

Frontiersin Public Health

execution of government rules and policies can help reduce the
number of salmonellosis cases (48).

Campylobacter
Campylobacter, the
campylobacteriosis, has a major impact on public health

bacteria responsible for
and the economy, especially in developing countries. It is
gram-negative, curved, flagellated, microaerophile, catalase
positive, and oxidase positive, and it can grow at an optimum

temperature of 37-42°C. C. jejuni and C. coli are two of the
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FIGURE 6

or via direct contact with domestic animals.

Reservoirs and transmission of non-typhoidal Salmonella (NTS). Farm animals serve as the main reservoirs for non-typhoidal Salmonella. The
pathogen can survive in various animals or environments and eventually be transmitted to humans via consuming contaminated meat products

most common species that cause disease in people. Researchers
have linked these two species to both domestic and wild animals
(49). C. jejuni is responsible for over 90% of all Campylobacter
infections (50).

Poultry is a major natural reservoir of C. jejuni. Within
poultry flocks, they spread through fecal-oral transmission (51).
It is believed that only a low infectious dose (500-800) of C.
jejuni is enough to induce GIT disease in humans (52). C.
jejuni can contaminate water sources and thrive in domestic
animals such as cattle and pork. Consumption of unpasteurized
milk or undercooked meat can lead to GIT inflammation
caused by Campylobacter jejuni, infecting the epithelial cells
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lining the intestine (53). The onset of the disease’s symptoms
might occur anywhere from 1 to 10 days after exposure.
Patients with compromised immune systems are the only ones
who are typically severely infected with Campylobacter-caused
gastroenteritis (54). This pathogen can survive the hostile
environment of the intestine due to various virulence factors,
including motility, bile resistance factors, adhesion factors, and
many different cytokines like cytolethal distending toxin (CTD)
(55). Campylobacteriosis has a wide range of hosts and can
be found in animal and environmental settings (see Figure 7
for an overview). Adaptation of proper hygienic practices
during the handling of animals and animal products, such
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reservoirs. Humans can acquire C. jejuni from consuming contaminated meat or meat products.

Consumtion of raw or
undercooked chicken

as fully cooked meat, can lower the risk of Campylobacter
infections (56).

Shigella

Species of the genus Shigella are the pathogens that most
often cause human dysentery. It is a gram-negative, rod-
shaped, non-motile, non-lactose-fermenting, and facultative
anaerobe pathogen. Table 2 shows how the pathogen has been
classified into four categories based on the O antigen of
the lipopolysaccharides. The genes for the lethal Shiga toxin
are harbored in this pathogen (58). In immunocompromised
patients, shigellosis can induce a severe form of the hemolytic
uremic syndrome. S. dysenteriae, more than any other species,
causes life-threatening shigellosis. It can be transmitted through
the fecal-oral route due to poor sanitary practices. Only
human beings are thought to harbor the pathogen (59). Using
contaminated equipment, improper storage, and inadequate
cooking can exacerbate the problem. The transmission of
Shigellosis can be reduced by addressing the 5 “Fs,” i.e., food,
fingers, feces, flies, and termites (60).

Frontiersin Public Health

Listeria monocytogenes

Even though there are several species in the genus Listeria,
most of them are harmless because they lack the virulence factors
that make their hosts susceptible to infection. Due to its capacity
to cause disease (listeriosis) in humans and animals, Listeria
monocytogenes has been classified as a public health issue. It
is a gram-negative, rod-shaped, facultative anaerobe, glucose-
fermenting, and able to grow at a wide range of temperatures
(0-45°C) (61).

At first, it was thought to be responsible for causing
abortions and encephalitis in rabbits and pigs. After 50 years,
it was also established as a human food-borne disease. It has
been established that it can induce gastroenteritis in humans,
abortions in women, and meningitis in immunocompromised
people. Listeria monocytogenes cause a significant fatality rate,
between 20 and 30% (62).

Several large-scale listeriosis outbreaks have been linked to
the consumption of ready-to-eat (RTE) meat, seafood, and dairy
products. Listeriosis can be contracted by eating contaminated
food or encountering infected animals (63). Occasionally, it can
be passed on to newborns. Its pathogenicity is based on its

frontiersin.org
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TABLE 2 Shigella serogroups and their characteristics.

10.3389/fpubh.2022.1045599

Species Serogroup Number of serotypes Geographic location Typical characteristics

Shigella dysenteriae A 15 Asia, Africa, Central America Most severe dysentery with high mortality
Shigella flexneri B 8 Common in developing states Causes less severe dysentery than S. dysenteiae
Shigella boydii C 19 Indian subcontinent mainly Serologically different from S. flexneri

Shigella sonnei D 1 Most common in developed stated Causes mildest shigellosis

These data were adapted from Muthuirulandi Sethuvel et al. (57).

Vehicle

Reservoir Source

FIGURE 8

Reservoir, transmission, and diseases caused by Listeria monocytogenes. Listeria monocytogenes can circulate in animals and the environment.
The pathogen can be transmitted to humans by consuming contaminated animal products. The resulting disease is more dangerous in pregnant
women (causing inflammation of the placenta leading to abortion), neonates, and immunocompromised individuals (causing meningitis).

Immunocompromised
individuals / patients

Placentitis

ability to proliferate within the cytoplasm upon phagocytosis.
The survival of pathogens within phagocytes is ensured by the
actions of listeriolysin O (LLO) and phospholipase (PIcA) (64).
The pathogen can evade the humoral cell immune response
by moving from cell to cell. Even in healthy people, listeriosis
can cause a wide spectrum of symptoms, from mild diarrhea to
deadly meningitis in those with compromised immune systems,
as summarized in Figure 8 (65).

Yersinia enterocolitica

Yersinia enterocolitica, the causative agent of food-
borne/meat-borne enteritis, along with Yersinia pestis, the
causative agent of plague, and Yersinia pseudotuberculosis,
belong to the genus Yersinia. Yersiniosis is caused by Y.
enterocolitica and is often a self-limiting disease, but it can cause
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severe consequences post-infection in immunocompromised
individuals (66).

After infecting small intestinal M cells, Y. enterocolitica
travels through the body’s lymphatic system. Antiphagocytic
virulence factors are used to evade the host's immunological
response. Y. entercolitica is capable of causing mild to moderate
severity disease depending on host age, immune system
condition, and environmental factors; however, it is rarely
fatal (67).

Yersinia strains that are pathogenic to humans are primarily
found in animal reservoirs, but they hardly ever cause illness
in animals. Consumption of contaminated food, meat, and
water can cause human disease. In addition, the waste products
of food animals can potentially spread disease to humans
when they contaminate fruit and vegetables (68). Figure 9
provides a concise summary of these animal food sources of the
pathogen (69).
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Brucella abortus

Brucella species are coccobacilli, which are Gram-negative,
non-motile, aerobic, and non-spore-forming bacteria. These
facultative intracellular bacteria exacerbate severe illnesses in
animals and humans (70). Some of the most notable species in
this genus and the animals that host them are B. melitensis (sheep
and goats), B. ovis (sheep), B. suis (pigs), and B. abortus (cattle).
Only B. melitensis, B. suis, and B. abortus can cause human
brucellosis. Brucella melitensis is the most common species that
causes brucellosis in humans, partly because of difficulties in
immunizing free-ranging goats and sheep (71).

Brucellosis is common in many parts of the world, including
Asia, South America, the Middle East, and Africa. Every
year, more than half a million human cases are reported
worldwide (72). Additionally, this is probably an underestimate
because brucellosis cases are underreported and frequently
misdiagnosed due to the lack of specific symptoms, the possible
lack of awareness among physicians, and the limited diagnostic
capabilities of laboratories (73). People having direct contact
with animals, animal products, or people working in a laboratory
with animals are at greater risk of exposure to brucellosis
(74, 75).

Farmers, veterinarians, butchers, laboratory workers,
milkers, and inseminators all risk contracting an infection
at work due to their proximity to animals (76). Most field
veterinary assistants, abattoir workers, and people working in
many rural pastoral settings routinely handle aborted materials
or attend to cases of retained placenta or dystocia without
wearing protective gear. As a result, if the disease is present in
domestic animals, it may also pose a significant threat to rural
communities and animal health workers. Moreover, laboratory
workers can accidentally acquire brucellosis while handling
bacterial samples or cultures, as summarized in Figure 10 (77).

This pathogen only needs 10-100 cells to infect a human,
but it can cause a debilitating, long-term illness (78). This
pathogen can infect and replicate within a wide variety
of host cells. Due to the fluctuating nature of the fever,
this condition is also known as “undulant fever” when
it occurs in humans. The disease is characterized by flu-
like symptoms, such as a high temperature, a sore throat,
a cough, a headache, a sore body, joint pain, sweating,
fatigue, and anorexia (79). Adaptation of proper sanitary
measures, safe handling of animals and animal products,
and consumption of pasteurized milk can reduce the risk
of brucellosis. It is imperative to re-establish a strict animal
and human surveillance program by applying One Health
principles (80).

Mycobacterium bovis

Since ancient times, people have known that tuberculosis
can be transmitted between humans and animals. The bacterium
Mycobacterium tuberculosis is responsible for most human
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FIGURE 9

Transmission of Y. enterocolitica in humans. Y. enterocolitica
can be transmitted to humans from animals through the
consumption of contaminated food/meat or meat/dairy
products.

tuberculosis cases. On the contrary, M. bovis is responsible for
bovine tuberculosis. However, M. bovis can also infect humans
because the disease can be transmitted from animals (81). The
capacity of the Mycobacterium to replicate in a diverse range
of hosts exacerbates the situation (82). To resist immunological
clearance by the host, mycobacteria significantly modify the
innate defense systems employed by the host immune system
(83). Zoonotic tuberculosis can be transmitted from animals
to humans through direct contact with infected animals,
exposure to contaminated environments, and consumption
of contaminated dairy and meat products (84). People who
lack an efficient immune system have a greater chance of
contracting the infection. As shown in Figure 11, the One
Health approach should be used to reduce the number of
infectious agents encountered in people, animals, and their

environments (85).

Meat-borne intoxication

Toxins produced by pathogenic bacteria naturally found
in or transmitted to meat or meat products can cause meat-
borne intoxication (86). Some bacteria can survive high
temperatures or enter food even after it has been cooked
or pasteurized. During the food-borne multiplication of these
pathogens, they can generate neurotoxins and enterotoxins.
Bacterial pathogens like Staphylococcus aureus, Bacillus cereus,
and Clostridium perfringens are examples of this group (87).
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Reservoir and transmission of zoonotic tuberculosis. Bovine
tuberculosis can be transmitted to humans directly or through
contaminated dairy or meat products. The pathogen can survive
in the environment and then enter the food chain, resulting in
tuberculosis in humans after transmission.

S. aureus is the most common cause of food poisoning from
contaminated meat.
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Staphylococcus aureus

The food intoxication caused by a member of the
Staphylococcus family is commonly termed staphylococcal food
poisoning (SPF). There are more than 50 recognized species
and subspecies of Staphylococcus (88). Staphylococcal species are
classified as either “coagulase positive” or “coagulase negative”
based on whether or not they produce the coagulase enzyme.
The coagulase enzyme acts as a virulence factor by converting
prothrombin into staphylothrombin and plasma fibrinogen into
fibrin, helping bacteria evade the immune response (89).

S. aureus produces a diverse array of virulence factors
and toxins. Among these factors, Staphylococcus enterotoxins
(SEs) are responsible for food poisoning commonly produced
by coagulase-positive S. aureus. Among the 23 different SEs,
some cause pyrogenic disorders, enteritis, and food poisoning.
These plasmid-mediated toxin genes can easily be transmitted
horizontally to non-virulent strains, altering them into virulent
strains (90). Staphylococcal toxins (A-E) are called classic
enterotoxins except for SE-F due to their structural similarity
with toxic shock syndrome toxins (91). The two most prevalent
food poisonings are associated with SEA and SEB. The
following Table 3 describes several different SEs along with their
associated pathologies:
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Consumption of SEs-contaminated meat and meat products
causes food-borne staphylococcal intoxications (93). Depending
on the sensitivity and immune condition of the affected
person, as little as 0.1 pug of SEA toxin is enough to cause
intoxication (94). Implementing proper hygienic practices
during food processing and handling can reduce the risk of food-
borne intoxication. To help reduce the risk of staphylococcal
food poisoning, Figure 12 [adapted from (95)] summarizes
its likely causes, transmission pathways, consequences, and
preventative measures.

TABLE 3 Superantigens produced by S. aureus, along with associated
pathology and genes.

10.3389/fpubh.2022.1045599

One Health and food safety

Global increases in the production and consumption of
animal products are inevitable, given proportional gains in
wealth and technological advancements in livestock and poultry
production. Concerns have been raised about the capacity of
existing animal and public health infrastructures to support the
Livestock Revolution’s rapid expansion of animal agricultural
production systems in developing countries (96).

The idea of “One Health” has been around for a while,
but it has recently reemerged as a crucial framework for
comprehending and responding to the health problems of the
modern era. The term “One Health” refers to a multi-pronged
approach to improving the wellbeing of humans, animals,
and the environment. Our world is dynamic, intricate, and
increasingly interconnected. Health in all three groups is now
intricately intertwined owing to the unique dynamic formed by
the confluence of humans, animals, and the environment (97).

The relationship between humans and animals, especially
animal products, is evolving because of these shifting
dynamics. Human interaction with animals is booming,
spreading, and having greater and greater consequences.
As a result, we now have an impressive global food system
that is both an agricultural and business achievement and a
tremendous challenge that endangers the health of humans,
animals, and the environment (98). While improvements

Superantigens Associated pathology  Associated gene

Enterotoxin A Enteritis, food poisoning Sea

Enterotoxin B Enteritis, food poisoning Seb

Enterotoxin C Enteritis, food poisoning Sec

Enterotoxin D Enteritis, food poisoning Sed

Enterotoxin E Food poisoning See

Enterotoxin G Food poisoning Seg

Enterotoxin H Food poisoning She

Enterotoxin I Food poisoning Sei

Enterotoxin F/ TSST_;  Toxic shock syndrome Tst

These data were adapted from Fisher et al. (92).
Hygiene
Proper Storage

~
Proper cooking
Pasteurization

Potential Sources
of S. aureus

FIGURE 12

- ~ \

h —

S. aureus replicate
and produces
enterotoxins

Food intoxication
due oral ingestion of
enterotoxins

Staphylococcal food poisoning (SFP)/intoxication. Staphylococcus aureus (Violet) can enter food from various sources. Improper storage may
lead to the replication of S. aureus and the production of enterotoxins (Red). The consumption of enterotoxin-contaminated food (intoxication)
may lead to gastroenteritis. Possible intoxication can be inhibited by proper cooking, pasteurization, and storage (Green barriers).
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in preventing and reducing food-borne diseases and other
forms of food contamination have been made, they have
been inconsistent, short-lived, and extremely challenging
to sustain. New dimensions of cooperation, insight, and
imagination will undoubtedly be required to guarantee
a safe food supply (99). One Health is an attractive and
contemporary approach because it takes a more proactive and
integrated approach to finding and implementing solutions.
It is imperative to create a new framework for preventing
food-borne diseases rather than only reacting to them when
they occur (100).

Embedded in this complex system is the potential role
of food as a vehicle for disease transmission; food safety
has grown in significance and become a vital public health
commitment. This is a reminder that even though bacterial
contamination of food is a major problem, other pathogens
such as viruses, parasites, poisons, prions, chemicals, metals,
and allergies can spread through consumption. Meat is
gaining relevance as a vector for food-borne diseases;
however, animal reservoirs are frequently the source of
these infections. The concept of “One Health” provides the
appropriate framework to examine this connection and,
more significantly, gain a novel understanding that can
help us modify our existing interventions and preventive
measures (101).

For example, regarding the dangers of consuming certain
types of food, we tend to concentrate on the potential
effects on human health, even if the most efficient methods
of preventing the spread of certain illnesses lie in the
control measures taken. Microbes do not discriminate
between species; they only want to survive and multiply.
Our bias and artificial divide between animal and public
health is a barrier to recognizing One Health. As a subset
of this wider trend, the security of our food supply is
threatened by both deliberate
contaminations

becoming increasingly

and accidental and shifting microbial
ecosystems (102).

The prevention and management of zoonotic diseases
spread through meat can be enhanced by collaboration
and cooperation under One Health concept. Because meat
contamination can occur at various steps of the production
and processing of meat, preventing meat-borne zoonotic
diseases requires a

comprehensive approach

from the point of production (at the farm) to the point

spanning

of consumption (on the table). For example, cattle can
be infected with E. coli from feed or the environment (at
the farm), or beef can be contaminated with intestinal
contents or the environment during slaughtering and

processing (103).
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Conclusion

Meat-borne infections are a serious threat to public health in
both developed and developing countries due to the widespread
consumption of contaminated meat and meat products. Proper
hygienic standards and stringent production, processing, and
handling precautions are required to limit the risk of meat-
borne diseases due to the transmission of pathogens from
animals to people. Animal disease control efforts that fail to
address the underlying causes of the disease may increase the
likelihood of AMR in bacterial pathogens. Because AMR is
rising and poses a risk to public health, it is important to
use antibiotics judiciously in animal production and treatment.
Vaccination of food handlers and animals and the application
of the Codex Alimentarius Commission should be followed to
decrease the prevalence of food-borne pathogens and infections.
One Health approach approved by WHO, FAO, and OIE can
present solutions to reduce food-borne diseases concerning
public health. In conclusion, political will is required to ensure
that the agreed policies are implemented.
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