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Preface to “Foodborne Pathogens Management: From

Farm and Pond to Fork”

Dear Colleagues,

In the 1930s, the US food microbiologist Samuel Cate Prescott (1872–1962), his Swiss colleague

Karl Friedrich Meyer (1884–1974), and the UK microbiologist Sir Graham Selby Wilson (1895–1987)

first suggested to follow a more active intervention strategy against food-transmitted diseases of

microbial aetiology. In the early 1960s, the US National Aeronautics and Space Administration

(NASA) introduced the basics of a novel food safety assurance system (Ross-Nazal, 2007), which

evolved, in the 1970s, into the Hazard Analysis Critical Control Point (HACCP) concept (Lachance,

1997; Weinroth et al., 2018).

Thus, the fundaments of the Longitudinally Integrated Safety Assurance (LISA) approach were

created (Mossel, 1989). Over the past few decades, the latter concept has inspired many (veterinary)

food microbiologists to stress the longitudinal character of this approach by suggesting more ‘jazzy’

terms such as: ‘From Conception to Consumption’, ‘From Production to Consumption’, ‘From Stable

to Table’ and ‘From Farm to Fork’ (or variants such as ‘From Pond to Fork’ or ‘From Forest to Fork’

when one wants the reader to concentrate on particular foods such as fish or game). In essence, the

researchers took the same path as epidemiologists would have taken when investigating outbreaks of

foodborne disease, the only difference being that epidemiologists would follow the ‘top-down’ route,

and scientists working to reveal a functioning LISA principle would take a ‘bottom-up’ direction in

order to prevent conditions that would render food unsafe for consumption.

‘From Farm to Fork’ was recently chosen by European authorities as the title of a document

released in May 2020. This document describes the declared EU policies aiming at reducing the

environmental/climate impact of primary production, while at the same time ensuring fair economic

returns for farmers and striving to meet the ‘Green Deal’ objectives—that is, achieving Sustainable

Development Goals (SDGs) such as improving food security by reducing food loss and waste without

impairing food safety. The big question is whether or not the resource footprints of future food

production in terms of land, water, energy and resources will be within our common planetary

boundaries (Steffen et al., 2015). This means that resolving conflicting goals will become a key

challenge. A ‘Farm-to-Fork’ framework might be indispensable for meeting our future challenges

in terms of food safety, security and sustainability (Hanning et al., 2012).

Obviously, this interpretation of ‘Farm to Fork’ goes far beyond its original purpose of stressing

the longitudinal approach to safety assurance rather than the traditional end-product-oriented control

of foods of animal origin.

This Special Issue indeed makes use of such a broad definition of ‘Farm to Fork’. Consequently, it

contains contributions on the state of the art in food safety assurance, with the ambition to contribute

to the evidence-based trade-offs that our future food safety, security and sustainability necessitate.

Since the majority of the contributions focus on specific food commodities, the articles are

arranged according to the thematic foci “Safety of meat and dairy products from primary production

to primary processing”, “Fish and seafood”, “Wild game”, “Insects”, followed by papers on

“Epidemiology of parasites and pathogenic bacteria in various food chains” and “Food technology

and food safety”.
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Abstract: North America is a large producer of beef and contains approximately 12% of the world’s
cattle inventory. Feedlots are an integral part of modern cattle production in North America, pro-
ducing a high-quality, wholesome protein food for humans. Cattle, during their final stage, are fed
readily digestible high-energy density rations in feedlots. Cattle in feedlots are susceptible to certain
zoonotic diseases that impact cattle health, growth performance, and carcass characteristics, as well
as human health. Diseases are often transferred amongst pen-mates, but they can also originate from
the environment and be spread by vectors or fomites. Pathogen carriage in the gastrointestinal tract of
cattle often leads to direct or indirect contamination of foods and the feedlot environment. This leads
to the recirculation of these pathogens that have fecal–oral transmission within a feedlot cattle popu-
lation for an extended time. Salmonella, Shiga toxin-producing Escherichia coli, and Campylobacter are
commonly associated with animal-derived foods and can be transferred to humans through several
routes such as contact with infected cattle and the consumption of contaminated meat. Brucellosis,
anthrax, and leptospirosis, significant but neglected zoonotic diseases with debilitating impacts on
human and animal health, are also discussed.

Keywords: feedlot cattle; zoonoses; STEC O157:H7; Salmonella; Escherichia coli; Campylobacter;
Cryptosporidium; Brucella; Bacillus anthracis; Leptospira

1. Introduction

Cattle, along with other ruminants, have provided humanity a stable supply of meat
and dairy products since their domestication. In 2021, the per capita consumption of beef
was approximately 26.7 kg in the United States [1], 16.9 kg in Canada [2], and 14.8 kg
in Mexico [3]. North America is a large producer of beef for both domestic and export
purposes, with more than 119 million heads of cattle, which represents approximately 12%
of the world’s cattle inventory [4,5]. The United States has the largest cattle inventory
(approximately 98.8 million cattle and calves in both beef and dairy operations) in North
America [4,5]. Feedlots have been an integral part of modern beef cattle production in North
America for more than 60 years, producing wholesome, highly desirable and marketable
carcasses throughout the course of the year at a low cost to produce a high-quality protein
food for humans [6,7]. Feedlots are typically located in the Great Plains region of North
America and are located near both grain production and stocker/backgrounding regions.
Cattle are fed in feedlots to take advantage of the economies of scale related to having many
cattle located in one facility.

Readily digestible, high-energy rations are provided to cattle through communal feed
bunks or troughs (Figure 1) at feedlots (i.e., a confined area for growing or fattening cattle)
during their final stage of growth, which is also known as finishing. It is at this point that
marbling (i.e., intramuscular fat) is deposited in muscular tissues [6,7]. Feedlot rations

Foods 2023, 12, 904. https://doi.org/10.3390/foods12040904 https://www.mdpi.com/journal/foods
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mostly rely on corn (Zea Mays L.) supplemented with a protein source and often include by-
products from other industries (e.g., dried distiller’s grains, brewer’s yeast) [6,8]. Cattle are
usually fed 2–3 times per day in order to maximize feed consumption and growth efficiency.
Feedlot cattle typically gain 1–2 kg/d and have a feed efficiency of approximately 5 to 6 kg
feed/kg gain [9]. Commonly, these feedlot rations contain less than 10% forage (e.g., corn
silage), and the feeding of such high-energy density rations can lead to the development
of ruminal acidosis (low ruminal pH) [10]. When we feed cattle, we are actually feeding
the microbial population of the rumen and hindgut (i.e., cecum, colon, and rectum), which
ferment feedstuffs to produce Volatile Fatty Acids (VFAs) that cattle utilize for energy, and
Microbial Crude Proteins (MCP), which ruminants use as their primary dietary protein
source [11]. Feeding with starch has an advantage, as the microbial fermentation produces a
greater proportion of propionate than when cattle are fed forage-based rations. Propionate
is glucogenic and leads to intramuscular fat deposition (i.e., marbling) [12].

 

Figure 1. Cattle share communal feed bunks or troughs.

Despite ground-breaking advancements in the animal production and animal health
aspects of feedlot systems, cattle can still have certain conditions and diseases that impact
their health, growth performance, and carcass characteristics, and some of these can also
impact human health [13–16]. Diseases are mostly transferred between cattle in a fecal–oral
or direct contact fashion; however, they can originate from the environment and be spread
by vectors (e.g., animals, rodents, or insects) or fomites (e.g., water, feed, surfaces, and soil),
and pathogen carriage in the gastrointestinal tract (GIT) of cattle often leads to the direct
or indirect contamination of feeds and the feedlot environment (e.g., water troughs and
feed bunks, and feedlot pen surfaces) [14,15,17,18]. The circulation (and re-circulation) of
pathogenic bacteria between different hosts, vectors, and the feedlot environment is ripe
for the development of an on-farm endemic pathogen population that can impact both
animal and human health.
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Amongst zoonotic pathogenic bacteria, foodborne pathogens such as Salmonella spp.,
Shiga toxin-producing Escherichia coli (STEC), and Campylobacter spp. are commonly associ-
ated with animal-derived foods and can be transferred to humans through several routes:
(i) contact with positive cattle or carcasses, (ii) the consumption of contaminated or infected
meat, and/or (iii) the consumption or irrigation of crops with water contaminated with
cattle manure [13,19]. In addition, other zoonotic pathogenic agents with public health
relevance such as Cryptosporidium, Brucella, Bacillus anthracis, and Leptospira and the diseases
that they cause in humans are also discussed in this review.

2. Structure of the North American Beef Industry

Beef cattle production in the United States is inextricably linked with the founding
mythos of the Great Plains, or the “Old West”. Cattle ranchers from the frontier are
often portrayed in movies and stories as independent and self-reliant heroes. Today’s
North American cattle producers are heirs to this image and remain very independent
and self-reliant. While increasing corporatization has impacted some segments of the
cattle industry at the cow-calf production level, the beef industry of North America cur-
rently remains largely comprised of small producers. The beef industry has traditionally
been highly decentralized and fragmented into five basic segments: cow-calf producers,
stocker/backgrounder, feedlots, packers, and retail. The packer and retail segments are
largely beyond the scope of this review, yet it is important to remember their role in the
industry, which drives the production decisions made by ranchers for years before cattle
reach the market. The beef production continuum is shown in Figure 2 and is best visual-
ized as a pyramid in terms of the number of producers involved at each phase. However, an
increasing degree of consolidation and vertical integration at the packing and retail levels has
entered the beef production industry because there are fewer participants who can implement
the required/suggested practices on the farms. This means that many of the practices that can
implemented at larger, more well-funded production locations may not be implemented due
to the economic and logistical constraints faced by the small producers. In the present review,
we primarily focus on the live animal phases of beef production (Figure 2).

Figure 2. The beef production continuum visualized as a pyramid in terms of the number of producers
involved at each phase.

2.1. Cow-Calf Producers

Cow-calf producers are the foundation of cattle in the U.S. and are the most de-
centralized phase of cattle production with thousands of producers scattered across the
country, raising approximately 30 million calves each year. Cow-calf producers are often
not able to be full-time cattle producers but must often work a “traditional job” (i.e., off-
farm/ranch employment to generate a stable, consistent income) and must perform all of
the farm tasks in their in their spare time, and as a result, many of their production decisions
are driven by necessity, time availability, and logistics. This often limits the type of animal
care procedures, as well as the procedures aimed at improving production efficiency, that
can be implemented on any single farm. A typical beef producer in the southeastern United
States is almost 60 years of age and works cattle on weekends and evenings when the

3
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weather and day-length allow. While most producers desire to maximize their profitability,
many do not use the most up-to-date production methodologies (e.g., artificial insemination
and estrus synchronization) due to the expense, time, and lack of skills and/or facilities
involved. In general, producers attempt to calve in the spring and some use artificial
insemination to improve their herd genetics and have a calf crop within a specified time
window, with the majority utilizing a herd bull for ease of breeding.

Most cow-calf herds contain fewer than 50 cows, and these producers maintain a
fairly stable herd size over the course of the year, marketing their calves themselves (from
180–240 d of age, see Figure 3), often through local auction markets or sale barns [20,21].
When calves leave their farm of origin, they bring an “internal record of exposure and
vaccination” with them in the form of their immune systems, which means that that while
the calves are less susceptible to pathogens that they have previously been exposed to,
they remain susceptible to novel pathogens (bacterial, protozoal, and viral). Stress acts
as an immunosuppressant and is cumulative in its impacts. Calves at auction markets
can undergo multiple simultaneous stresses from weaning and transport, as well as social
stresses, and can therefore be moderately to severely immunosuppressed when commingled
with calves from other farms. Collecting calves from multiple farms in a close-quarters
environment is a recipe for disease amplification in a population of susceptible calves,
including the spread of zoonotic pathogens within these calves, commingled with calves
that originated from across broad geographic origins.

Figure 3. The beef industry has traditionally been fragmented into five segments: cow-calf producers,
stockers/backgrounders, feedlots, packers, and retail. Created with BioRender.com.

Calves (weighing approximately 120–360 kg) typically remain at an auction market
for 24 to 48 h before they are shipped to either a backgrounder/stocker facility or directly
to a feedlot. The decision as to which pathway is utilized depends on calf size/age, breed,
owner marketing strategies, and packer demands for quality or type of beef to be produced.
Larger and older calves may be sent straight to a feedlot instead of to a background/stocker
facility in order to begin the finishing process, but smaller calves may instead be sent to
backgrounding/stocking to allow for slower growth and development.

2.2. Backgrounders/Stockers and Feedlots

A tractor-trailer load of stressed and newly commingled calves is often transported
for an additional 12 to 24 h (frequently transiting more than 1500 km in this time frame,
whilst undergoing feed and water withdrawal, and often profound temperature changes)
to a stocker or feedlot facility, which further exacerbates the susceptibility of these calves to
disease exposure from cohorts. Upon arrival at either the feedlot or stocker facility, calves
are typically rapidly vaccinated, identified, and allowed to rest and recuperate from the
stresses of transport. These first days upon arrival are critical in setting cattle up for success
as stresses can accumulate and result in the development of shipping fever in calves, which
can impact morbidity and mortality among animals. Thus, it is critical to ensure that
calves receive a ration designed to tempt them into beginning feed consumption quickly,
in order to begin the supply of glucose, protein, and minerals to the immune system.
Calves that are classified as “high risk” often require special care and added nutritional
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metaphylaxis and prophylaxis in the first few days after arrival in a stocker facility or
feedlot. Stocker operators commonly feed native forages or crop residues (e.g., corn or
wheat stubble) to cattle for 2–6 months in order to increase their growth and develop their
frame (Figure 3). During backgrounding/stocking, cattle may consume protein or energy
concentrates in their ration to increase their energy or protein intake; however, the amount
of grain consumed in the stocker phase is typically much lower than that used in feedlots.
The rations of stocker producers often contain by-products such as distiller’s grains, but
mostly contain corn, with varying levels of processing (e.g., cracking or flaking) to improve
its digestibility. When calves reach feedlot market weight (typically 270–370 kg), they are
shipped to the feedlot for finishing or fattening prior to slaughter.

In the feedlot, cattle are segregated in pens based on body weight, breed, sex, and
special program enrollment (e.g., No Antibiotics Ever) and eat from communal feed bunks
at the front of each pen. Cattle often enter the feedlot at approximately 350 kg and are fed
diets containing a high Net Energy for Gain (NEG) concentration, which is achieved by
feeding them diets rich in starch until they reach approximately 625 kg, the current market
weight. The feeding/finishing period can last 90–300 d, depending on the size of the cattle
when they enter the feedlot.

Typically, according to the United States Department of Agriculture (USDA) animal
census, there are more than 12 million cattle in U.S. feedlots at any time. While the vast
majority of feedlot operations have a capacity of under 1000 heads, they only market a
small percentage of the fed cattle to consumers. Feedlots with a capacity of more than
32,000 heads provide more than 40% of the fed cattle marketed [22]. Feedlots in the U.S.
can reach a capacity of over 100,000 heads, which—assuming a 450 kg average weight
for feedlot steers that consume 2% of their body weight (as dry matter (DM))—would
require 9 kg (DM)/hd/d of feed, and a 50,000-head feedlot would require approximately
450,000 kg DM or 642,000 kg (as fed) of feed per day (approximately 7–8 train cars, or
20–25 tractor-trailer loads of feed). This typically requires feedlots to be largely self-
contained facilities with an on-site feed mill (Figure 4). This means that many trucks
bringing feed to each feedlot may take feed to other lots, and this represents a potential
vector for zoonotic pathogens to be transmitted between feedlots. In addition, manure is
often composted on site to mitigate the environmental impact and potentially generate a
revenue stream by the sale of soil amendment for gardens; however, this can also carry
zoonotic pathogens that can be transmitted to humans and other animals. It is clear that
the infrastructure and activities needed to operate feedlots offer numerous opportunities
for zoonotic pathogens to colonize and proliferate in cattle.

3. Zoonotic Agents with Public Health Relevance

There is a variety of pathogenic bacteria that are commonly found in cattle across North
America. Most of these pathogens can (i) impact animal health; (ii) pose a threat to human
health, such as foodborne pathogenic bacteria; and (iii) live in the GIT and are often unde-
tected, as they may not cause illness in the host animal. This means that these pathogens
may only be detected during the specific surveillance of cattle populations housed in a
specific feedlot. Furthermore, many of these pathogenic bacteria can exist simultaneously in
cattle, but little information currently exists on this issue of multiple pathogen colonization.
Herein, we endeavor to discuss the most well-known human/animal threatening zoonotic
agents of cattle with public health relevance.

3.1. Salmonella spp.

Salmonella enterica serovars are one of the most important foodborne pathogens in
North America, comprising more than 2500 serotypes that are often harbored in the GIT of a
variety of animals such as mammals, birds, reptiles, and amphibians, as well as in a variety
of different environments [14,23–27]. The major Salmonella enterica serovars associated with
clinical infections in both cattle and humans are Dublin, Enteritidis, Heidelberg, Kentucky,
Montevideo, Newport, and Typhimurium, and it should be noted that several of these
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serotypes can colonize the same animal simultaneously [14,25,28,29]. S. Montevideo was
the most frequently reported serotype in North American cattle, while it was not one of
the most frequently reported serotypes in other continents [23,28]. Moreover, Salmonella
prevalence varies considerably by geographical region; a lower prevalence was recorded in
the northern U.S. states and Canada than in southern states [30].

Figure 4. Aerial image of randomly chosen commercial feedyard. Feedmill is indicated by 1; silage
pits are depicted by 2; manure/pen surface composting is tagged 3; 4 denotes water retention pond;
5 indicates cattle pens; and 6 highlights cattle working facilities. Image selected from Google Maps.

In the United States, non-typhoidal Salmonella is one of the most common bacterial
foodborne diseases, resulting in an estimated 1.2 million domestically acquired foodborne
infections, along with 450 deaths from approximately 130 outbreaks every year [19,29,31]. The
infective dose for non-typhoidal Salmonella is reported at 103 bacterial cells [30]. Salmonellosis
in humans is often localized and self-limiting; however, severe cases require antimicrobial
therapy and hospitalization [19,24,29,31]. Salmonellosis in humans is less associated with the
consumption of beef or dairy products than compared to pork and poultry products [19,23,30].
However, certain cases have been traced back to cattle [19,23,30]. The contamination of lymph
nodes that are processed into ground beef is one of the main ways for Salmonella spp. to enter
the food chain [32,33].

The key transmission route of Salmonella in cattle is fecal–oral, and the prevalence of the
pathogen in cattle varies, with reported estimates of 2–42% between-herd prevalence and
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0–73% within-herd prevalence [14,34,35]. Cattle are asymptomatic carriers of Salmonella (i.e.,
a commensal of their GIT microbiota) [17,28] and can shed it at 103 to 105 CFU/g of feces,
contaminating the farm environment and equipment [30,36]. It is believed that exposure to
transport and lairage stress can increase the fecal excretion of Salmonella in feedlot cattle
prior to slaughter [28,37]. The fecal shedding of Salmonella is subject to seasonal variation,
reaching higher rates in the summer and early fall, declining in the winter months, and it
has been reported that there is a correlation between shedding by animals and outbreaks
in humans [14,17,32,38,39]. Although a physical correlation to ambient temperature has
been observed, the internal temperature of the GIT is mostly stable; thereby, it seems
that temperature is not the only source of the seasonality of Salmonella shedding through
feces. Moreover, antimicrobial-resistant Salmonella (represented by varied serotypes such
as Salmonella Newport, Salmonella Typhimurium, and Salmonella Reading) were detected in
over 5000 individual fecal samples collected from multiple feedlots in the United States [40].
In Canada, the Salmonella prevalence in manure from feedlot cattle, beef carcasses, ground
beef, and environmental samples is often reported to be low [13].

3.2. Shiga Toxin-Producing Escherichia coli (STEC)

Shiga toxin-producing E. coli (STEC), also known as enterohemorrhagic E. coli (EHEC)
or Vero toxin-producing E. coli (VTEC), are a family of zoonotic foodborne pathogens that
can be naturally present in the GIT of cattle [41,42]. STEC that infect the human GIT are able
to cause clinical symptoms ranging in severity from mild diarrhea to hemorrhagic colitis
and life-threatening hemolytic uremic syndrome (HUS), a critical cause of acute renal failure
in children [41,42]. STEC is characterized by a very low infective dose (<100 bacterial cells)
in humans; however, hosts can asymptomatically harbor these pathogens as part of their
GIT microbiota [43]. The frequency of STEC O157:H7 infections has been on the decline in
North America over the past two decades due to improvements in meat safety, especially
the implementation of “Test and hold” procedures for ground beef prior to shipment to
consumers [44,45]. While most STEC-related illnesses have been often associated with the
consumption of undercooked ground beef or through contaminated produce, pathogen
transmission to humans can occur through contaminated drinking or recreational water,
contact with cattle, pen surface contamination, and human-to-human contact [46,47].

Among STEC strains, enterohemorrhagic E. coli serotype O157:H7 has become one of
the most important and well-studied pathogens as it frequently colonizes the GIT of cattle
in North America [48–50]. While this is the most well-known and common STEC in North
America, it is becoming clear that other STEC serotypes are impactful and play a role in
human health. In the United States, along with O157, the top six non-O157 STEC serogroups
(e.g., O26, O45, O103, O111, O121, and O145) have been recognized as adulterants in raw
and non-intact ground beef [42,48]. This provides an economic incentive in addition
to the ethical and moral incentives to reduce STEC contamination. The colonization
and re-colonization of cattle with STEC occurs through fecal–oral contamination or the
consumption of contaminated drinking water sources, or contaminated feeds, and the
lower GIT of cattle, particularly the mucosa of the recto–anal junction (RAJ), is considered
the major region for persistent colonization by E. coli O157:H7 [48,51,52]. STEC infections
in cattle are usually asymptomatic, as they lack vascular receptors for the Shiga toxins (Stx),
allowing this potent pathogen to thrive in the GIT while not causing damage to the host
intestinal tissue or stimulating immune host defenses [42,47,53].

The levels of STEC O157:H7 in the GIT, digesta, and on hides of cattle prior to entering
the commercial abattoir play a crucial role in the occurrence of carcass contamination
during slaughter and processing [41,48,54]. Higher levels of STEC in cattle were correlated
with higher carcass contamination levels. The previous literature showed that grain feeding
increased the number of acid-resistant E. coli in feces of cattle, which has critical implications
for food safety as the acid-resistance of the pathogen seems to be a factor in the transmission
of this pathogen from cattle to humans [55]. In addition, STEC O157:H7 prevalence was
increased in hide samples of cattle during transport (i.e., a common stressor to animals) from
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the feedlots to the abattoir and/or during lairage prior to slaughter [37,54,56]. Cattle that
shed STEC O157:H7 at a rate of greater than 103 or 104 CFU/g of feces have been defined
by the term “super-shedder”, and these high-shedding cattle remains the main vector of
animal-to-animal transmission and production environment contamination [44,47,48,57].
STEC (E. coli O157 and non-O157) have been found in feedlot cattle feces and in feedlot
environmental sources such as water troughs, lagoons, and soils in Canada [13,58]. Fecal
prevalence rates of 0–79% have been reported for E. coli O157:H7 and 7–94% for the other
‘top six STEC’ (O26, O45, O103, O111, O121, and O145), and the prevalence is often higher
during spring/summer than fall/winter [13,47,48,59,60]. It was reported that feedlot
cattle farms can disseminate E. coli O157:H7 in the environment and that other animal
vectors (e.g., feral swine), as well as flies, can contaminate leafy green vegetables on farms
located in close proximity [46,61–63]. In North America, European starlings (Sturnus
vulgaris) are considered a high-risk invasive bird species associated with the environmental
dissemination of antimicrobial-resistant E. coli as these birds utilize feedlots during winter
months for food sources [64]. Other studies have demonstrated that there is a potential
spread of zoonotic pathogens to nearby fields and humans through dust spread from
feedlot surfaces [61].

3.3. Campylobacter spp.

Campylobacter is one of the leading causative agents of bacterial foodborne gastro-
enteritis in humans in the United States and Canada and can be transmitted to humans
through human–animal contact (often via petting zoos), occupational exposure, the con-
sumption of contaminated dairy (e.g., unpasteurized milk) and meat products, and contact
with environment) [19,65–68]. Campylobacter is estimated to cause 1.3 million human
illnesses every year in the United States [68], and the infection is often accompanied by
abdominal pain and in some cases may lead to the development of the more severe Guillain–
Barré syndrome in patients [69]. Campylobacter can also cause serious diarrhea in humans
and has a very low infectious dose of as few as 500 organisms [67,68]. Campylobacter je-
juni is the leading agent of reported human infections [65,67]. While poultry products
are considered to be the leading source of human infections with Campylobacter in North
America, cattle can serve as a vehicle for the transmission of this pathogen to humans [19].
Foodborne Campylobacter outbreaks in the United States (during 1998–2016) were attributed
to dairy products (32%), chicken products (17%), and vegetables (6%), and more human
outbreaks were reported during the summer (35%) than the spring (26%) and fall (22%) [67].

The colonization of Campylobacter, as a common commensal, in the GIT of cattle is
significant not only regarding the potential for the contamination of the carcass at slaughter,
but also regarding the environmental burden on farm and in transport through fecal
shedding. It was reported that Campylobacter shedding by cows was 1.1 × 102 CFU/g of
feces, while shedding in calves was approximately 250-fold (2.7 × 104 CFU/g of feces)
more [30]. Studies conducted across the United States reported a Campylobacter prevalence
ranging from 20 to 60% in feedlot and dairy cattle feces [70]. In particular, C. jejuni was
detected in fecal samples collected from feedlots in the United States and Canada at a
prevalence of 72–82% [13,65,66,70]. Up-to-date studies from Alberta, Canada, reported
an increased antibiotic-resistant profile of fluoroquinolone-resistant C. jejuni isolates from
around 1300 diarrheic patients connected to domestically acquired infections from cattle
reservoirs [65]. Moreover, other researchers showed that, from 320 C. jejuni and 115 C. coli
isolates collected from feedlot cattle farms in multiple states of the U.S., 35.4% of C. jejuni
and 74.4% of C. coli isolates displayed increased fluoroquinolone resistance, which was
remarkably higher than previously documented in United States reports [71]. Campylobacter
species from feedlot manure runoff contaminates water supplies through agricultural
runoff (due to rain events), posing serious human health concerns and increasing the risk of
a waterborne outbreak [70]. Another important route of transmission is through migratory
birds (e.g., European Starlings), and Campylobacter jejuni has been widely detected and
identified in their feces [70].
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3.4. Cryptosporidium spp.

Cryptosporidiosis is a disease in humans and cattle caused by a ubiquitous oppor-
tunistic enteric protozoan of the genus Cryptosporidium, is a global disease and one of
the most common causes of diarrhea in both humans and livestock, and can be spread
to humans from food animals and vice versa [72–74]. In cryptosporidiosis, parasite in-
vasion and epithelial destruction in the small intestine by this causative agent results in
crypt hyperplasia and apoptosis, villus atrophy and fusion, and physiological changes
that impair intestinal nutrient absorption and cause diarrhea in the host [75,76]. Children,
neonatal animals, and immunocompromised individuals are most susceptible to this par-
asitic disease, which is transmitted primarily through the fecal–oral route [74]. Contact
with cattle, particularly with infected pre-ruminant calves, has been implicated as the root
cause of many outbreaks in humans (e.g., veterinarians, researchers, and children attending
agriculture-based activities and petting zoos) [74]. Moreover, food or water (e.g., lakes,
rivers, and municipal drinking water without treatment) that is contaminated by cattle
manure has been identified as a source of cryptosporidiosis outbreaks in humans [74,77,78].
The predominant Cryptosporidium species infecting humans are C. parvum and C. hominis,
while C. bovis, C. ryanae, and C. anderseni, in addition to C. parvum, are the causative agents
of bovine cryptosporidiosis [73].

In the United States and Canada, pre-weaned calves are considered important sources
of zoonotic cryptosporidiosis transmission to humans. The previous literature documented
that the prevalence of Cryptosporidium spp. between pre-weaned and post-weaned calves
is age-related [79–81]. Clostridium parvum, the only prevalent zoonotic species in cattle,
caused 85% of the Cryptosporidium infections in pre-weaned calves, while only 1% of the
Cryptosporidium infections in post-weaned calves was due to this species [81]. In addition,
a lower prevalence of cryptosporidiosis in 1–2-year-old dairy cattle (post-weaned calves
and heifers) was found compared to younger (pre-weaned) calves [79,80]. Neonatal calves,
which are not functional ruminants during the first 3–4 weeks of life, that are infected by
C. parvum can suffer from serious scours (i.e., diarrhea with yellow pasty to watery feces)
which can last up to 2 weeks and cause serious dehydration [72,82]. Infected calves can shed
large numbers of infective oocysts in their feces, leading to environmental contamination
and posing a threat to susceptible calves as well as humans [72,83]. Economic losses
due to Cryptosporidium infections in neonatal calves are mostly associated with the cost
of managing diarrheic animals, as well as mortalities [72,75]. Dehydration, weight loss,
retarded growth performance, decreased feed efficiency, and losses due to mortality and
morbidity are other repercussions of cryptosporidiosis, all of which leads to considerable
economic losses [72,75].

3.5. Brucella spp.

Brucellosis, caused by Brucella spp., is a significant but neglected widespread bacterial
zoonotic disease present around the world with debilitating impacts on human and animal
health [84–87]. Humans are commonly infected through consuming adulterated unpasteur-
ized/raw milk or dairy products [88–91]. However, direct contact with infected animals or
their contaminated biological secretions (e.g., fetal or vaginal fluids and aborted fetuses
or placentae), and exposure to anti-Brucella vaccines are other transmission routes of this
occupational disease among animal handlers, veterinarians, and laboratory and abattoir
personnel [90,92]. The inhalation of airborne agents was also reported as another transmis-
sion route of brucellosis in humans [87]. The use of personal protective equipment (PPE) to
reduce the risk of brucellosis transmission is an effective measure among occupations that
directly handle animals or their products [91]. Approximately 500,000 human brucellosis
cases are reported each year to the World Health Organization (WHO), of which Brucella
melitensis is the common causative agent [87,93]. The human brucellosis, also known as
undulant fever or Malta fever, is characterized by non-specific clinical symptoms such as
arthralgia, myalgia, sweats, miscarriage, abdominal pain, back pain, headache, profuse
sweating, chills, and hepatomegaly [87,88,90]. Several countries in the world (located in

9



Foods 2023, 12, 904

the developed parts of Western and Northern Europe, Canada, Japan, Australia, and New
Zealand) are free from the infectious agent [87,93]. Brucellosis is still endemic in Mexico,
certain parts of Central and South America, the Mediterranean basin, the Middle East,
India, and North Africa [89]. Nowadays, brucellosis in the United States is relatively rare
(100–150 cases per year) and occurs more commonly in states that border Mexico (e.g., Texas
and California) and in states where raw milk sale is legal [89–91,94]; a total of 75% of U.S.
states allow different types of raw milk sales [89–91,94]. The incidence of human brucellosis
in the United States has declined considerably over the years due to the successful U.S.
State-Federal Cattle Brucellosis Eradication Program, as well as milk pasteurization [89,90].

Bovine brucellosis, caused by B. abortus, is a disease that occurs globally and causes
substantial production loss along with a serious financial burden on producers [95]. The
cattle farm environment is a convenient niche for brucellosis introduction, proliferation,
and spread; improper biosecurity and management practices exacerbate the brucellosis
progression in livestock animals [95]. The bacteria can live in soil, water, pasture, and
manure for an extended time [96]. Therefore, the excretion of Brucella into the environment
poses a risk to animal health [96]. In pregnant females, the primary symptom of brucellosis
is abortion; however, the disease progression is often asymptomatic in young animals and
non-pregnant females [97]. The bacterial agent can spread to multiple animals or herds
through contaminated biological secretions such as fetal or vaginal fluids and aborted
fetuses or placenta [92,97].

The smooth strain S19 and the rough strain RB51 vaccines are used in livestock for
epidemiological control, yet both vaccines have disadvantages [90]. The RB51 strain, which
has been used in the United States to vaccinate cattle against B. abortus, is virulent for
humans (the infectious dose for B. abortus is 10–100 bacteria) and resistant to rifampin,
a commonly used antibiotic used for treating human brucellosis [84,90,91]. Vaccinated
animals can shed the strain into their milk; therefore, the presence and persistence of Brucella
spp. in dairy products remain critical public health and food safety issues worldwide [90,91].
The contamination of the raw milk typically occurs either during milking or from the blood
of infected animals being transferred to the milk [98]. Reportedly, animals infected with B.
abortus can shed 103 CFU/mL from blood to raw milk, yet supper-shedder hosts can shed
even more (104 CFU/mL) [97].

Brucella infections have been detected in varied terrestrial wild animals living in
distinct environments (i.e., subtropical and temperate regions to arctic regions) [95]. The
epidemiology of brucellosis in wildlife is often linked to the occurrence of the disease in
livestock animals. Wild species can contribute to the re-introduction of Brucella agents
along with infections in livestock (i.e., spillback) even in regions that are brucellosis-free
or have had a successful eradication program [95]. Focusing on North America, bison,
elk, and wild boars can become Brucella spp. reservoirs, and the latter two can spread
the pathogenic agent to nearby cattle farms [95,98]. Brucellosis-impacted elk and bison
populations from the Yellowstone Area in the United States have been shown to have a
prevalence in the range of 35–60% [99].

3.6. Bacillus anthracis

Anthrax, known to humankind since ancient times, is a serious, naturally occurring,
global zoonotic disease that affects domestic and wild animals, and directly/indirectly
affects humans [100,101]. Anthrax is no longer considered a concern in developed countries
due to effective control measures (e.g., vaccination, carcass disposal, and decontamination
practices), yet it still occurs sporadically [101–103]. Anthrax is often found in agricultural
regions of Central and South America, sub-Saharan Africa, central and southwestern Asia,
southern and eastern Europe, and the Caribbean [101]. Over the years, there have been
periodic outbreaks of anthrax in North America [102,103].

The causative agent of anthrax is Bacillus anthracis, an aerobic, Gram-positive, spore-
forming, rod-shaped bacterium belonging to the Bacillaceae family [104,105]. In addition to caus-
ing naturally occurring anthrax, B. anthracis has been known to be a bioterrorism/agroterrorism
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weapon; therefore, surveillance systems have sought early detection of the disease [18,103]. The
(dormant) spores produced by B. anthracis can persist in varied environments (e.g., soil, water,
and animal hosts) for an extended time and are resistant to chemical and physical treatments
such as radiation, desiccation, and heat application [104–106]. The spores enter the human
body through varied routes and turn into active growing cells once the conditions are
favorable, yet anthrax is not contagious [104,105,107,108]. The inhalation of spores from
the hide or wool of infected animals, the ingestion of undercooked contaminated meat, skin
abrasion, and, rarely, insect vectors (e.g., biting flies) are the main routes [104,105,107,108].
Reportedly, as few as 10 spores for herbivores and 200 to 55,000 spores for humans can be
sufficient to cause an infection [109,110].

Anthrax in humans caused by the cutaneous transmission route accounts for ap-
proximately 95% of cases worldwide, due to the handling of carcasses and B. anthracis-
contaminated by-products (e.g., hair, hides, and wool) of animals that were sick or died
from the disease [18,105,107,108,111]. Animals often contract the disease through an oral
ingestion of soil that is contaminated with spores [107,112]. It was reported that B. anthracis
spores can survive in a soil environment for 300 years [107,112]. The most common clinical
sign is a few sudden deaths in the herd without premonitory signs; bloating and hemor-
rhage from natural orifices (e.g., the nostrils, mouth, vulva, and anus) can be seen in dead
animals [104,105,107,108].

In the United States, it was reported that B. anthracis spores can persist in alkaline
soils present in the geographical corridor from Texas through Colorado, North and South
Dakota to Montana, posing a primary risk for cattle and other herbivores [113–115]. In
particular, a total of 63 anthrax cases in animals were confirmed in reference laboratories in
Texas, the United States, during 2000–2018, and the last naturally occurring human case
of cutaneous anthrax due to livestock exposure in Texas was reported in 2001 [111]. Texas
experienced an increase in the number of animal anthrax cases in 2019 and state agencies
suggested that more than 1000 animal losses might be attributed to the outbreak [111].
In Canada, repeated outbreaks in the wild bison populations still lead to concerns in the
Northwest Territories, Northern Alberta, Manitoba, and Saskatchewan [116]. In 2006, an
outbreak occurred in Saskatchewan and resulted in the loss of 804 livestock [117].

3.7. Leptospira spp.

Leptospirosis, caused by the spirochetal bacteria of the genus Leptospira, is considered
one of the most widespread but neglected bacterial zoonotic diseases, affecting over 1 million
humans globally every year with approximately 60,000 cases resulting in death [118–120].
Leptospirosis can cause a range of symptoms in humans, ranging from a mild fever,
headache, and myalgia to more severe symptoms such as jaundice, renal failure, and
multi-organ failure (i.e., known as Weil’s disease) that is primarily characterized by kidney
and liver damage [118–120]. The disease is often misdiagnosed or even not recognized in
humans as leptospirosis causes a myriad of symptoms that are also commonly displayed in
many other diseases such as influenza and dengue fever, hampering the diagnosis accuracy
of the disease in humans [118–120].

Leptospirosis is transmitted to humans by varied species of animals (e.g., cattle, sheep,
pigs, horses, rodents, and dogs) through their infected urine as the bacteria can persist in
the renal tubules of the host and are then excreted into (soil or water) environment through
urination [121,122]. The bacteria can live in soil or water for an extended period of time, and
humans can contract the disease through open wounds, conjunctiva, and mucous membranes
when they are exposed to urine-contaminated soil or water [123,124]. Therefore, working
in an abattoir or animal farms (i.e., occupational exposure) and swimming or wading in
water bodies contaminated with urine (i.e., recreational exposure) are considered the main
high-risk activities affecting the transmission course of leptospirosis in humans [118,119].
Approximately 100–150 human leptospirosis cases are reported every year in the United
States, with Puerto Rico reporting the majority of the cases, followed by Hawaii [125]. In
Mexico, during 2000–2010, there were over 1500 human leptospirosis cases reported (with
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198 mortalities), and the majority of the cases were reported during the rainy season of the
country [126].

Leptospirosis is a ubiquitous disease found in varied species of animals (e.g., cattle,
sheep, pigs, horses, rodents, and dogs) and differs from human leptospirosis in terms of
epidemiology, pathogenesis, clinical presentation, diagnosis, and control measures [122,127].
In particular, cattle are a common livestock reservoir and significantly impacted by varied
Leptospira spp. that can cause abortion, neonatal illness, and reduced milk production in
the hosts [122,127]. Bovine leptospirosis is commonly caused by three different serovars
of Leptospira: Leptospira borgpetersenii serovar Hardjo (Hardjobovis), Leptospira interrogans
serovar Hardjo (Hardjoprajitno), and Leptospira interrogans serovar Pomona [128–130]. Ex-
posure to Leptospira-contaminated water sources, co-grazing with sheep, and the preference
of natural service over artificial insemination are some of the major risk factors for lep-
tospirosis disease in cattle [122,127]. Due to the colonization ability of Leptospira spp. in
the renal tubes of cattle, bacterial shedding through urination into the environment can
continue for an extended period of time and can also occur through semen and uterine
discharges [128,131]. Vaccination strategies are used to prevent the shedding of leptospires
in cattle urine [132,133]. According to a report by the USDA, based on a study conducted by
National Animal Health Monitoring System (NAHMS), approximately one in five feedlots
use vaccination to provide protection against leptospirosis in cattle [134].

4. Conclusions

Overall, there are many challenges that face producers of beef cattle in North America,
including zoonotic pathogens that threaten both human and animal health. Zoonotic
diseases are often transferred amongst pen-mates, but they can also originate from the
environment and be spread by vectors (e.g., wild birds and insects) or fomites (e.g., animal
contacting surfaces and airborne dust). Zoonotic pathogens such as Salmonella, Shiga toxin-
producing Escherichia coli, and Campylobacter are commonly harbored in the GIT of cattle
and are all too often associated with animal-derived foods as they can be transferred to
humans through contact with infected cattle or carcasses, the consumption of contaminated
or infected meat, and the consumption of water that is contaminated with cattle manure.
The challenges posed by the presence of these pathogens as undetected passengers in
the GIT of cattle are extensive and must be addressed in a holistic fashion. Furthermore,
neglected but significant zoonotic agents such as Cryptosporidium, Brucella, Bacillus anthracis,
and Leptospira still cause debilitating diseases in North American human populations
that come in direct or indirect contact with cattle, cattle-surrounding environments, or
cattle-originated biological materials, although relatively rarely compared to other parts of
the world.

The beef cattle industry of North America has implemented numerous post-harvest
pathogen reduction strategies, and has recently focused on on-farm or pre-harvest pathogen
reduction strategies to improve human and animal health. It must be emphasized that
these strategies must include non-antibiotic activities to avoid the development of antimi-
crobial/antibiotic resistance and improve the production efficiency or sustainability in
order to ensure adoption by the industry. In addition, vaccination strategies have been used
to provide protection against zoonotic diseases for several decades by the North American
beef cattle industry.
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Abstract: A symbiotic or mixed animal husbandry (e.g., pigs and chickens) is considered to have a
positive effect for animal welfare and sustainable agriculture. On the other hand, a risk of infection
and transmission of microorganisms, especially of zoonotic pathogens, between animal species may
potentially occur and thus might increase the risk of foodborne illnesses for consumers. To prove
these assumptions, two groups of animals and their environmental (soil) samples were investigated
in this study. Animals were kept in a free-range system. In the first group, pigs and chickens were
reared together (pasture 1), while the other group contained only pigs (pasture 2). During a one-
year study, fecal swab samples of 240 pigs and 120 chickens, as well as 120 ground samples, were
investigated for the presence of Campylobacter spp., Salmonella spp. and E. coli. Altogether, 438 E. coli
and 201 Campylobacter spp. strains were isolated and identified by MALDI-TOF MS. Salmonella spp.
was not isolated from any of the sample types. The prevalences of Campylobacter coli and C. jejuni in
pigs were 26.7% and 3.3% in pasture 1 and 30.0% and 6.7% in pasture 2, while the prevalences of C.
coli and C. jejuni in chickens from pasture 1 were 9.2% and 78.3%, respectively. No correlation between
the rearing type (mixed vs. pigs alone) and the prevalence of Campylobacter spp. was observed. All
swab samples were positive for E. coli, while the average prevalences in soil samples were 78.3%
and 51.7% in pasture 1 and 2, respectively. Results of similarity analysis of the MALDI-TOF MS
spectra (for C. coli, C. jejuni and E. coli) and FT-IR spectra (for E. coli) of the same bacterial species
showed no recognizable correlations, no matter if strains were isolated from chickens, pig or soil
samples or isolated at different sampling periods. The results of the study indicate that the symbiotic
husbandry of pigs and chickens neither results in an increased risk of a transmission of Campylobacter
spp. or E. coli, nor in a risk of bacterial alteration, as shown by MALDI-TOF MS and FT-IR spectra. In
conclusion, the benefits of keeping pigs and chickens together are not diminished by the possible
transmission of pathogens.

Keywords: Campylobacter spp.; E. coli; free-range rearing system; MALDI-TOF MS; FT-IR; animal
welfare

1. Introduction

In recent years, the meat industry has increasingly gained the interest of society.
Partially triggered by scandals led by buzzwords such as zoonotic diseases (e.g., Salmonella
spp., Campylobacter spp. and enterohemorrhagic E. coli), consumers are increasingly taking
a critical look at primary production and the downstream stages. In addition to product
quality and product safety, the social and ethical aspects of animal husbandry are a major
concern [1–3].

In many ways, animal husbandry offers a high potential for improvement in animal
welfare and sustainability, both ecologically and economically [4]. In many countries, a
large part of conventional husbandry types is considered as unsustainable in the long run,
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such as that declared by the Federal Ministry of Food and Agriculture (Germany) [5]. This
knowledge and a changed human-animal relationship have led to a critical rethinking [6].
Additionally, there is a broad support among the population demanding that animals
are treated with care and respect and that they are given the opportunity to practice
species-appropriate behavior [5].

Meat production takes up a large share in the food sector. This discrepancy between
the demand for animal welfare and maximum economic value has led to an urgently
needed review of animal welfare standards [7,8]. It is important to respond to this change
in the society’s perception by creating new opportunities in animal husbandry [9,10].

By keeping pigs and chickens together on the pasture, animal welfare-relevant symbi-
otic effects and the sustainability of animal husbandry systems can be optimally exploited.
The benefits of keeping chickens and pigs together could include, for example, giving the
chickens better access to earthworms and other food by having the pigs stir up the soil. For
their part, the chickens could provide the pigs with protection from ectoparasites. Another
benefit to the chickens could be that the pigs offer them protection from birds of prey such
as the goshawk. However, at the same time, it raises the question as to whether this kind of
animal husbandry leads to an increased exchange of pathogens and thus to a potentiation
of the risk of disease transmission. Since Campylobacter spp., Salmonella spp. and E. coli are
considered to be important pathogens in both pigs and chickens and are among the most
common foodborne zoonoses in Europe [11], they were chosen as model microorganisms
for the tracking investigations in this study.

Campylobacter spp. are gram-negative, microaerophilic bacteria. Campylobacteriosis
caused by Campylobacter (C.) jejuni and C. coli is the most common bacterial diarrheal disease
in humans [12]. They are considered as common zoonotic agents, with contaminated food
being the main route of transmission, posing a high risk [13–15]. Although the two species
mentioned above are not obligately host bound, C. coli are more frequently detected in pigs
and C. jejuni in chickens [16,17].

After campylobacteriosis, the second most frequent, notifiable bacterial gastrointestinal
disease in humans is salmonellosis [18]. Like Campylobacter spp., not all Salmonella serovars
are obligately bound to the host. Nevertheless, there is a species-specific clustering of some
serovars, e.g., S. Typhimurium in humans, pigs and chickens, S. Enteritidis in humans and
chickens, S. Infantis and S. Gallinarum in chickens [19,20]. There are various possibilities
for the transmission of Salmonella spp. within livestock. Depending on the serovar, it can
be spread via latently infected animals, contaminated feed or other vectors, e.g., rodents,
contaminated objects and birds [21,22]. The most common cause of human infection is the
consumption of contaminated animal products [23].

The third investigated bacterial species in this study is Escherichia coli. They are gram-
negative, facultatively pathogenic, flagellated rod-shaped bacteria that are commonly found
in human and animal intestines [24,25]. Due to their ability to rapidly absorb and transfer
genetic information, E. coli are considered as indicator and reservoir germs. Thus, they are
particularly of interest for scientific studies dealing with epidemiological questions [26].

The aim of the study was to find out whether animal husbandry types (pigs and
chickens vs. pigs alone) have an influence on the risk of shedding, and transmission of
Campylobacter spp., Salmonella spp. and E. coli. Additionally, the isolated bacterial strains
were investigated using MALDI TOF MS and FT-IR to see if the spectra are converging
over time, which could indicate increased exchange between the animal species.

2. Materials and Methods

2.1. Study Design (Sampling)
2.1.1. Pre Sampling

A pre-sampling was performed to obtain the prevalence of investigated bacteria in
animal and soil samples. Before starting the main experiment, rectal swabs were taken
once from pigs (n = 10) and cloacal swabs were taken once from chickens (n = 10). At this
point, the animals were each in their parent stocks and had no contact with each other. In
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addition, soil samples (n = 10) were taken once before the animals went out to pasture. The
method of sample collection corresponds to the later applied study procedure (see sample
collection, Section 2.2).

2.1.2. Forms of Husbandry

The animals were separated into two different groups, living on different pastures.
Both pastures were not previously used for any agricultural purpose for the past ten years.
For the study, pasture 1 was used for pigs (35) and poultry (about 250) as mixed husbandry
and pasture 2 for pigs only (35; comparison group). Each pasture had an area of 2.5 ha. The
distance between both pastures was two meters on each side separated by a double fence.
Thus, direct contact between animals from both pastures can be ruled out. All investigated
animals received feed from the same producer and the same source of water. Figure 1
shows the structure of each pasture. Pigs (3–5 months old) and chickens (4 weeks old) were
obtained from the respective breeding stations of the same farm. They were kept in the
pastures until reaching age of slaughtering, namely 12 months for pigs and 5 months for
chickens. Then, new animals were continually introduced in the two pastures. Altogether,
two pig and three chicken groups were introduced to the corresponding pastures. The
whole study was localized in Upper Bavaria, Germany.

Figure 1. Schematic layout of the pastures and the soil sampling (1 to 5). Pasture 1: pigs and chickens;
pasture 2: pigs alone.

2.2. Sample Collection
2.2.1. Animals

Rectal and cloacal swabs of 240 pigs and 120 chickens (from 12 monthly sampling runs
with the exception of May and June 2020 due to the pandemic situation) were investigated
between September 2019 and October 2020. For each sampling run, 10 rectal and 10 cloacal
swabs were obtained from pigs and chickens from each pasture.

Two persons performed the swab sampling of animals. Sterile single-use swabs with
Amies transport medium (Sarstedt, Germany) were inserted into the recta of pigs and
the cloacae of chickens. The swabs were immediately put into the transport medium,
individually labeled, packed in three different disposable bags (pasture 1—pig, pasture 1—
chickens, pasture 2—pig), placed in a cooling box and transported to the laboratory within
three hours. The animals were randomly selected. To assure that none of the animals was
sampled twice, the pigs were marked using a marker pen immediately after the sampling
was performed. As for chickens, the poultry coops were closed, and each chicken was
released after the sampling procedure.
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2.2.2. Soil

A total of 60 soil samples per pasture obtained from 12 sampling runs were investigated
at the same time as the animal swab samples. The locations of five sampling sites from each
pasture are shown in Figure 1. The soil sampling method was adopted from a procedure
developed by the State Office for Nature, Environment and Consumer Protection in North
Rhine-Westphalia, Germany [27]. The near-surface soil samples with a sampling depth
of 2–4 cm were cut with a hole saw (Wolfcraft® GmbH, Kempenich, Germany), recorded
with a diameter of 100 mm. For sampling, the metal cylinder was driven into the ground
with a plastic hammer. After the excavation, the soil column in the cylinder (approximately
100 g) was transferred to a 200 mL sterile screw-type beaker (Sarstedt, Germany). Between
the individual samples, the hole saw was freed from leftover soil with a knife and then
disinfected with 70% alcohol. Samples were placed in a cooling box and transported to the
laboratory within three hours.

2.3. Sample Preparation

The bacteriological analysis was started within 3 h after sample collection.

2.3.1. Animal Samples

The 20 rectal and 10 cloacal swabs from each sampling run were processed as indi-
vidual samples under sterile conditions. In a first step, the swabs were streaked directly
on a RAPID’E. coli agar (Bio-Rad, Feldkirchen, Germany). This agar is recommended for
the enumeration of E. coli in water and food [28,29]. The protective cap of the swab was
then removed using a sterile scissor, while the swab was put into a sterile disposable tube
(Greiner Bio-One, Germany) that was previously filled with 5 mL of buffered peptone
water. All 30 tubes containing swabs were closed and shaken for 25 min at 250 rounds/min
(FL-3005 varioshake, GFL, Lauda, Lauda-Königshofen, Germany) at room temperature.
The “peptone water sample suspension” (PSS) was used as the starting material for the
subsequent culturing of Campylobacter spp. and Salmonella spp.

2.3.2. Soil Samples

Each of the ten screw cups (Sarstedt, Germany) containing soil samples was opened
under a sterile laminar flow workbench. Soil was transferred into a sterile flask and
weighed to 10 g, then mixed with 90 mL of peptone water by shaking at 250 rounds/min
for 25 min at room temperature. This PSS of soil served as the starting material for the
subsequent culturing of all target bacteria.

2.4. Bacteriological Investigation
2.4.1. Isolation of Escherichia coli

E. coli were isolated using the RAPID’E. coli 2 agar (Bio-Rad, Germany). While animal
swabs were directly streaked on the selective agar, approximately 10 μg of the PSS of
soil was transferred onto an agar plate and spread out using a sterile inoculation loop.
The plates were aerobically incubated at 37 ◦C for 24 h. After that, one colony from each
positive RAPID’E. coli 2 agar was subcultured on agar technical (Oxoid, Wesel, Germany)
and incubated under the same conditions. The grown colonies proceeded to species
identification/confirmation using MALDI-TOF MS (Bruker Daltoniks, Bremen, Germany)
and to spectra analysis using FT-IR (Bruker Daltonik GmbH, Bremen, Germany).

2.4.2. Isolation of Salmonella spp.

A pre-enrichment procedure was applied in order to revive the potentially sublethally
damaged cells of Salmonella spp. For this step, 1 mL of the PSS suspension was transferred to
5 mL of buffered peptone water (Thermo Scientific™, Waltham, MA, USA) and aerobically
incubated at 37 ◦C for 16–20 h. From this pre-enrichment, 0.1 mL was dropped in triplicate
onto the Modified Semisolid Rappaport-Vassiliadis (MSRV) medium (Oxoid, Germany) and
incubated non-inverted at 42 ◦C for 24 h. Growth of Salmonella spp. on MRSV is indicated
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when a clear opaque halo has formed around the droplet. For further confirmation steps,
material from the rim of the opaque halo was subcultured onto Xylose-Lysine-Tergitol
4 (XLT4) agar (Oxoid, Germany) and Brilliant-green Phenol-red Lactose Sucrose (BPLS)
agar (Oxoid, Germany). The agar plates were aerobically incubated at 37 ◦C for 24 h.

2.4.3. Isolation of Campylobacter spp.

Enrichment of the thermophilic Campylobacter spp. was primarily performed, start-
ing with transferring 1 mL of the PSS into 9 mL of a Preston selective broth (Carl Roth,
Karlsruhe, Germany), followed by incubation under microaerobic conditions (5% O2, 10%
CO2, Anaerocult™ C 2.5 l (Merck, Darmstadt, Germany)) at 42 ◦C for 48 h. The selective
enrichment procedure was used in order to enhance the growth of Campylobacter spp. and
at the same time to reduce or inhibit the growth of the accompanying microorganisms,
which may be present in a high number in fecal swab and soil samples. After incubation,
the suspension was filtered through a sterile membrane filter with a pore size of 0.65 μm
(VWR, Hannover, Germany). Approximately 10 μL of the flow-through suspension was
transferred to a Columbia blood agar containing sheep blood (CBA, Oxoid, Germany) with
a disposable loop and was streaked using a 3-loop smear technique. The CBA plates were
incubated under microaerobic conditions at 42 ◦C for 48 h. The grown colonies proceeded
to species identification using MALDI-TOF MS.

2.4.4. Species Identification by MALDI-TOF MS

The colonies of bacterial cultures were identified to species level using Matrix As-
sisted Laser Desorption Ionization—Time of Flight Mass Spectrometry (MALDI-TOF MS).
Colonies of pure cultures were extracted using the direct transfer method as described in
the Bruker Daltonik User’s manual [30]. An appropriate colony mass on the agar plate was
taken using a toothpick and smeared on a ground steel BC target plate. Then, 1 μL of a
low-molecular organic matrix solution (saturated solution of a cyano-4-hydroxycinnamic
acid in 50% acetonitrile) was added. During the drying process at room temperature, a
co-crystallization took place in which the analyte was incorporated into the matrix crys-
tals. The MALDI-TOF MS measurements were performed using a Microflex LT (Bruker
Daltoniks, Bremen, Germany). The analysis of the generated data was executed with
the Software—Biotyper OC incl. Taxonomy (Version 3.1.66, Bruker Daltoniks, Bremen,
Germany) and its automated settings.

2.4.5. FT-IR

The Fourier-transform infrared spectroscopy (FT-IR) measurement was applied to
E. coli strains because of their role as indicator and reservoir bacteria as described in the
introduction. Additionally, some studies related to the application of FT-IR have shown
that the stability of the bacterial cell mass remains stable up to 24 h after subculturing [31].
For cell masses grown for shorter/longer periods or in other nutrient solutions, the FT-IR
spectra sometimes differ considerably. Therefore, reproducible and meaningful information
can only be expected from cell masses obtained under standardized conditions [32,33]. To
ensure these standardized conditions during FT-IR measurement, all E. coli strains were
cultured on the same medium, incubated at the same room temperature for exactly 24 h.
The restrained growth of Campylobacter spp. did not allow this standardized measurement
with the sample size, since the incubation time had to be extended if the growth rate was
too slow or the colonies were too small.

For each E. coli strain, three biological replicates were prepared for FT-IR measurement.
The material from each colony was removed from the agar technical after exactly 24 h of
incubation using a 1-μL disposable loop. The amount was equivalent to an overloaded
inoculation loop. It is important to note that the cell material was only removed from the
confluent growth zone. The cell material was transferred to a 1.5-mL reaction tube that
was prefilled with 50 μL ethanol (70%) and four inert metal cylinders (Bruker Daltonik
GmbH, Bremen, Germany), then mixed by shaking at 250 rounds for 15 s. The 70% ethanol
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killed the microorganisms, thus stopping their ongoing metabolic activities. To increase
the surface tension of the suspension, 50 μL of deionized water was added. Then, 15 μL of
each isolate suspension was pipetted onto three spots (technical replicates) of the 96-well
microtiter plate (Bruker Daltonik GmbH, Bremen, Germany). The spots on the plate had
to be completely dried at 37 ◦C in an incubator (approximately 30 min) before they were
subjected to FT-IR measurement.

Additionally, a quality control for each FT-IR measurement was required. This was
carried out by pipetting 12 μL of each Bruker Infrared Test Standards Solutions (IRTS 1 and
IRTS 2) on the same microtiter plate. These two standard solutions are part of the Bruker IR
Biotyper kit (Bruker, Bremen, Germany). Finally, FT-IR spectroscopy was performed using
an IR biotyper spectrometer (Bruker Daltonik GmbH, Bremen, Germany) according to the
instructions of the producer [34]. Briefly, each E. coli strain was automatically scanned
64 times. Spectra were acquired up to 1500 cm−1 with a spectral resolution of 3 cm−1 and
an aperture of 10 mm. All 64 spectra obtained from a single strain were automatically
combined, resulting in a single spectrum. The analysis of the generated data was carried
out using Biotyper software (Bruker Daltoniks, Bremen, Germany, version 1.5.0.90) and
its automatic settings. The spectral data were automatically converted to dendrograms
using the average mean spectra method that was further used for the statistical analysis
(Chi-square test).

2.5. Analysis for Similarities

For each bacterial group, Campylobacter spp. and E. coli, the similarity of their protein
spectra obtained by the MALDI-TOF MS, were analyzed using the clustering program
BioNumerics (version 7.6, Applied Maths, Sint-Martens-Latem, Belgium).

Additionally, the similarity of the E. coli strains (isolated from animals, n = 240)
was investigated by FT-IR spectroscopy. This involves comparing each spectrum within a
species to all other spectra recorded using the same protocols and methods. The comparison
of two spectra provides a spectral distance value. The more two spectra match, the smaller
the spectral distance (Bruker Daltonik GmbH, 2017).

2.6. Statistical Analysis
2.6.1. Pearson´s Correlation

To evaluate the correlation between pasture types and the occurrence of the investi-
gated bacteria in pigs/in soil samples, a Pearson correlation coefficient (r, Microsoft Excel,
2016) was computed. The strength of the correlation for absolute values of r is interpreted
as follows; r = 0–0.19 is regarded as very weak, 0.20–0.39 as weak, 0.40–0.59 as moderate,
0.60–0.79 as strong and 0.80–1.0 as a very strong correlation (Evans, 1996). Additionally, the
p-value was calculated based on a two-tailed t-test analysis in order to evaluate whether
the correlation was statistically significant. In Microsoft Excel, the p-value was calculated
using the formula = T.VERT.2S (t;df). The T.VERT.2S = two-tailed t-test, t = t-value and
df = degree of freedom. The results were interpreted as statistically significant if the p-value
was less than 0.05.

2.6.2. Chi-Square

The chi-square test (SPSS software, version 26.0) was used to examine the similarity
of genotype identification of E. coli with FT-IR spectroscopy with respect to two research
questions. First, whether the type of husbandry (mixed/symbiotic vs. control pasture) had
a significant influence on the formation of the clusters and, second, whether the animal
species had a corresponding influence. Pearson’s chi-square test was calculated with
calculation of a continuity correction. An asymptotic significance (two-sided), or p-value
obtained by chi-square test less than 0.05 means that there is a statistically significant
relationship between the factors and clusters. In addition, a likelihood-ratio test was
performed. To exclude the possibility of inaccuracies in the chi-square due to small sample
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sizes, the frequencies to be observed were checked using Fisher’s exact test and the linear
correlation was also determined.

3. Results

The pre-sampling result showed that the prevalence of Campylobacter spp. was 10% in
pigs, 20% in chickens, and 0% in soil samples. For E. coli it was 100% in all animal samples
and 30% in soil samples.

In the main experiment, a total of 639 bacterial strains were isolated from 120 cloacal
swabs from chickens, 240 rectal swabs from pigs, and 120 soil samples. These included
438 strains of E. coli and 201 strains of Campylobacter spp.

Salmonella spp. could not be isolated in any of the investigated samples.

3.1. Detection and Similarity Analysis of Campylobacter spp.

A total of 201 Campylobacter strains were isolated from 51.4% of all investigated
animals and 12.5% of all soil samples. The prevalences of these bacteria were 87.5% in
chickens and 33.3% (30.0% and 36.7% for pasture 1 and 2, respectively) in pigs. Species
identification by MALDI-TOF MS revealed that 43.8% and 56.2% were Campylobacter coli
and C. jejuni, respectively.

Figure 2 shows the distribution in detail and the prevalence of Campylobacter spp. in
each animal group and in soil samples. The highest prevalence of C. jejuni was found in
chickens (78.3%), while C. coli was mostly found in pigs (28.5% in total, and 27.0% and
30.0% of pigs from pasture 1 and 2, respectively). The prevalences of C. jejuni in pigs (3.3%
and 6.7% for pasture 1 and 2, respectively) and C. coli in chickens (9.2%) were relatively low.
The distribution of C. coli and C. jejuni in soil samples from pasture 1 was similar (12.0%
and 10.0%, respectively), as well as in soil samples from pasture 2, where the prevalence
was remarkably lower (3.0% and 2.0%, respectively) than pasture 1, but not statistically
significant (p > 0.05).
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Figure 2. Prevalence of Campylobacter spp. in animal and soil samples from two husbandry types.
Pasture 1: pigs and chickens were kept together (mixed husbandry). Pasture 2: pigs alone.

According to the Pearson correlation coefficient (r value), no correlation between
husbandry types and detection of C. coli (r = 0.03, p = 0.57) as well as detection of C. jejuni in
pigs (r = 0.08, p = 0,24) was found. For soil samples, a weak positive correlation was found
between pasture type 1 and the contamination with C. coli and C. jejuni in soil (r = 0.18,
r = 0.16, respectively). This means it was more likely to detect both C. coli and C. jejuni in
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ground samples from pasture type 1 than from pasture type 2. However, the correlation
was evaluated as statistically not significant (p = 0.05, and p = 0.08, respectively).

Results of a similarity analysis of the protein spectra obtained by MALDI-TOF MS
using the clustering program Bionumerics show that Campylobacter strains were classified
into two major subgroups, C. coli and C. jejuni. The protein spectra of the same Campylobacter
species were similar, regardless of their origin (chickens, pigs, or soil samples). Figure 3
shows the protein spectra of C. coli and C. jejuni isolated from chickens and pigs exemplarily.
The peaks of the spectra within the same Campylobacter spp. (C. coli/C. jejuni) did not show
any differences among isolates obtained from different samples (pigs/chicken/soil) and
from different pastures. The differences of the peaks of MALDI-TOF spectra between C.
coli and C. jejuni were indicated with arrows in Figure 2.

 

Figure 3. Examples of MALDI-TOF MS mass spectra of C. coli and C. jejuni isolated from chickens
and pigs. Arrows indicate peaks that are absent or present in both species.

3.2. Detection and Similarity Analysis of Escherichia coli

As shown in Figure 4, 438 strains of E. coli were isolated from all animal swab samples,
while in soil samples they were found in a wide range among sampling runs (between
0% and 100%) without recognizable influence of the duration of grazing. The average
prevalence of E. coli in soil samples obtained from 12 sampling runs was 78.3% and 51.6%
in pasture 1 and 2, respectively. The shedding of E. coli in ground samples was further
analyzed using Pearson’s correlation coefficient. A weak correlation was found between
pasture types and the prevalence of E. coli (r = 0.28) in ground samples and shedding of
E. coli on pasture 1 was evaluated as statistically significantly higher than on pasture 2
(p = 0.002).

Results obtained from similarity analysis (Bionumerics, Applied Maths) showed that
the protein spectra of E. coli obtained by MALDI-TOF MS from all sample types have a
high similarity (data not shown). The spectra were distributed randomly and were not
grouped in sample types (pig/chicken swabs or soil samples) or husbandry types (pigs
with chickens vs. pigs alone), but were rather grouped in sampling time (from September
2019 to October 2020). By comparing the spectra obtained from the same sampling run, it
was observed that at the beginning of the study (sampling runs one to three) that there
was a high diversity in the spectra of E. coli, resulting in a high number of clusters. Each
cluster included isolates from both husbandry types and/or animal species. In the course
of time (sampling runs 4–12), the number of clusters was reduced to one to three, since the
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spectra of the isolates became more similar, independent of whether they were isolated
from chickens or pigs from pasture 1 or pasture 2. According to this analysis, a manifest
transformation of a single E. coli isolate was not detected.
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Figure 4. Prevalence of Escherichia coli in animal and soil samples from two husbandry types. Pasture
1: pigs and chickens were kept together (mixed husbandry). Pasture 2: pigs alone.

In addition, FT-IR spectroscopy was used to analyze whether the spectra of E. coli
(isolated from animals, n = 240) converge over time or whether species-dependent differ-
ences persist. E. coli cultures that were used for FT-IR spectrometry always showed very
uniform and brisk growth within the same cultivation period. Differences between the
FT-IR spectra due to technical errors could be excluded by the three biological and three
technical replicates or, if necessary, deviating spectra could be sorted out. The comparison
of the three technical replicates and the three biological replicates showed that the spectra
of one and the same biomass matched. After that, the dendrograms used for statistical
analysis were generated as follows: for each sample run, one dendrogram contained the
spectra of E. coli from the pigs kept in both husbandry types (pasture 1 and 2) and another
dendrogram contained the spectra of E. coli from the chickens and pigs kept in pasture 1
(mixed husbandry).

Regarding the interpretation of the created dendrograms, the most important aspect
was to find a reasonable cut-off value for distance to see which spectra belong to the same
cluster. Since the cut-off value for differentiation at the strain level for bacteria varies
slightly in each run, a stable cut-off value of 0.300 was set for differentiation. The cut-off
value was set to be as low as possible to achieve a high discriminatory power, but also high
enough for the technical replicates to not spread across multiple clusters. As a result, at
least one major cluster occurred in all sampling runs, as shown in Figure 5.

The aim of the cluster evaluation was to find out whether the spectrum of the respective
individual animal could be sorted into the corresponding cluster of its group. For this
purpose, the largest cluster was determined and it was checked whether predominantly
pig or chicken samples occurred in this cluster, and it thus was named the “pig cluster” or
“chicken cluster”. Subsequently, the number 1 or 0 was assigned for each individual animal
sample. Number 1 meant that the animal sample could be sorted according to its cluster,
while 0 meant that the animals were outside the assigned cluster.
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Figure 5. Example of a dendrogram of FT-IR spectra obtained from E. coli strains isolated from
pigs and chickens kept in pasture 1 (mixed husbandry; third sampling run). The blue line indicates
the stable cut-off value of 0.300. A main cluster is in the upper horizontal plane. The right side,
highlighted in dark and light gray refers to E. coli strains coming from animals. The abbreviation,
for example “EK_EC(K)_1.11_I_11_19” stands for: EK = name of author; EC(K) = E. coli (K = cloacal)
1.11 = Pasture 1, chicken no. 1 (no. 01–10 = pigs, no. 11–20 = chickens); I = first biological replicate;
11_19 = month November and year 2019.

The first statistical analysis aimed to find out whether the type of husbandry (mixed/
symbiotic vs. control pasture) had a significant effect on the formation of the clusters of
E. coli. The statistical results revealed that no relationship between factors and clusters
could be detected either within each sampling run or when comparing all 12 runs together
(Pearson’s chi-square test: asymptotic significance (two-sided) or p-value = 0.984, see
Table 1). This means that the husbandry type had no influence on the cluster formation of
E. coli.

The relationship between animal types (chicken/pig) and the formation of clusters was
also statistically evaluated. The statistical result in Table 2 shows that no significant effect
across all study time points was found (Pearson’s chi-square test: asymptotic significance
(two-sided) = 0.283). This indicates that the type of animal (chicken/pig) did not have any
influence on the cluster formation of E. coli isolates.
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Table 1. Chi-square test (FT-IR dendrograms). Influence of husbandry type on the cluster formation
of E. coli isolated from pigs from pasture 1 (n = 120) and pasture 2 (n = 120).

Total Value
Degree of
Freedom

Asymptomatic Significance
z (Two-Sided)

Exact Significance
z (Two-Sided)

Exact Significance
z (One-Sided)

Pearson’s chi-square test 0.000 1 0.984
Continuity correction 0.000 1 1.000
Likelihood-ratio test 0.000 1 0.984

Fisher’s exact test 1.000 0.551
Linear correlation 0.000 1 0.984

Number of valid cases 225

Table 2. Chi-square test (FT-IR dendrograms): Influence of animal species on the cluster formation of
E. coli isolated from pigs (n = 120) and chickens (n = 120) from pasture 1.

Total Value
Degree of
Freedom

Asymptomatic Significance
z (Two-Sided)

Exact Significance
z (Two-Sided)

Exact Significance
z (One-Sided)

Pearson’s chi-square test 1.153 1 0.283
Continuity correction 0.868 1 0.351
Likelihood-ratio test 1.154 1 0.283

Fisher’s exact test 0.321 0.176
Linear correlation 1.148 1 0.284

Number of valid cases 231

All isolates that did not pass the quality check during the FT-IR measurement were
automatically sorted out so that the numbers of valid cases used for both statistical analyses
were n = 225 (Table 1) and n = 231 (Table 2).

Furthermore, a multifactorial approach with the generalized linear model (GLM;
distribution form of the dependent variable binomial) was applied to investigate the
influence of animal species and husbandry type on the distribution of spectra. With the
respective results, no statistically significant effects were found (animal species: p = 0.256,
husbandry: p = 0.899).

4. Discussion

Topics related to animal welfare of livestock are increasingly discussed in society and
have a high influence on consumer decisions regarding whether to buy meat and meat
products. A symbiotic or mixed rearing system, in which, for example, two animal species
are kept together in the same free ranging area, can significantly contribute to an increased
animal welfare status [35]. Another major issue in the critical examination of agriculture is
sustainability. Due to global issues such as the ever-growing global population, climate
change and an increasing demand for animal protein, the need for more sustainable
animal agriculture is more urgent than ever. The pressure to maximize the production of
milk and meat has disturbed the equilibrium between feeding and yield, animal welfare,
environmental impact and public acceptance [36,37]. More and more ways are being sought
to make agriculture more sustainable in the long run and therefore more viable for the
future [38]. If the food supply for the growing world population is to be secured in the long
term, production systems and consumption patterns will have to change. The challenge
is to increase yields on existing lands without leaching it out and losing its fertility [39].
Shared animal husbandry is an approach which is based on the same fundamental idea. By
keeping two different species of animals together, only one pasture is needed instead of the
usual two, thus increasing the capacity utilization of the space with positive effects on both
sustainability and animal welfare. In addition, as observed as a side finding of this study,
chickens always spread throughout the pasture and used all of the space for scratching
and foraging. This may be a result of their positive feeling of being protected by the pigs
from any of their foes such as birds of prey. On the contrary, many different studies have

29



Foods 2022, 11, 3126

shown that even with a large free-range area, chickens stay very close to their coop out of
fear [40,41], and only use the free-range area if they can find protection in the form of a
shelter [42]. The findings of the present study clearly demonstrate the protective function
of pigs in a mixed husbandry system.

However, the assumption that natural bacterial infection and disease transmission
between animal species can increase when different animal species are kept together might
impede the implementation of this rearing system for example due to veterinary authority
reservations. Therefore, this study was conducted to prove whether the rearing system
(pasture 1: chickens and pigs together; pasture 2: only pigs) has an influence on the
prevalence of important zoonotic pathogens like Campylobacter spp., Salmonella spp. and
E. coli, and whether there is an increased exchange of these isolates, as determined by
MALDI-TOF MS and FT-IR spectra. For this purpose, a total of 240 pigs and 120 chickens
were investigated between September 2019 and October 2020. Altogether, 438 E. coli and
201 Campylobacter strains were isolated and identified by MALDI-TOF MS.

In this study, Salmonella spp. could not be isolated in any of the investigated sam-
ples.With 8743 cases reported in 2019, salmonellosis is the second most common notifiable
bacterial gastrointestinal disease in humans in Europe [11]. Farm animals (e.g., poultry,
pigs and cattle) are considered to be the main reservoir, since almost all infected animals do
not show any clinical symptoms [23]. A study conducted by the Federal Office of Consumer
Protection and Food Safety in Germany (2020) showed that the prevalence of Salmonella
spp. in caecal content samples of broiler was 2.6% and of broiler turkeys 2.4%, while 4.6%
of fecal samples of wild boars and 4.0% of slaughtered fattening pigs were positive for
this genus [43]. Although the prevalence of Salmonella spp. in farm animals in Germany is
relatively low, they were included in the analysis for this study. Within livestock, there are
several ways for Salmonella transmission, e.g., via latently infected animals, contaminated
feed, or other vectors such as rodents, insects, wild birds and contaminated objects [21,22].
Free-range animals, such as in this study, could have a high risk of exposure to these vectors.
Additionally, various studies have shown that free-range chickens have a higher prevalence
of Salmonella spp. [44,45]. On the other hand, once Salmonella spp. entered the crops, the
transmission rate was much lower in free range and especially in organic farming systems
since there is more space available for each animal [46], and probably due to the better
welfare aspects that could lead to a higher immune status of animal herds [47].

Thermophilic Campylobacter spp. could be detected in both pigs and chickens with a
relatively similar prevalence to a study carried out in Bavaria (Germany) [48]. In this study,
the detection rate of Campylobacter spp. in pigs (33,3% in total, 30% in pasture 1 and 36,7%
in pasture 2) is slightly lower than in the above-mentioned study (36 %) and is considerably
lower than the prevalence detected in other regions such as the Netherlands (46% [16] and
85% [49]). In a study from the United Kingdom, the prevalence of Campylobacter spp. is
variable depending on the health status of animals, e.g., 77% for sick pigs compared to 44%
for healthy pigs [3]. However, it should be noted that apart from ours and the Bavarian
prevalence study, all the above-described studies collected the samples at the postmortem
stage at the slaughterhouse. Stress and conditions during transport of animals to the
slaughterhouse can increase the susceptibility of animals to the disease as well as the risk
of disease transmission, possibly explaining the high prevalence of Campylobacter spp. in
slaughtered pigs, as found in the mentioned studies. In addition to the moderate prevalence
of Campylobacter spp. in pigs, a high colonization with thermophilic Campylobacter spp.
(88%) in the chicken group was observed and is similar to data previously collected in
Bavaria (75%, [48]). Regarding the bacterial species, C. jejuni and C. coli show a very
different prevalence in the respective animal species in this study. The high prevalence of C.
jejuni in poultry (over 78%) is consistent with previous reports, considering it as the most
commonly detected Campylobacter species in chickens and as a natural gut inhabitant [16].
The low detection rate (5%) of C. jejuni and the predominance of C. coli in pigs are also
consistent with the results of numerous studies [17,50,51].
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The correlation of husbandry types (pasture 1 vs. pasture 2) and the risk of infection
with Campylobacter spp. was analyzed. Pigs that were in close contact with chickens
(pasture 1) have a risk of infection with C. coli similarly high to pigs that were kept alone
(control group, pasture 2). However, pigs kept in pasture 2 showed a weak correlation to
the risk of infection with C. jejuni, which is the species that is more frequently found in
chickens. The prevalence of C. jejuni in the present study was higher in the pigs kept alone
than in the pigs kept together with chickens (7% vs. 3%, respectively). Similar results were
observed in Denmark, where pig herds kept alone or together with cattle have a tendency
of increasing infection with C. jejuni than pig herds kept with poultry (i.e., 7.8%, 12.8%, and
4.4% of investigated pig herds, respectively) [50]. In this context, it may be possible that C.
jejuni has adapted itself to invade other animal species when its specific host (poultry) is
not present.

The shedding of Campylobacter spp. into soil/ground of pastures was additionally
investigated. The prevalences of both Campylobacter species in soil samples from pasture 1
were higher than in soil samples from pasture 2. This may be due to the higher concentration
of animals in the pasture (35 pigs and 250 chickens in 5 ha for pasture 1, and only 35 pigs
for pasture 2). However, the difference was evaluated as statistically non-significant.
According to the results of this study, it can be concluded that being kept on pasture 1
(pigs and chickens on mixed husbandry) did not increase the risk of infection of pigs with
Campylobacter spp. compared to being kept on pasture 2 (pigs kept alone).

The cluster analysis of protein spectra of Campylobacter strains (n = 201) obtained by
MALDI-TOF MS show that the strains were not sorted into groups based on husbandry,
but solely into two groups according to the species C. jejuni and C. coli. The single spectra
of the same Campylobacter species (C. coli/C. jejuni) show no differences between those of
the pigs/chickens from pasture 1 (mixed husbandry) to the spectra of the pigs from pasture
2 (control group). Since there was no contact between the chickens (pasture 1) and the
pigs of the control group during the project, transmission by direct contact can be ruled
out. This result confirmed that no alteration regarding the protein composition of a single
Campylobacter spp. was detected using this method, which does not indicate an increased
exchange of these pathogens.

E. coli are mostly considered as harmless commensals, but this species also includes
pathogenic variants that are associated with a variety of infections in humans and animals.
They can be classified into non-pathogenic, commensal, intestinal pathogenic and extrain-
testinal pathogenic strains. E. coli exhibit a very flexible genome that quickly acquires
genetic information horizontally. The genomic region contributes to the rapid evolution of
variants [52]. Because of this resulting wide range of phenotypes, E. coli is a well-suited
model organism for tracking studies. Pronounced genomic plasticity leads to a large vari-
ability. Other genomic changes such as DNA rearrangements and point mutations can also
constantly alter the genome content and thus the fitness and competitiveness of individual
variants in specific niches [53,54]. E. coli were isolated from all animal samples (n = 360).
The shedding of E. coli in ground samples of pasture 1 (78.3%) was statistically significantly
higher than of pasture 2 (51.6%), which may be the result of the higher concentrations of
animals in pasture 1, as described in the discussion part for Campylobacter spp. By using
protein spectrum analysis, the change of an individual strain and the formation of strain
clusters can be recognized; thus, their spectra obtained by MALDI-TOF MS and from
FT-IR proceeded to similarity analysis and the data was statistically evaluated. The mass
spectrometry analysis was applied in this study, since previous studies have shown it to
be highly reliable in terms of discriminatory power and the identification accuracy of mi-
croorganisms [33,55–57]. Additionally, it requires less material and cost and is rather easy
to be conducted with a high number of samples. It may be noted that the results obtained
could be extended in subsequent studies using next generation sequencing (NGS) or whole
genome sequencing. One possibility would also be the combined and complementary NGS
and MALDI-TOF MS techniques for bacterial characterization [58]. However, it was already
mentioned in some studies that the 16S rRNA gene, which was often used for the NGS
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analysis, is rather insufficient at differentiating bacteria down to species level [59]. Thus,
using this gene, the differentiation between C. jejuni and C. coli and between E. coli strains
might also not be possible [60]. Therefore, specific gene sequences have to be properly
selected for the genome analysis.

MALDI-TOF MS spectra of E. coli strains isolated within the same sampling run
showed a high similarity. Subsequently, the spectra of all E. coli isolates (n = 438) were
clustered according to the sampling time. Similar results were obtained by FT-IR analysis,
indicating that the husbandry types (symbiotic living of chickens and pigs vs. pigs alone)
and animal species (pigs vs. chickens) did not have any influence on the cluster formation
of FT-IR spectra of E. coli isolates. Since an alteration of E. coli strains isolated from both
animal species and husbandry types was not detected, an increased risk for pathogen
exchange due to the symbiotic animal husbandry could not be observed in the one-year
study period. However, it has to be mentioned that a methodological limitation of the
study relates to the number of investigated colonies per plate. As described in the section
material and methods, only one colony of Campylobacter spp./E. coli per culture plate was
investigated by MALDI-TOF MS and FT-IR. In a single animal, there could be different
bacterial strains. In this context, the observed effect might have been more pronounced if
more colonies had been sampled.

Altogether, traditional culturing and state-of-the-art-methods (MALDI-TOF MS, FT-IR
and similarity analysis) were applied to evaluate whether there was a risk of increasing
disease transmission between two animal species that were kept together for one year. The
results indicate that there is no species barrier regarding the transmission of Campylobacter
spp. and E. coli between pigs and chickens. The prevalences of both Campylobacter spp. in
both animal species are similar to the results of other studies conducted in the same region
(Bavaria, Germany). Additionally, a high prevalence of C. jejuni in chickens did not result
in a high infection rate of this bacteria in pigs raised in the same pasture. Furthermore,
the characteristic alteration of E. coli was neither observed in the strains originally isolated
from pigs or from chickens.

In terms of food safety, it can be concluded that keeping these animals together in
free-ranging husbandry does not increase disease susceptibility and transmission regarding
Campylobacter spp. and E. coli. Subsequently, meat and their products from mixed animal
husbandry have no additional risk of being contaminated with pathogens (Campylobacter
spp., Salmonella spp.) and indicator bacteria (E. coli). The most important factors when
aiming to keep infection rates at a low level are the hygienic management of the animal
herd, farm biosecurity, and the density of animals. This study was conducted under optimal
conditions, where the animals had plenty of space (the legal requirements for access of
chickens to open-air runs (broilers) are 4 m2 (organic) or 2 m2 (conventional) [61]), and were
raised on pastures that have not been used for a long time. To verify the results obtained
in this study, further investigations are required, for example, under the condition that
stocking density is increased and/or when the pastures have been continually used for
rearing animals.

5. Conclusions

This study was conducted to investigate the influence of symbiotic animal husbandry
on the risk of bacterial transmission between pigs and chickens and the risk of the ex-
change of bacterial isolates between both animal species. The results do not indicate an
increased risk of transmission for pigs when they are kept together with chickens in a
mixed husbandry system (pasture 1) compared to a pasture with pigs alone (pasture 2).
The prevalence of Campylobacter spp. in pigs was 30.0% in pasture 1 and 36.7% in pasture 2,
and 0% regarding Salmonella spp. and 100% for E. coli for both pastures. Results obtained
by similarity analysis of the MALDI-TOF MS and FT-IR spectra show that husbandry types
and animal species did not have any influence on the cluster formation of Campylobacter
spp. and E. coli strains, indicating that protein alteration of isolates of both bacterial species
did not occur to a significant extent during the studied period. Therefore, in addition
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to the highly positive effects on animal welfare and sustainability associated with the
symbiotic rearing system, a higher risk of transmission of the investigated pathogens was
not ascertained. Neither the composition of the animal groups nor the duration of grazing
rearing had a significant influence on the similarity or exchange of individual pathogens in
this study. Thus, the advantages of keeping pigs and chickens together under good grazing
conditions are not diminished by the possible transmission of pathogens.
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Abstract: Yersinia enterocolitica is one of the priority biological hazards in pork inspection. Persistence
of the pathogen, including strains resistant to antimicrobials, should be evaluated in pigs from
different housing systems for risk ranking of farms. In this 2019 study, tonsils were collected from
234 pigs, of which 69 (29.5%) were fattened on 3 big integrated farms, 130 (55.5%) on 10 medium-sized
farms, and 35 (15%) on 13 small family farms. In addition, 92 pork cuts and minced meat samples from
the same farms were tested for the presence of Y. enterocolitica using the culture method. Phenotypic
and genetic characteristics of the isolates were compared with previously collected isolates from
2014. The overall prevalence of Y. enterocolitica in pig tonsils was 43% [95% CI 36.7–49.7]. In pigs
from big integrated, medium-sized, and small family farms, the prevalence was 29%, 52%, and
40%, respectively. All retail samples of portioned and minced pork tested negative for pathogenic Y.
enterocolitica, likely due to high hygienic standards in slaughterhouses/cutting meat or low sensitivity
of culture methods in these matrices. The highest recovery rate of the pathogen from tonsils was
found when alkali-treated PSB and CIN agar were combined. The biosecurity category of integrated
and medium farms did not affect the differences in prevalence of Y. enterocolitica (p > 0.05), in contrast
to family farms. Pathogenic ail-positive Y. enterocolitica biotype 4 serotype O:3 persisted in the tonsils
of pigs regardless of the type of farm, slaughterhouse, and year of isolation 2014 and 2019. PFGE
typing revealed the high genetic concordance (80.6 to 100%) of all the Y. enterocolitica 4/O:3 isolates.
A statistically significant higher prevalence of multidrug-resistant Y. enterocolitica 4/O:3 isolates was
detected in the tonsils of pigs from big integrated farms compared to the other farm types (p < 0.05),
with predominant and increasing resistance to nalidixic acid, chloramphenicol, and streptomycin.
This study demonstrated multidrug resistance of the pathogen in pigs likely due to more antimicrobial
pressure on big farms, with intriguing resistance to some clinically relevant antimicrobials used in
the treatment of yersiniosis in humans.

Keywords: Yersinia enterocolitica 4/O:3; pigs; slaughter; farm; antimicrobial resistance

1. Introduction

Yersiniosis is one of the leading zoonoses in Europe, caused by pathogenic Yersinia
enterocolitica bioserotypes and mainly transmitted through contaminated food. The pooled
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global prevalence of Y. enterocolitica in cases of human gastroenteritis has been recently
estimated to be 1.97% [95% CI 1.32–2.74%], dominated by serotype O:3 [1]. According to
the latest data from EFSA and ECDC Zoonoses Report, reporting data for 2020, there were
5668 human cases of this disease reported in Europe, with very limited surveillance data in
the meat production chain [2]. In addition, six European countries reported only 0.2% of
pigs (out of 2351 tested) positive for Y. enterocolitica, but these data were most likely related
to fecal testing on farms. A total of 12.5% of pork sold at retail and 4.7% of samples (carcass
swabs, pork) from cutting plants and slaughterhouses were Y. enterocolitica positive [2].

The main carriers of pathogenic Y. enterocolitica are pigs, with their tonsils being
the main predilection site [3]. The reported prevalence of the pathogen in pigs varies
widely among the numerous studies, which is to be expected considering the many risk
factors involved from farm to slaughterhouse. Virtanen et al. [4] reported that factors
contributing to fecal shedding of Y. enterocolitica include carriage of pathogen on the
tonsils, purchase of feed from different suppliers, fasting of pigs prior to transport to
slaughter, and snout contacts. Furthermore, Vilar et al. [5] claimed that the prevalence of
Y. enterocolitica in pigs can only be reduced by supplying water of municipal origin and
applying the “all-in-all-out” method, while risk factors contributing to increase were a
lack of bedding and sourcing piglets from multiple farms. Existing pig farming systems
differ significantly in terms of biosecurity levels and could, therefore, pose differing animal
health risks. For example, important aspects include the transmission of Y. enterocolitica
at the interface between livestock and wildlife and the role that wild and peridomestic
rodents play as a source of this zoonotic pathogen for pigs [6]. Regarding the possibility
of meat contamination during slaughter, Vilar et al. [7] indicated that risk factors include
the presence of Y. enterocolitica in the intestines (OR: 35.6, 95% CI 2.8–8285), tonsils (OR:
38.4, 95% CI 5.0–854), and offal (OR: 16.6, 95% CI 1.9–1111). Furthermore, differences
between slaughterhouses, where different hygiene practices are applied during slaughter
and dressing, could increase cross-contamination from tonsils to carcasses [8]. In addition
to farm- and slaughterhouse-related risk factors, differences in reported prevalences among
studies could also be due to pathogen isolation methods. Therefore, traditional isolation
methods are supplemented with more sensitive and rapid techniques such as polymerase
chain reaction (PCR) screening. Additionally, matrix assisted laser desorption ionization-
time of flight mass spectrometry (MALDI-TOF MS), PCR, pulsed-field gel electrophoresis
(PFGE), multiple locus variable number of tandem repeats analysis (MLVA), and sequencing
have been widely used for identification and characterization of Yersinia isolates [9].

Y. enterocolitica biotypes and serotypes associated with pathogenicity occur in both
pigs and infected humans, with bioserotype 4/O:3 being the most common in continental
Europe [10]. Consumption of raw and inadequately heat-treated pork and untreated
water are considered the main risk factors for human infection [10]. Although pork is
considered the main source of human infection; many studies have shown that pathogenic
Y. enterocolitica is rarely found in portioned pork on the market, except for carcass parts
and organs that are more likely to be contaminated at slaughter (cheeks, head, tongue,
throat) [11]. However, the pathways of contamination and persistence of pathogenic strains
have been confirmed over years in the pork production chain, linking the farm and the
pork produced [12,13]. In recent years, research on antimicrobial resistance in foodborne
pathogens has intensified to reduce the spread of resistance in the food chain. Y. enterocolitica
is generally sensitive to clinically relevant antibiotics, and similar resistance profiles persist
over time, which is explained by the genetic stability of the bacterium [14]. However, recent
reports warn of foodborne yersiniosis outbreaks associated with multidrug-resistant Y.
enterocolitica 4/O:3, which possess resistance genes of major public health concern that are
acquired by horizontal transfer [15].

Therefore, the aim of this study was to determine the prevalence of (multidrug-
resistant) Y. enterocolitica in the tonsils of slaughtered fattening pigs raised in different
housing systems: big integrated farms, cooperative farms (medium-sized farms), and small
family farms in Croatia. In addition, the presence of the pathogen on the market was
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evaluated in portioned pork and minced meat that originated from the investigated farms.
The study also aimed to determine the persistence of the pathogen in the pork production
chain by comparing the phenotypic and genetic characteristics of Y. enterocolitica with
previously collected isolates in Croatia [16].

2. Materials and Methods

2.1. Farms and Slaughterhouses Included in the Study

All pigs included in this study originated from fattening farms, and were slaughtered
in the same slaughterhouses as in previous survey from 2014. Three types of pig farms
were included in the study: big integrated farms (>10,000 pigs), medium-sized farms (300–
10,000 pigs), and small family farms (<300 pigs). The biosecurity category of investigated
farms was obtained from the national database of registered farms; category 3 contains
the farms with the highest biosecurity level, category 2 indicates that some biosecurity
improvements are needed, and category 1 contains the farms with a low biosecurity level.
A survey of the farms regarding their biosecurity levels was not conducted as a part of
this study.

The big integrated farms involved (n = 3) used a vertical management system, their
own piglets from separated breeding farms, their own produced crops and feed, and high
biosecurity standards. The number of fattening pigs (per year) in these farms ranged from
11,000 to 31,000. Medium-sized farms (n = 10) purchased piglets from different local farms
and import. The level of biosecurity in the medium-sized farms was medium to high. The
number of fattening pigs on the investigated medium-sized farms ranged from 600 to 3000.
Small family farms (n = 13) had their own sows and piglets that were fattened for slaughter.
These farms had lower biosecurity conditions. The number of pigs on these farms ranged
from 6 to 300.

Selected characteristics of the slaughterhouses involved in the study are shown in
Table 1. Slaughterhouses were categorized as low, medium, or high risk based on the
following parameters: slaughterhouse capacity and size of meat distribution area (factor
of 0.30), past non-compliance in terms of infrastructure, equipment and hygiene (factor of
0.40), and the degree of implementation of HACCP principles and animal welfare rules
(factor of 0.30) [17].

Table 1. Characteristics of slaughterhouses included in this study.

Parameter Slaughterhouse 1 Slaughterhouse 2 Slaughterhouse 3 Slaughterhouse 4

Number of slaughtered
fattening pigs per year 308,000 174,000 4000 55,000

Number of slaughtered pigs/h 130 160 20 140

Risk category High risk High risk Medium risk High risk

Biosecurity of farms (sampled
in this study) 3 2–3 1–3 2

Contact between pigs from
different farms, lairage No Yes * Yes * Yes *

Scalding technology Water (5 min/62 ◦C) Steam (20 min/60 ◦C) Water (10 min/62 ◦C) Water (7 min, 61.5 ◦C)

Pluck set organ removal
techniques and organ

placement
Knife, conveyor belt Knife, hanging hook Knife, hanging hook Knife, hanging hook

Head removal and processing
on separate line No No No No

* The pens in the lairage are separated by a fence that allows contact between the pigs.
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2.2. Sampling of Tonsils and Retail Meat

Tonsils from 234 fattening pigs were collected by simple random sampling after
pluck set removal in four slaughterhouses during 12 sampling sessions (slaughterhouse
1—pigs from three big integrated farms (n = 69); slaughterhouses 2, 3, 4—pigs from 10
medium-sized farms (n = 130), and slaughterhouse 3—pigs from 13 family farms (n = 35);
Table S1—Supplementary Materials).

A total of 92 samples of retail pork cuts (neck, thigh, loin, shoulder, bacon) and
minced pork, originating from the investigated farms, were tested. These samples were
obtained from local markets/supermarkets owned by the same companies that owned the
slaughterhouses. In addition, 36 samples were obtained from other local producers and
from import. Tonsil and meat samples were transported refrigerated to the laboratory and
analyzed within 30 min of arrival. The maximum time from sample collection to analysis
was 3 h.

2.3. Microbiological Analyses of Tonsils and (Minced) Pork

Ten grams of each tonsil (n = 234) and meat sample (n = 128) were homogenized
in 90 mL of enrichment broth (peptone, sorbitol, and bile salts, PSB, Sigma Aldrich, St.
Louis, MO, USA), of which 10 mL was transferred to 90 mL of selective enrichment
broth (IrgasanTM Ticarcillin and Potassium chlorate, ITC, Sigma Aldrich, St. Louis, MO,
USA). Subsequently, both solutions were incubated at 25 ± 1 ◦C for 44 ± 4 h followed
by streaking on Cefsulodin, IrgasanTM, and Novobiocin agar (CIN, Merck, Darmstadt,
Germany) and CHROMagarTM Y. enterocolitica (Paris, France). Broths cultures were then
treated with alkaline solution (0.5% KOH) for 20 s, and streaked again on the same selective
agars, incubated for 24 ± 2 h at 30 ± 1 ◦C [16]. Characteristic colonies on CIN agar
(small, round, smooth, with dark red center and transparent edge—“bull’s eye”) were
retained and subcultured for further identification and characterization. Colonies that were
CHROMagarTM purple (presumptive pathogenic) were also retained and subcultured. The
alkali treatment of broth cultures was considered a risk factor for unsuccessful isolation
of Y. enterocolitica on selective media. The odds ratio of the events (isolation and failed
isolation of Y. enterocolitica) was calculated in relation to the prevalence detected after
alkali treatment.

2.4. Assessment of Y. enterocolitica Persistence

Selected isolates of Y. enterocolitica obtained from this study (n = 84) were compared
for phenotypic and genetic characteristics with selected isolates (n = 49) from a previous
survey conducted in the same slaughterhouses and in pigs originated from comparable
housing systems [16]. A total of 84 isolates were selected from 101 positive tonsils in this
study for further characterization, representing all positive batches and farms. All isolates
from the tonsils of pigs kept on small family farms were retained for further analysis (1–3
positive tonsils per farm). For medium and big farms, a maximum of seven isolates from
one farm were retained (2 to 12 positives per farm).

2.4.1. Identification of Isolates by MALDI-TOF MS and Real Time PCR

A total of 84 isolates of presumptive Y. enterocolitica were selected for matrix-assisted
laser desorption/ionization time of flight mass spectrometry identification (MALDI-TOF
MS, Bruker Daltonik, Bremen, Germany), with detailed description provided in a recent
study [18].

A total of 65 isolates from this study (representing all positive batches/farms) and
32 isolates from a previous study [16] were selected for Real Time PCR to confirm the
presence of the ail gene. The number of tested isolates (97 in total) was conditioned by test
assays (n = 100) provided in the diagnostic kit. The positive control was a human isolate of
Y. enterocolitica 4/O:3 and the negative controls were two atypical colonies selected from
CIN agar and CHROMagarTM. DNA isolation was performed using the Gene JET Genomic
DNA Purification Kit (Thermo Fisher Scientific, Waltham, WA, USA). PCR amplification
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and detection was performed according to the protocol of VIASURE Yersinia enterocolitica
Real Time PCR detection kit (Certest Biotec S.L., Zaragoza, Spain). The sample was
positive if the threshold cycle (Ct) value was below 40 and the internal control showed an
amplification signal.

2.4.2. Biotyping, Serotyping, and PFGE Typing of Isolates

Isolates from both surveys (this study: n = 84, previous study: n = 49) were biotyped
according to the standard HRN EN ISO 10273: 2017 [19] using the reactions of esculin,
xylose, pyrazinamidase, tween esterase/lipase, trehalose, and indole. Xylose and trehalose
solutions, slant agar pyrazinamidase, and Tween esterase/lipase plates were purchased
from the Croatian Veterinary Institute, Zagreb. Esculin and indole reactions were tested
on Rapid 20E and API 20E, respectively (bioMérieux, Marcy l’Etoile, France). Serotyping
was performed by agglutination of Y. enterocolitica O:3 antiserum (Statens Serum Institute,
Copenhagen, Denmark). Human isolate Y. enterocolitica 4/O:3 was used as a positive
control (courtesy of Višnja Kružičević, MD, Croatian Institute of Public Health).

Molecular profiles of isolates were compared by PFGE in order to evaluate the pos-
sible persistence of specific genotypes in pig tonsils. The PulseNet One-Day (24–28 h)
Standardized Laboratory Protocol for Molecular Subtyping of Yersinia pestis was used [20].
One rare-cutting restriction enzyme, AscI (New England Biolabs, Beverly, MA, USA) was
used for restriction endonuclease digestion. The gels were stained with ethidium bromide
and visualized and digitally photographed with a Molecular imager GelDoc XR+ camera
system (Bio-Rad Laboratories, Hercules, CA, USA). Fragment size was determined with a
low-range CHEF DNA Size Standard Lambda Ladder marker (Bio-Rad Laboratories, Her-
cules, CA, USA). The PFGE typing results were analyzed with FPQuest software version
5.10 (Bio-Rad Laboratories, Hercules, CA, USA). Dice coefficient with optimization and
tolerance set at 1% was used to identify similarities between the PFGE types. A dendro-
gram was constructed with the unweighted pair group method using arithmetic means
showing genetic similarity (percent). The position tolerance was set to 1.5%, with the
average optimization value at 1.0%. A down limit for band interpretation at 33kbp was
used as recommended for Salmonella by Peters et al. [21].

2.4.3. Testing the Susceptibility of Y. enterocolitica to Antimicrobial Agents

All isolates (this study: n = 84, previous study: n = 49) were tested for susceptibility to
antimicrobial agents by the disk diffusion method. A 0.5 McFarland cell solution (Densimat,
bioMérieux, Marcy l’Etoile, France) was prepared prior to the application of the test isolate
on Mueller-Hinton agar (Bio-Rad Laboratories). Eleven antibiotics (MASTDISKS® AST,
Mast Group, Bootle, UK) were used: Levofloxacin (5 μg), Ciprofloxacin (5 μg), Ampicillin
(10 μg), Cephalothin (30 μg), Cefotaxime (30 μg), Tetracycline (30 μg), Nalidixic acid (30 μg),
Ceftazidime 30 μg), Trimethoprim/Sulfamethoxazole (25 μg), Chloramphenicol (30 μg),
and Streptomycin (10 μg). Zones of inhibitions were measured by automated system
Scan 1200 (Interscience, Saint-Nom-la-Bretèche, France) and interpreted according to CLSI
criteria for Enterobacteriaceae [22].

2.5. Statistical Analysis

In data processing, descriptive statistics methods were used for the quantitative data
and data distribution to estimate the curve. Since most of the data were non-parametric,
non-parametric tests were used: Spearman’s correlation, Mann—Whitney U test, Kruskal—
Wallis test, and Fisher exact test. All data were correlated and tested for differences
between slaughterhouses, farms, and years. Depending on the data, the χ2 test was used
for qualitative data and proportional estimates, the Student’s t-test was used to analyze
differences between quantitative data between two groups when the data were normally
distributed, the Mann—Whitney U test was used for other data distributions, and the
Kruskal—Wallis test with multiple rank comparison was used to test multiple groups
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simultaneously. Differences were significant at the p < 0.05 level. The Statistica 13.1
program (Stata Corp., Lakeway Drive, TX, USA) was used.

3. Results

3.1. Prevalence of Y. enterocolitica in Pig Tonsils and Retail Meat

The study revealed a prevalence of Y. enterocolitica in pig tonsils of 43% (Table 2).
In pigs from big integrated, medium-sized, and small family farms, the prevalence was
29%, 52%, and 40%, respectively. The percentage of Yersinia-positive pigs from integrated
farms ranged from 14% to 43%. Although the three integrated farms were in the highest
biosecurity category (i.e., category 3), a statistically significant difference in prevalence was
found between two of these integrated farms (p < 0.05).

Table 2. Prevalence of Y. enterocolitica in tonsils of pigs from different housing systems and
slaughterhouses.

Slaughterhouse Farm Type Biosecurity
No. of
Farms

YE + Farms No. of Pigs
YE + Pigs

(n)
YE + Pigs

(%)

1 Big integrated 3 3 3 69 20 29%

2 Medium-sized 2 and 3 6 6 74 31 42%
3 5 5 62 24 39%
2 1 1 12 7 58%

3 Medium-sized 2 and 3 3 3 14 12 86%
3 2 2 10 8 80%
2 1 1 4 4 100%

Small family farms 1, 2 and 3 13 8 35 14 40%
3 2 0 5 0 0
2 10 8 29 14 48%
1 1 0 1 0 0

4 Medium-sized 3 1 1 42 24 57%

26 21 234 101 43%

Pigs from medium-sized farms were slaughtered in three slaughterhouses (2, 3, and 4).
When Y. enterocolitica prevalences were compared depending on the place of slaughter (42%,
86%, and 57% at slaughterhouses 2, 3, and 4, respectively), a significant difference was found
between slaughterhouse 2 and slaughterhouse 3 (p < 0.05). Considering slaughterhouse 2,
the prevalence of positive pigs ranged from 15.4% to 67%, and 39% Yersinia-positive pigs
originated from medium-sized farms of the highest biosecurity category 3. Comparing
this result with the medium farms of lower biosecurity category 2 (58% positive pigs), the
difference was not statistically significant (p = 0.2104, χ2 = 1.568). Similarly, biosecurity
category did not significantly affect the proportions of Yersinia-positive pigs from medium-
sized farms slaughtered in slaughterhouse 3. Excluding the slaughterhouse factor, within
pigs from medium-sized farms, 44% of Yersinia-positive pigs originated from the highest
biosecurity farms, while 60% were from lower biosecurity farms. However, this difference
was not significant (p = 0.2482; χ2 = 1.333). In addition, within biosecurity category 3, no
statistically significant differences in Yersinia prevalences were found between medium-
sized farms and big integrated farms. The majority of family farms (77%) were in lower
biosecurity category 2, and 48% (n = 29) of the pigs from these farms were Yersinia-positive.
Compared to the family farms in category 3, the difference was significant (p = 0.0460,
χ2 = 1.333). All retail samples of portioned and minced pork were negative for pathogenic
Y. enterocolitica.

3.2. Recovery Rates of Y. enterocolitica with Different Isolation Procedures

As presented in Table 3, the lowest number of positive samples (Y. enterocolitica isolated
from pig tonsils) was detected when only PSB broth was used followed by streaking on
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selective agars. The type of agar (CIN or CHROMagarTM) did not significantly affect the
success of bacterial isolation (p = 0.288). Alkali treatment of PSB broth cultures significantly
increased the frequency of isolation of pathogenic Y. enterocolitica, by 5.4-fold on CIN
agar and 3.7-fold on CHROMagarTM, respectively (p = 0.000; p = 0.022) (Table 4). The
frequency of Y. enterocolitica isolation after alkali treatment of PSB broth cultures was
not statistically different with respect to the selective agar used (p = 0.05). Compared
to PSB broth, enrichment in ITC broth showed a significantly higher number of Yersinia-
positive tonsils after inoculation on CIN agar or CHROMagarTM (p < 0.05). There were
no differences in pathogen growth on the selective agars used (p = 0.70). KOH treatment
of ITC broth cultures also showed an increase in the number of Yersinia-positive tonsils
detected using CIN agar, but without statistical significance compared to untreated ITC
broth (p = 0.422). Similarly, the frequency of pathogen isolation on CHROMagarTM was not
altered by alkali treatment of ITC broth (p > 0.05). Thus, a significantly higher frequency
of Y. enterocolitica isolation was observed on CIN agar than on CHROMagarTM after alkali
treatment of ITC broth cultures (p = 0.0002).

Table 3. Comparison of different methods regarding recovery rate and isolation of Y. enterocolitica
from pig tonsils.

Method of Isolation
(Broth + Agar)

Number of Positives (%);
n = 234

Y. enterocolitica Recovery
Rate (%); n = 101

PSB and CIN 14 (5.9) 13.9
PSB and CHROMagarTM 18 (7.7) 17.8

PSB + KOH and CIN 75 (32.0) 74.3
PSB + KOH and CHROMagarTM 66 (28.2) 65.3

ITC and CIN 50 (21.4) 49.5
ITC and CHROMagarTM 43 (18.4) 42.6

ITC + KOH and CIN 58 (24.8) 57.4
ITC + KOH and CHROMagarTM 42 (17.9) 41.6

Table 4. Y. enterocolitica odds ratio and prevalence ratio between alkali-treated and untreated broths.

Broth and Agar
Combinations

Prevalence Ratio Odds Ratio (OR) Fisher Exact Test; p Confidence Interval
(95% CI)

PSB + KOH and CIN vs. PSB and CIN 5.42 7.41 <0.0001 4.07–13.47

PSB + KOH and CHROMagarTM vs.
PSB and CHROMagarTM 3.66 4.71 <0.0001 2.71–8.19

ITC + KOH and CIN vs. ITC and CIN 1.15 1.21 0.44 0.78–1.86

ITC + KOH and CHROMagarTM vs.
ITC and CHROMagarTM 0.97 0.97 1 0.60–1.55

3.3. MALDI-TOF MS and Real Time PCR Identification, Bio-, Sero-, and PFGE-Typing

Isolates (n = 84) were confirmed by MALDI-TOF MS with a very high probability
(score 2.30–3.00) to be Y. enterocolitica, while atypical colonies were assigned to Citrobacter or
Serratia species. All the isolates belonged to biotype 4, characterized by negative reactions
of aesculin, xylose, pyrazinamidase, lipase, and indole, with a positive reaction of trehalose.
Serotyping confirmed that all biotype 4 isolates belonged to serotype O:3, regardless of the
year of isolation and the origin of the pigs, i.e., the type of fattening farm. All tested isolates
were also positive for the ail gene by Real Time PCR. PFGE analysis showed low variability
of pulse types within successfully typed (n = 66) pathogenic Y. enterocolitica 4/O:3 isolates
(Figure 1).
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Figure 1. PFGE profiles of Y. enterocolitica 4/O:3 from different farm types, slaughterhouses, and
years of isolation.
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3.4. Susceptibility of Y. enterocolitica 4/O:3 Isolates to Antimicrobial Agents

In total (both surveys), 36 isolates of Y. enterocolitica 4/O:3 from big integrated farms,
84 isolates from medium-sized farms, and 13 isolates from small family farms were tested
for susceptibility to 11 antimicrobial agents. Considering isolates from the previous survey
(n = 49; integrated and medium farms), in addition to natural resistance to ampicillin (92%
of isolates) and cephalothin (85%), resistance to chloramphenicol (31%), nalidixic acid
(31%), streptomycin (27%), tetracycline (8%), and trimethoprim/sulfamethoxazole (2%)
was observed. Only one isolate was sensitive to all antibiotics tested. Among Y. enterocolitica
4/O:3 isolates from medium-sized farms only one isolate showed multiresistance (nalidixic
acid-chloramphenicol-cefotaxime). In contrast, isolates from big integrated farms were
frequently resistant to chloramphenicol, nalidixic acid, and streptomycin. In total, 15
isolates of 24 tested from big integrated farms were multiresistant (Table 5).

Table 5. Prevalence and resistance patterns of multiresistant Y. enterocolitica 4/O:3 in pig tonsils from
different farm types (2014).

Farm Type
Resistance

Pattern
Number of

Resistant Isolates
Number of Tested

Isolates
% of Multiresistant

Isolates/Patterns

Big integrated
NA-CHL-STR 13

24
54

TET-NA-CHL-STR 1 4
TET-NA-CAZ-TMP/SMX 1 4

Medium-sized NA-CHL-CFX 1 25 4

NA: nalidixic acid, CHL: Chloramphenicol, STR: Streptomycin, TET: Tetracycline, CAZ: Ceftazidime, TMP/SMX:
Trimethoprim/Sulfamethoxazole, CFX: Cefotaxime.

In this study, among the 84 isolates tested, resistance was detected, in addition to
ampicillin and cephalothin, toward nalidixic acid (20% of isolates), streptomycin (18%),
chloramphenicol (12%), ceftazidime (4.7%), levofloxacin (2.4%), and cephalotaxime (1.2%).
Multiresistance was found in 10 isolates among 12 tested from big integrated farms. Nine
of these isolates (75%) were simultaneously resistant to nalidixic acid, chlorampheni-
col, and streptomycin. One isolate was additionally resistant to cefotaxime. In contrast,
only one isolate from a medium-sized farm was multiresistant (ceftazidime, trimetho-
prim/sulfamethoxazole, streptomycin). Similarly, among Y. enterocolitica 4/O:3 isolates
from family farms, only one multiresistant isolate was found (Table 6).

Table 6. Prevalence and resistance patterns of multiresistant Y. enterocolitica 4/O:3 in pig tonsils from
different farm types (2019).

Farm
Type

Resistance
Pattern

Number of
Resistant Isolates

Number of
Tested Isolates

% of Multiresistant
Isolates/Patterns

Big integrated NA-CHL-STR 9
12

75
TET-NA-CHL-CFX 1 8

Medium-sized CAZ-TMP/SMX-STR 1 59 2
Small NA-CAZ-TMP/SMX 1 13 8

NA: nalidixic acid, CHL: Chloramphenicol, STR: Streptomycin, TET: Tetracycline, CAZ: Ceftazidime, TMP/SMX:
Trimethoprim/Sulfamethoxazole, CFX: Cefotaxime.

Excluding the year of isolation, isolates of Y. enterocolitica 4/O:3 from integrated farms
were more resistant to streptomycin, chloramphenicol, and nalidixic acid compared to
isolates from the other two farm systems (Table 7). No significant differences were found
with respect to the susceptibility/resistance of Y. enterocolitica isolates from big integrated
farms and considering the year of isolation of the pathogen (p > 0.05). Similarly, no
significant differences were found in the susceptibility/resistance of Y. enterocolitica isolates
from medium-sized farms between both surveys (p > 0.05) (Tables 8 and 9).
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Table 7. Antimicrobial susceptibility of Y. enterocolitica 4/O:3 isolates collected in two surveys of
tonsils from pigs raised in different housing systems.

Antimicrobial Agent
Big Integrated
Farms (n = 36)

Medium-Sized
Farms (n = 84)

Small Family
Farms (n = 13)

Total
(n = 133)

S I R S I R S I R S I R

Levofloxacin 36 0 0 81 3 0 13 0 0 130 3 0
Ciprofloxacin 36 0 0 84 0 0 13 0 0 133 0 0

Ampicillin 1 7 28 2 10 72 0 0 13 3 17 113
Cephalothin 2 5 29 16 2 66 0 0 13 18 7 108
Cefotaxime 35 0 1 81 2 1 13 0 0 129 2 2
Tetracycline 34 0 2 83 0 1 13 0 0 130 0 3

Nalidixic acid 9 0 27 76 3 5 12 0 1 97 3 33
Ceftazidime 35 0 1 79 2 3 12 0 1 126 2 5

Trimethoprim/ Sulfamethoxazole 34 1 1 83 0 1 12 0 1 129 1 3
Chloramphenicol 12 0 24 82 1 1 13 0 0 107 1 25

Streptomycin 11 3 22 72 8 4 10 1 2 93 12 28

S = sensitive, I = intermediate, R = resistant.

Table 8. Antimicrobial susceptibility/resistance of Y. enterocolitica 4/O:3 isolates from big inte-
grated farms.

Antimicrobial
Agent

Year 2014
(n = 24)

Year 2019
(n = 12)

S I R S I R

Levofloxacin 24 0 0 12 0 0
Ciprofloxacin 24 0 0 12 0 0

Ampicillin 1 2 21 0 5 7
Cephalothin 1 5 18 0 0 12
Cefotaxime 24 0 0 11 0 1
Tetracycline 22 0 2 12 0 0

Nalidixic acid 9 0 15 0 0 12
Ceftazidime 23 0 1 12 0 0

Trimethoprim/Sulfamethoxazole 23 0 1 11 1 0
Chloramphenicol 9 0 15 3 0 9

Streptomycin 9 1 14 2 2 8
S = sensitive, I = intermediate, R = resistant.

Table 9. Antimicrobial susceptibility/resistance of Y. enterocolitica 4/O:3 isolates from medium-
sized farms.

Antimicrobial Agent
Year 2014
(n = 25)

Year 2019
(n = 59)

S I R S I R

Levofloxacin 25 0 0 56 0 3
Ciprofloxacin 25 0 0 59 0 0

Ampicillin 2 6 17 0 5 54
Cephalothin 0 2 23 0 0 59
Cefotaxime 22 2 1 59 0 0
Tetracycline 24 0 1 59 0 0

Nalidixic acid 23 0 2 53 3 3
Ceftazidime 24 1 0 55 1 3

Trimethoprim/Sulfamethoxazole 25 0 0 58 0 1
Chloramphenicol 24 0 1 58 1 0

Streptomycin 25 0 0 47 8 4
S = sensitive, I = intermediate, R = resistant.
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4. Discussion

The study was based on the assumption that the overall prevalence of pathogenic Y.
enterocolitica in the tonsils of pigs does not change significantly depending on the year, but
that there are differences related to the type of husbandry, especially in the prevalence of
resistant isolates. When pathogenic Y. enterocolitica is found in portioned and minced pork,
the phenotypic and genetic characteristics of the isolates are expected to be identical to
those obtained from the tonsils of pigs from the same farm/slaughterhouse.

4.1. Prevalence of Y. enterocolitica in Pig Tonsils at Slaughter and Retail Pork

Given the current lack of data on the prevalence of pathogenic Y. enterocolitica in
pigs and pork in Croatia, this study aimed to map the production chain from farms to
slaughterhouses and pork retail outlets to assess the risk of pathogen transmission to
consumers. The relevance of the study stems from the fact that Y. enterocolitica is a priority
biological hazard in pig meat inspection in Europe and a target of a new comprehensive
meat safety assurance system [8,23]. This study builds on the preliminary results previously
obtained from a smaller study conducted in 2014, which showed a Y. enterocolitica O:3
prevalence of 33% and 10% in tonsils and mandibular lymph nodes, respectively [16]. In
comparison, the results of this study showed a higher prevalence of Y. enterocolitica in
pig tonsils, i.e., 43% [95% CI 36.7–49.7]. The present results are in agreement with other
European studies, such as Fredriksson-Ahomaa et al. [24] in Switzerland (prevalence of
34%), van Damme et al. [25] in Belgium (37%), and Martínez et al. [26] in Belgium (44%)
and Italy (32%). On the other hand, Fredriksson-Ahomaa et al. [27] and Martínez et al. [26]
warned of a high prevalence of pathogenic Y. enterocolitica in slaughtered pigs in Finland
(62%) and Spain (93%), respectively. At the other extreme are the studies that found low
prevalence: 2%, 4%, 8%, 9%, 11%, and 13% [28–33]. Several other studies conducted in
Europe in recent years also show very different results and the prevalence of Y. enterocolitica
ranges from 3% [34] (Sardinia), to 14% [35] (Central Italy), to 97% [36] (Finland).

When considering the relationship between Y. enterocolitica findings and biosecurity
conditions, this study found that there were statistically significant differences in prevalence
among integrated farms as well as among medium-sized farms, despite the same level
of biosecurity. It is likely that prevalence was affected by slaughterhouse factors, such as
possible contact between pig batches at lairage, or omitting sterilization of knife after pluck
set removal, as reported before [16].

The opposite was true for family farms, where differences in prevalences were likely
related to farm biosecurity levels. Pig farming systems vary among European countries,
and comparisons of the prevalence of Y. enterocolitica as a function of the type of fattening
pig farming system are rare in the literature. However, conventional and alternative
(organic) housing systems have been compared, and Nowak et al. [37] found a higher
number of positive pigs (29% vs. 18%) in conventional housing systems, with twice as
many tonsils from conventionally housed pigs being positive for Y. enterocolitica (22% vs.
11%). Also of interest are the results of Novoslavskij et al. [38] in Lithuania, who linked the
higher prevalence of Y. enterocolitica in pigs to lower farm biosecurity. However, detailed
biosecurity factors used in farm categorization were not available in our study, which
prevents us from correlating specific factors with observed prevalence.

In addition, practices at the harvest stage, such as lairage cross-contamination or
removal of the pluck set, could influence the rate of contamination of tonsils with Y.
enterocolitica [39]. All of this highlights the complexity of reporting the true prevalence (pre-
harvest) of pathogenic Y. enterocolitica and the role of on-farm and slaughter practices in the
spread of the pathogen to the consumer. In this context, the assessment of the prevalence
of Y. enterocolitica based on tonsils as a predilection site needs to be complemented by other
data, such as serological tests. In recent years, serological surveillance prior to slaughter
has been recommended for risk management purposes in slaughterhouses [40]. Serological
testing also showed significant differences in seroprevalence of Y. enterocolitica in pigs
housed in different fattening systems [41]. Similar to Salmonella, data on seroprevalence
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and/or the presence of Y. enterocolitica in lymphoid tissues or intestines can help to reduce
risk by implementing decontamination measures on pig carcasses [8].

No positive findings of pathogenic Y. enterocolitica were detected when marketed pork
cuts and minced pork were examined (n = 128), indicating a low risk of Y. enterocolitica
transmission to such meat. The same results were found in the study by Laukkanen-
Ninios et al. [11]. Martins et al. [12] similarly isolated Y. enterocolitica from the tonsils
and lymph nodes of pigs, but not from environmental samples or from pork cuts. Given
slaughter techniques and possible hygiene deficiencies during processing, it is likely that
contamination occurs first in the meat of the neck region, head, tongue, and throat, rather
than on the carcass, as reported in other studies [11,42]. In contrast to our results, consider-
able contamination of minced meat with Y. enterocolitica was found in other studies [43–47].

Recovery Rate of Y. enterocolitica by Different Methods of Isolation and MALDI-TOF MS
Determination

Another factor that may influence the outcome of determining the prevalence of Y. en-
terocolitica in pig tonsils is the methodology of sampling and isolation. The results obtained
show that the success of isolating pathogenic Y. enterocolitica by enrichment of tonsils in
selective ITC broth is higher than in PSB, but is vice versa after alkali treatment of PSB and
ITC broths. Van Damme et al. [25] found that KOH treatment of broth, particularly PSB,
was a key factor significantly affecting the success of isolating pathogenic Y. enterocolitica
from pig tonsils. In our study, we also found that alkali treatment of PSB broth and inocu-
lation on CIN resulted in a significantly higher number of positive samples compared to
untreated samples (OR = 7.41, p < 0.0001). The same case was found with KOH treatment
of PSB and inoculation on CHROMagarTM (OR = 4.71, p < 0.0001).

MALDI-TOF MS identification of presumptive colonies demonstrated excellent selec-
tivity of the agars used, especially in the case of CHROMagarTM for screening pathogenic
biotypes. This shortens the process for preliminary assessment of pathogenicity, which
was determined at later stages by biotyping, serotyping, and detection of the ail gene.
The use of other chromogenic media, such as YECA, has also been shown to be useful
in shortening the process by direct detection of pathogenic biotypes in pig tonsil [48]. In
addition, the combination of CHROMagar® and MALDI-TOF MS is less time consuming
for the detection of pathogenic isolates compared to conventional isolation methods and
biochemical tests. Moreover, MALDI-TOF MS can identify strains belonging to different
Y. enterocolitica biotypes [49,50]. It is well known that isolation and identification of this
bacterium is challenging. Therefore, more sensitive and rapid techniques than existing
culture methods have been developed in recent years [9]. Peruzy et al. [51] generally
believed that conventional isolation methods for Y. enterocolitica are not reliable enough,
which they interpreted as due to competition with the background microbiota in tonsils.

4.2. Y. enterocolitica Biotyping, Serotyping, PCR, and PFGE Typing

The results obtained from both surveys show the persistence of the pathogenic
bioserotype 4/O:3 in the tonsils of fattening pigs in Croatia. This pathogenic bioserotype is
most commonly isolated from clinical cases of yersiniosis in humans as well as from carrier
pigs in many European countries [52–56]. All Y. enterocolitica 4/O:3 isolates from this study
carried the ail gene that is required for bacterial adhesion and invasion into the host cell as
well as serum resistance. However, the gene is also sporadically present in nonpathogenic
Yersinia species as well as in nonpathogenic Y. enterocolitica biotypes such as biotype 1A,
so other tests are also needed to confirm the pathogenicity of Y. enterocolitica isolates [57].
Therefore, in our study, potential pathogenicity was assessed by colony morphology on
chromogenic agar, detection of the ail gene, biotyping, and serotyping. The pathogenic
bioserotype 4/O:3 is also the prevalent type among Y. enterocolitica isolates from fattening
pigs sampled at the slaughter line (tonsils) in other European countries, such as Germany
(99% of isolates, 2001, [58]), Switzerland (96% of isolates, 2007, [24]), or Finland, 2000,
(100%, [3]). The persistence of this bioserotype of Y. enterocolitica has been confirmed in
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similar studies in later years in the same countries [36,59], which is in agreement with our
results. In contrast, Bonardi et al. [40,60] reported lower prevalences (15% and 27%) of Y.
enterocolitica 4/O:3 in two surveys conducted in Italy (2014, 2016). The persistence of the
pathogenic Y. enterocolitica bioserotype 4/O:3 was recently confirmed in the Brazilian pork
production chain (tonsils, oral cavity, head meat) by comparing the results of two studies
two years apart, confirming the importance of slaughter hygiene and farming practices in
the epidemiology of yersiniosis [13].

Persistence and epidemiology of pathogenic Y. enterocolitica is also assessed by molec-
ular typing using methods such as PFGE, MVLA, or whole genome sequencing [9,15]. In
our study, selected isolates (based on year of isolation and farm of origin) were subjected to
restriction enzyme DNA fragment comparison by PFGE. We found the same pulsotypes
occurred regardless of the year of isolation and the origin of the isolates, confirming the
assumption of persistence of the pathogenic bioserotype 4/O:3 in pig tonsils. Although the
analysis formed several clusters in the dendrogram, their agreement ranged from 80.6%
to 100%, indicating low variability of this bioserotype (Figure 1). Similar results from
pulsotyping Y. enterocolitica bioserotype 4/O:3 isolates were obtained by Martins et al. [13].
They compared pulsotypes of Y. enterocolitica bioserotype 4/O:3 isolates collected in 2016
and 2018 from tonsils, lymph nodes, and carcass swabs in the same slaughterhouses using
macrorestriction enzymes (XbaI or NotI) and also found high agreement between isolates,
ranging from 82.4 to 100%. The low variability of Y. enterocolitica 4/O:3 was also noted
when comparing human and pig isolates, the pulsotypes of which were combined into a
single cluster [61]. Despite the low genetic variability of the 4/O:3 bioserotype, Fredriksson-
Ahomaa et al. [62] recommended the PFGE method for distinguishing genotypes present in
pig farms using a combination of the restriction enzymes NotI, ApaI, and XhoI. However,
the same genotype for bioserotype 4/O:3 isolates was found in most farms (71%).

4.3. Antimicrobial Susceptibility of Y. enterocolitica 4/O:3

In this work, the susceptibility of Y. enterocolitica isolates from pig tonsils to antimi-
crobials was investigated to gain insight into the variability of the resistance profile over
time and the origin of the isolates (farm type). The presence of resistant Y. enterocolitica in
slaughter pigs has been studied in many European countries in recent years [34,40], but not
in Croatia. In Latvia [63], resistance to erythromycin and sulfamethoxazole was detected
in all Y. enterocolitica tested. Bonardi et al. [40], in northern Italy, also reported a frequent
prevalence of sulfonamide resistance in slaughtered pigs. In contrast, the prevalence of
sulphonamide resistance in our study was rare, as was also reported by other authors from
Switzerland and Germany [22,64]. In contrast to other studies [30,65], isolates from the
current study were frequently resistant to chloramphenicol, nalidixic acid or streptomycin,
and these multiresistant isolates were present in fattening pigs from big integrated farms.
In addition, resistance to third generation of cephalosporins was detected in several isolates,
which is of clinical relevance. The high public health relevance has been highlighted in
recent reports [15] confirming Y. enterocolitica 4/O:3 as a novel multidrug-resistant pathogen
possessing transmissible resistance determinants.

Therefore, our results show a significantly higher prevalence of multidrug-resistant
isolates of Y. enterocolitica bioserotype 4/O:3 in big integrated pig farms, although the
resistance profile has not changed significantly over the years of research (Table 8). The
susceptibility/resistance of Y. enterocolitica to certain antimicrobials has also not changed
significantly over the years in pigs from medium sized farms (Table 9). To our knowledge,
no similar studies have been conducted in Croatia, so more accurate comparisons are not
possible. For some bacterial species, resistance profiles can generally be observed with re-
spect to the year of isolation to allow comparison, i.e., insight into an increase or decrease in
resistance over time. An earlier study [66] (2007; Switzerland) found that isolates of Y. ente-
rocolitica from pork, humans, and pig feces were highly resistant to ampicillin, cephalothin,
and amoxicillin/clavulanic acid. In the same year, Fredriksson-Ahomaa et al. [24] found
dominant resistance to ampicillin and erythromycin. Bonardi et al. [33] recorded the Y.
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enterocolitica were resistant primarily to cephalothin, ampicillin, streptomycin, and then
amoxicillin/clavulanic acid in Italian pig slaughterhouses (2013), and Sacchini et al. [35] re-
ported resistance to ampicillin, streptomycin, sulfisoxazole, tetracycline, nalidixic acid, and
chloramphenicol (2018). The resistance profiles of Y. enterocolitica have not changed signifi-
cantly in recent years, likely due to the genetic stability of the pathogen [14]. Fredriksson-
Ahomaa et al. [67] found no association between Y. enterocolitica genotypes and resistance
profiles in pigs. In this context, although our Y. enterocolitica 4/O:3 isolates were all genet-
ically similar by the methods used, isolates from the different housing systems showed
significant variability in phenotypic antibiotic resistance. This likely reflects the greater ex-
posure of the pathogens to antimicrobial agents on big integrated farms than on small farms.

5. Conclusions

Considering all the results presented in this work, the high prevalence of pathogenic
Y. enterocolitica 4/O:3 in pig tonsils is an important risk factor for pig carcass contamination
at slaughter. The pathogen was not isolated from pork cuts or minced meat placed on the
market, likely due to good hygiene procedures in meat cutting and preparation, which
indicates a low risk to consumers. The low recovery of pathogen from minced meat or pork
cuts can also be affected by background microbiota and low sensitivity of culture method.
The prevalence of the pathogen in pig tonsils did not depend on the biosecurity level of the
farms, except in the case of family farms. Comparison of genetic profiles showed a high
concordance of Y. enterocolitica isolates over the study years and in the investigated farm
systems; the antimicrobial resistance patterns also did not change significantly by year or
farm system. However, a significantly higher prevalence of multidrug-resistant isolates
was found in pigs from big integrated farms, which could be due to greater pressure of
antimicrobial agents used on such farms.

Further studies of this foodborne pathogen in the context of microbiological safety
in pork production chain are needed to gain better insight into antimicrobial resistance
and Yersinia epidemiology. In addition to culture methods, molecular and serological tests
should be used to determine prevalence and distinguish natural infection or transmission
from possible external contamination during carcass processing.
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Abstract: Depending on the interpretation of the European Union (EU) regulations, even marginally
visibly contaminated poultry carcasses could be rejected for human consumption due to food safety
concerns. However, it is not clear if small contaminations actually increase the already present
bacterial load of carcasses to such an extent that the risk for the consumers is seriously elevated.
Therefore, the additional contribution to the total microbial load on carcasses by a small but still
visible contamination with feces, grains from the crop, and drops of bile and grease from the slaughter
line was determined using a Monte Carlo simulation. The bacterial counts (total aerobic plate count,
Enterobacteriaceae, Escherichia coli, and Campylobacter spp.) were obtained from the literature and used
as input for the Monte Carlo model with 50,000 iterations for each simulation. The Monte Carlo
simulation revealed that the presence of minute spots of feces, bile, crop content, and slaughter line
grease do not lead to a substantial increase of the already existing biological hazards present on the
carcasses and should thus be considered a matter of quality rather than food safety.

Keywords: food safety; poultry; slaughter; carcass; contamination; Monte Carlo simulation; process
hygiene criteria

1. Introduction

The muscles and internal organs of healthy slaughter animals are normally sterile,
but during slaughtering, both the carcasses and internal organs invariably become con-
taminated with bacteria. Historically, the main factors affecting the final bacterial load of
carcasses and consequently cuts of meat are driven by the cleanliness of the slaughterhouse
environment and the skills of the slaughterhouse workers. However, increased mechaniza-
tion has considerably reduced the human role in controlling the bacteriological quality and
safety of meat. Today, the level of poultry carcass contamination is predominantly deter-
mined by the performance of the slaughterhouse machinery and the bacteriological status
of the animals pre-slaughter. For example, not maintaining a constant high temperature
(e.g., due to thermostat malfunction) in scalding machines increases the chances of carcass
bacterial contamination by almost five times [1], and with respect to the bacteriological sta-
tus of the animals pre-slaughter, Campylobacter spp.-positive flocks (positive caeca contents)
are approximately four times more likely to cause Campylobacter spp. contamination of the
carcasses at the end of the slaughter line compared to Campylobacter spp.-negative flocks [2].
Therefore, in a modern poultry slaughter line, the bacteriological safety and quality of the
carcasses at the end of the line are ultimately determined by the number of bacteria present
on and in the live animals as they arrive at the slaughterhouse in combination with the
effectiveness and adjustment of the defeathering and evisceration equipment and that of
the carcass washers [3–5].

Chicken carcass contamination continues to be a major food safety concern because
broiler meat remains an important source of human campylobacteriosis. The latest data
in the EU show that there were 120,964 confirmed cases of campylobacteriosis [6], and it
is estimated that 20 to 30% of infections could be attributed to the handling, preparation,
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and consumption of broiler meat [7]. However, due to the self-limiting nature of this
disease, the real prevalence is far higher. To design optimal interventions, it is crucial
to understand how carcasses can become contaminated and which factors contribute to
the contamination. Pacholewicz et al. [8] demonstrated that bacterial concentrations in
the intestines of broilers are an important explanatory variable of carcass contamination
because these were associated with fluctuations in Campylobacter spp. and Escherichia coli
concentrations at various processing steps in the slaughter line. This is in accordance with
a study performed by Tang et al., [9] who reported the highest prevalence of Campylobacter
spp. contamination at the evisceration step due to the exposure of intestinal contents. In
this study, the Campylobacter-positive carcass rate decreased from 53.4% during evisceration
to 14.75% after cooling, which suggests that the cooling step is crucial for eliminating
Campylobacter spp. on chicken carcasses. Furthermore, earlier research by Pacholewicz
et al. [10] demonstrated that the changes in numbers of Escherichia coli and Campylobacter
spp. on chicken carcasses during the various processing steps in a slaughter line are of
a similar nature. However, a direct relationship between total bacterial load on chicken
carcasses at the end of the slaughter line and the number of poultry-related cases of
human disease have never been established, with the possible exception of a few risk
assessment models for Campylobacter spp., such as the one described by Nauta et al. [11].
From the stable-to-table model of Nauta et al. [11] in particular, it was inferred that, in the
slaughterhouse, compliance to a maximum threshold of about 1000 CFU/g of fresh chicken
meat probably would halve the number of associated human cases of campylobacteriosis
in the EU [7].

A strategy to reduce risk for consumers is to decrease the counts of Campylobacter
spp. in the intestines of live birds with a range of control options available, including
vaccinations, feed additives, or phage therapy. By lowering the concentration in the
intestinal content, these control options aim at reducing Campylobacter spp. contamination
during broiler processing and thus lead to lower concentrations on the broiler meat. A
recent model suggests that a relative risk reduction (39%) could be obtained through a
2 log10 reduction in caecal concentration (9 log10CFU/g to 7 log10CFU/g) [12]. However, it
is important to note that the association between concentrations found in caeca and skin
largely depend on the variation in hygiene practices between slaughterhouses and regions;
consequently, the scale of potential risk-reducing effects may also vary greatly [12].

In almost entirely mechanised processes, the biological variation and physical condi-
tion of the animals are the most important factors with regard to the occurrence of slaughter
defects, i.e., damaged intestines and/or gall bladders [4,13,14]. However, quantitative
assessments of fecal contamination that are the result of this practice are limited. In an
article from 1997, Russell and Walker [13] reported that the American inspection services
found 0.8 to 5% fecally contaminated carcasses just before cooling. The study of Russell
and Walker also demonstrated that, just after evisceration, 4–6% of the broiler carcasses
showed evidence of fecal leakage on the inside and 5.2–8.4% on the outside [14]. Brizio
et al. [15] investigated different types of carcass contamination and reported that 6% of
carcasses were found to have fecal contamination, 1.45% of the carcasses were contami-
nated with bile, while 1.90% were contaminated with gastric content. In total, 9.35% out
of 51,500 examined broiler carcasses were contaminated. Another field study found that,
at the end of the slaughter line, just before cooling, 2–5% of the broiler carcasses were
fecally contaminated [16]. It is important to highlight that there are significant differences
in the prevalence of visibly contaminated carcasses between slaughterhouses representing
different levels of compliance with food safety procedures [17].

The total bacterial load of chicken carcasses is often considerable, regardless of the pres-
ence of any visible contamination. Cibin et al. [18] reported, in an EU study, that carcasses
visibly uncontaminated with feces and sampled just after evisceration showed E. coli loads
(log10 CFU/g) that ranged from 1.30 to 7.38 and that visibly fecally contaminated carcasses
showed loads from 2.40 to 7.04, respectively. Visibly uncontaminated carcasses sampled
just after cooling showed E. coli loads that ranged from 1.00 to 6.95, whereas in visibly
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fecally contaminated carcasses, counts ranged from 2.65 to 5.28, respectively. With regard
to the Enterobacteriaceae, after evisceration, the visibly clean carcasses had loads that ranged
from 1.48 to 7.45, whilst counts on visibly fecally contaminated carcasses ranged from 2.45
to 7.26, respectively. After cooling, the loads with Enterobacteriaceae ranged from 1.00 to
7.08 for visibly clean carcasses and from 3.54 to 5.18 for fecally contaminated carcasses, re-
spectively. Research by Jimenez et al. [19,20] reported comparable figures from Argentinean
poultry slaughterhouses. In addition, they also demonstrated that there were no significant
differences in numbers of Enterobacteriaceae, coliforms, and Escherichia coli per gram or
cm2 between visibly contaminated and uncontaminated carcasses. In contrast, however,
Campylobacter jejuni and Campylobacter coli were detected in 58.8% and 11.6% (respectively)
of broiler carcasses with visible fecal contamination, as compared to 17.6% and 9.8% in
carcasses without visible fecal contamination [21]. However, the counts of Campylobacter
spp. did not significantly differ between carcasses with and without contamination. At
retail level, broiler carcasses are also characterized by an abundant microbiome, including
pathogens as reported by Yu et al. [22], who found that 100% of organic carcasses were
Campylobacter-positive compared to 8.33% in conventionally reared carcasses. Furthermore,
5 % of conventionally reared carcasses were contaminated with Salmonella spp., while the
other most abundantly present bacteria included Pseudomonas, Serratia spp., and E. coli.

In 2022, the Association of Dutch Poultry Processing Industries (NEPLUVI) requested
the Division of Veterinary Public Health of the Institute for Risk Assessment Sciences (IRAS)
to estimate a) the total bacterial load of an ‘average’, visibly clean chicken carcass at the
end of the slaughter line, b) to estimate what extent a small contamination would add to
this ‘average’ total bacterial load, and c) to determine whether or not this would mean a
substantial increase of any food risk already present that would make that carcass unfit for
human consumption. Therefore, the aim of this study was to investigate the bacterial load
on carcasses with different types of small but still visible contaminations with feces, crop
content, and bile and grease from the line and compare these carcasses to those without
any visible contamination with the use of a Monte Carlo simulation. We hypothesized
that there are no significant differences in bacterial loads between carcasses with a small
contamination and those with no visible contamination.

2. Materials and Methods

2.1. Data Used for Input in the Calculations

Bacterial counts (mean values of bacterial log10 counts ± standard deviation) used for
the calculations were collected from peer-reviewed journals. The main selection criteria
of articles included study design, performed laboratory analysis, sample size, year of
publication, and parameters of the journal quality and impact. We aimed that the data
from chosen articles should be representative and correspond as much as possible with a
contemporary slaughterhouse environment.

2.2. Monte Carlo Simulation

A Monte Carlo simulation is a method used to predict the outcomes of events derived
from multiple variations in their input [23]. It leads to insight into how ordinary or extraor-
dinary certain final outcomes of these calculations are. The actual Monte Carlo simulation
was performed using @Risk 8.0, which was part of the software package ‘Decision Tools
Suite’ (Pallisade Corporation, 2020) and can be used as an add on to an Excel spread-
sheet [24]. This method has already been successfully implemented to detect Campylobacter
spp. presence and concentration using different chicken carcass samples [25].

In a Monte Carlo simulation, the variables that determine the outcome are repeatedly
drawn from a range of values that follow a user-defined probability distribution [23,24].
@Risk was set to perform 50,000 iterations for each simulation.

The variables that were given a @Risk function were: (1) the total surface (weight)
of the carcasses, (2) the number of bacteria per square centimeter (gram) already present
on the skin surface of a clean carcass, (3) the total weight of a contamination, and (4) the
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total number of bacteria present per gram of contamination. A graphical explanation of
the model design is given in Figure 1, and an example spreadsheet (Spreadsheet S1) model
was uploaded in the Supplementary Materials.

 

Figure 1. Data used for input in the Monte Carlo simulation.

The weights of the carcasses and the numbers of bacteria present on the carcasses and
in the contaminations were processed with the @Risk function ‘normal distribution’ using
values of mean and standard deviation. In order to avoid obtaining unrealistic results (e.g.,
lower than 0) of the total bacterial load prediction, we set the maximum and minimum
value for the distribution of bacterial counts. For every bacterial count distribution, the
minimum value was set to ‘0’, while the maximum number of bacteria varied between
materials and was set at 109 CFU/g for skin, 1010 for feces, 109 for crop content, 108 for bile,
and 104 for grease. A similar procedure was followed by Nauta et al. [26]. The weights of
the contaminations were processed with the @Risk function ‘uniform distribution’ using
minimum and maximum values (see Table 1) because we had no knowledge about the real
frequency distribution of the weights of small contaminations [23].

Table 1. Assumptions regarding small contaminations on broiler carcasses as input for the Monte
Carlo simulation.

Type of Contamination
Minimal Amount

(g)
Maximal Amount

(g)

Feces 0.001 0.01
Bile 0.0375 0.15

Crop content 0.05 0.2
Grease 0.01 0.04

To determine the total load with bacteria on a ‘typical’ broiler carcass, a calculation
was conducted with the aid of results from the study by Elfadil et al. [27]. From their study,
it can be inferred that approximately one gram of body weight equals circa 1cm2 surface.
The spreadsheet model used an ‘average’ bird weight of 1600 g (i.e., 1600 cm2), since this
corresponded to the weight of the smaller animals both slaughterhouses confirmed to
regularly process, and it is to be expected that a contamination has the biggest impact on
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a relatively small carcass. The total carcass load was then calculated by multiplying the
bacterial counts per gram of the chicken skin with the total surface of the carcass.

All small contamination sizes were identified and described using a standardized
number of grains or droplets (crop content and bile, respectively) or circle-shaped spots
(feces and grease). In combination with the specific weights of the materials involved, the
mass of a contamination could then be calculated. For the crop content and the bile, we
used the generally acknowledged international standards of 0.065 g for a grain and 0.05 mL
for a droplet. The specific weight in grams of the feces and bile fluid was estimated using
Cussler et.al. [28] and Van der Meer [29]. When microscopically examined, the slaughter
line grease turned out to be a mixture of chicken skin and feather material, minute metallic
particles from the line, and the original food grade lubricant (see Figure 2). Therefore, we
assumed that the specific weight would be in between that of the weight of feces, bile, and
crop content.

 
Figure 2. The microscopic view of the grease.

The variation in carcass weights was approximated based upon the average weight of
batches of animals sent to slaughter having a standard deviation of 5%, and that in a batch,
the lightest animals weigh, on average, minus three times the standard deviation and that
the heaviest animals weigh the average plus three times the standard deviation [24]. In
this case, the ‘average’ weight was set at 1600 g, the minimum weight at 1350 g, and the
maximum weight at 1850 g. The weights of the different contaminations that were used as
model inputs are listed in Table 1.

3. Results

The microbial literature data that were used as the input for the Monte Carlo simulation
can be found in Table 2. To the best of our knowledge, there are no bacteriological data
available for grease; thus, we used our own (not published) data. Similarly, there are no
studies describing bacterial counts in the bile after it has leaked from the gall bladder
onto the machinery and/or the digestive tract before it drips onto the carcass during the
evisceration. Therefore, we used bacterial counts from liver samples, assuming that the
bacteriological loads of the liver correspond with bacteria potentially present in the bile
after it has leaked from the gall bladder onto the machinery and the gut.
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Table 2. Number of bacteria per gram in different types of contaminations expressed in log10.

Total Aerobic
Count

Enterobacteriaceae E. coli Campylobacter
spp.

Skin
mean ± sd (log10/g) 4.15 ± 0.46 3.77 ± 0.13 3.3 ± 0.6 2.99 ± 0.7
reference [30] [31] [32] [26]

Feces
mean ± sd (log10/g) 3.36 ± 1.37 8.62 ± 0.58 8.44 ± 0.35 6.0 ± 1.52
reference [33] [34] [34] [26]

Bile
mean ± sd (log10/g) 6.0 ± 0.7 3.1 ± 0.5 1.9 ± 1.1 2.795 ± 1.641
reference [35] [36] [37] [38]

Crop content
mean ± sd (log10/g) 5.6 ± 0.1 4.2 ± 0.2 3.9 ± 0.2 3.63 ± 1.12
reference [39] [39] [39] [40]

Grease
mean ± sd (log10/g) 3.40 ± 0.16 1.86 ± 0.41 0.86 ± 1.19 0.83 ± 0.67

reference own data
not published

own data
not published

own data
not published

own data
not published

The simulated total bacterial loads on the broiler carcasses (mean 1600 g) with or
without small visible contamination are given in Table 3.

Table 3. Monte Carlo simulation of the total bacterial load on the average broiler carcass (1600 g)
with or without a contamination with a small amount of material (expressed in log10CFU).

Bacterial Species

Type of Contamination

Feces Bile Crop Content Grease

No Contam.
With

Contam.
No Contam.

With
Contam.

No Contam.
With

Contam.
No

Contam.
With

Contam.

Total aerobic count
mean 7.3535 7.3536 7.3535 7.3625 7.3535 7.3552 7.3535 7.3535
sd 0.4604 0.4604 0.4606 0.4528 0.4603 0.4585 0.4606 0.4605
minimum 5.3536 5.3536 5.3394 5.5386 5.4267 5.4681 5.4143 5.4144
maximum 9.3717 9.3717 9.4324 9.4324 9.4114 9.4114 9.2766 9.2766

Enterobacteriaceae
mean 6.9735 7.1181 6.9735 6.9735 6.9735 6.9736 6.9735 6.9735
sd 0.1316 0.1907 0.1318 0.1318 0.1319 0.1319 0.1320 0.1320
minimum 6.4232 6.4665 6.3800 6.3800 6.4164 6.4171 6.3775 6.3775
maximum 7.5920 8.0262 7.5122 7.5122 7.5480 7.5480 7.5612 7.5612

E. coli
mean 6.5035 6.7640 6.5035 6.5036 6.5035 6.5039 6.5035 6.5035
sd 0.6003 0.4368 0.6003 0.6002 0.6005 0.6000 0.6004 0.6004
minimum 3.5649 5.1184 3.7284 3.7287 3.9146 4.0222 3.9726 3.9726
maximum 9.1898 9.1915 9.15620 9.1562 9.2393 9.2393 9.0849 9.0849

Campylobacter spp.
mean 6.1936 6.2610 6.1936 6.2011 6.1936 6.2005 6.1936 6.1936
sd 0.7001 0.6784 0.7002 0.6946 0.7002 0.6931 0.7003 0.7003
minimum 3.3425 3.5869 3.3131 3.3245 3.3419 3.60291 3.2279 3.2287
maximum 9.2117 9.2117 9.26841 9.2684 9.10343 9.10343 9.1931 9.1931

The probability that a small visible contamination results in at least a 0.5 (log10CFU)
increase in the total bacterial load of the average chicken carcass is given in Table 4. The
value of ±0.5 log10CFU is considered as the precision of classical microbiological meth-
ods [41]. From the practical point of view, differences below this value cannot be identified
with classical microbiological culturing methods.
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Table 4. The probability (%) that a small visible contamination results in at least a 0.5 (log10CFU)
increase in the total bacterial load of the average chicken carcass (1600 g).

Type of Bacteria Feces Bile Crop Content Grease

Total aerobic count 0% 0% 0% 0%
Enterobacteriaceae 5.1% 0% 0% 0%
E. coli 16.7% 0% 0% 0%
Campylobacter spp. 4.1% 0% 0.2% 0%

It is important to note that the difference of 0.5 log10CFU is roughly equivalent to a
three-fold increase in the total bacterial load (calculated based on CFUx10x). The probability
that small contaminations result in at least a three-fold increase in the total bacterial load of
the average chicken carcass is given in Table 5.

Table 5. The probability (%) that a small visible contamination results in at least a three-fold increase
(calculated based on CFUx10x) in the total bacterial load of the average chicken carcass (1600 g).

Type of Bacteria Feces Bile Crop Content Grease

Total aerobic count 0% 0% 0% 0%
Enterobacteriaceae 5.6% 0% 0% 0%
E. coli 17.9% 0% 0% 0%
Campylobacter spp. 4.3% 0% 0.2% 0%

It is also important to determine what the contribution is of small contaminations
to the total bacterial load compared to the already existing bacterial loads on the carcass.
Therefore, the percentual contribution of a small contamination to the final total bacterial
load on the carcass is given in Table 6. In the majority of the simulations, it was below 1%.

Table 6. The contribution (%) of small contaminations to the total bacterial load of the average chicken
carcass (1600 g).

Type of Bacteria Feces Bile Crop Content Grease

Total aerobic count 0.001% 0.122% 0.02311% <0.001%
Enterobacteriaceae 2.031% <0.001% 0.00143% <0.001%
E. coli 3.851% 0.002% 0.00615% <0.001%
Campylobacter spp. 1.077% 0.121% 0.11128% <0.001%

The highest probability that the bacterial count increase is higher than three-fold
(17.9%) was obtained in the case of E. coli of a carcass contaminated with feces. This
relationship is visualized in Figure 3.
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Figure 3. Relative probability of occurrence of different increases in total bacterial load expressed as
a factor in the case of E. coli counts and contamination with feces. The red horizontal bar indicates the
probability of increase less than three-fold (1.00–3.00), while the white horizontal bar indicates an
increase more than three-fold.

4. Discussion

4.1. Bacterial Counts Used for Calculations

As expected, feces contained the most bacteria, and they far exceeded the counts on
chicken skins. It is not surprising that, in the literature, there is a lack of data regarding
microbial counts in the bile. Normally, bile fluids should contain zero to very few bacteria,
since, otherwise, the animals would develop cholecystitis and become clinically ill and unfit
for slaughter. It is challenging to either investigate or simulate bile bacterial counts found
after the machinery has damaged the gall bladder. Specifically, it is particularly difficult to
determine the bacterial counts present in bile itself before it reaches carcasses because the
bile is usually mixed with gut content before it contaminates the carcasses. We assumed
that microbial counts from chicken livers would approximate that of bile that contaminated
the carcass via the machinery and the viscera. Crop content bacterial counts resembled an
intermediate level between that of the skin and of the feces contents. The lowest counts of
bacteria were observed in grease, since this material is mainly composed of lipids (almost
no water), consequently creating a hostile environment for bacterial growth.

4.2. Monte Carlo Simulation

The results of the Monte Carlo Simulation after 50,000 iterations are summarized in
Table 3. The high number of iterations ensures that the simulation included almost all of
the possible combinations of carcass weight (surface), clean carcass bacterial numbers, and
weights of the small contaminations with corresponding bacterial counts of the small con-
taminations. For modern computers, a simulation with 50,000 iterations is not a challenge
and lasts for approximately one minute. As expected, the highest differences between
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bacterial loads in contaminated and non-contaminated carcasses were observed in the case
of fecal contamination. In other cases, if the differences existed, they occurred at the second
to the fourth decimal place of bacterial counts.

We also determined the probability that the increase in the total bacterial load would
exceed the precision limit of classical microbiology methods (0.5 log10CFU). This value
is important because increases below this number cannot be identified by classical mi-
crobiological methods and can thus be considered insignificant. Similarly, the highest
values were observed in carcasses contaminated with feces, in particular in E. coli counts
(Tables 4 and 5). For example, there was a probability of 16.7% that, after a small contam-
ination with feces, E. coli counts would increase by 0.5 log10 (Table 4). In other words,
roughly 1/6 of the carcasses with small visible contamination had significantly higher
E. coli counts. For other types of contaminations, the probability of increasing the total
bacterial load by at least 0.5 log10 was close to 0%. It is important to note that the increase
by 0.5 log10CFU is approximately equal to a three-fold increase in bacterial load calculated
based on CFUx10x values. It might be useful to compare bacterial loads expressed in
different units. In our study, the probability of total bacterial increase (E. coli, carcasses
contaminated with feces) by at least 0.5 log10 was 16.7%, while the probability of occurrence
of at a least three-fold increase was 17.9% (Figure 3).

These calculations confirmed that the majority of small contaminations have a negli-
gible impact. Although the numbers of bacteria can be substantial on the spot where the
small contamination has taken place (especially if feces are involved), when these numbers
are related to the total bacterial load that is already present on a whole carcass, the impact
of the small contamination becomes negligible (Table 6), consequently causing no extra
threat to food safety. This is illustrated by a study by Giombelli and Gloria [21], who
found that visible fecal contamination did not influence the counts of Campylobacter spp.
on the carcasses per se, but that it did result in a higher prevalence of Campylobacter-positive
carcasses, i.e., the number of positive carcasses was higher in the group of fecally contami-
nated carcasses than in the group of carcasses without any visible fecal contamination. This
was also the case in a laboratory experiment on carcass contamination with 0.1 g of feces
with cultured bacteria [42]. In addition, when the effects of cooling are taken into consid-
eration, the effects will even be further diminished. As demonstrated by Cibin et al. [18],
the cooling process reduced the overall bacterial levels to such an extent that, even in
situations where there are significant differences between clean and visibly soiled carcasses
at the end of slaughter, the cooling process renders these differences insignificant. Similar
results were observed by Cason et al. [43], who reported no differences in bacterial counts
post-chilling between carcass halves, from which one was not contaminated, while the
other was artificially contaminated with fresh feces.

Many cases of visibly contaminated carcasses can be attributed to a faulty evisceration
process. Machines can only be adjusted to work within a certain set of size ranges. Therefore,
it would be highly desirable if the machines could be auto-adjusted in real time to the size of
every single carcass processed, thus minimizing the risk of faulty evisceration (e.g., intestine
or gall bladder disruption) and decreasing the prevalence of visibly contaminated carcasses.
However, from the slaughterhouse’s perspective, the reason for the carcass damage can
be explained as the lack of uniformity of the delivered broiler flock. In other words,
the birds do not meet the expected standard size, which should be the responsibility of
the poultry producer. Maintenance of the equipment (or not appropriate maintenance)
could also result in poultry carcass damage, including rupture of the gastrointestinal tract.
Nevertheless, there are some interventions that aim at reducing bacterial counts on chicken
carcasses. For example, the application of rapid surface cooling (immersion in liquid
nitrogen) resulted in a reduction of counts of Campylobacter spp. by 1 log10 CFU/g on the
chicken carcass skin [44]. Similar promising results were obtained when the combination
of steam and ultrasound were used in the evisceration room, before the inside/outside
carcass washer [45]. Carcass trimming or using water sprays to remove contaminations,
however, offer no real solution. For example, a study by Giombelli and Gloria [21] showed
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that there were no differences in bacterial counts before and after the trimming of carcasses
with visible fecal contamination, while the water spray (potable water) decreased bacterial
loads by approx. 20% (i.e., a factor of 0.8, which in practice will not yield significant impact).
Stefani et al. [46] also showed that the washing of carcasses with fecal contamination is
more effective in reducing bacterial loads than trimming is. It is not surprising that, in
practice, despite all of the actions taken, some carcasses will remain visibly contaminated
until just before cooling. However, when seen in the light of our calculations regarding
small contaminations, a zero-tolerance policy towards all visible contaminations by some
food safety authorities in Europe can be seen as a mainly quality or politically driven and
not a real food safety issue. As amply demonstrated by the results of Cibin et al. [18], high
microbial counts of carcasses can also occur without visible contamination.

Inspecting chicken carcasses for small visible contaminations by the competent au-
thorities is time-consuming, requires sharp eyesight, and can be highly subjective. Hence,
more attention should be paid to robust hygiene criteria, which are far more effective than
implementing a strict zero-tolerance policy towards small visible contaminations by the
competent authorities. For example, the current process hygiene criterium for poultry
production is a Campylobacter spp. count with an upper limit set at 1000 CFU/g [47]. For
every batch, no more than 15 samples out of 50 should exceed this limit, but the aim is to
reduce this number to 10 by 2025. As time progresses, adopting more stringent microbial
criteria appears reasonable because producers have ample time to adjust and can at the
same time claim to work actively with the competent authorities towards reducing the
prevalence of food-borne diseases in humans. For example, a more stringent critical limit
for Campylobacter spp. of 100 CFU/g could reduce consumer risk of campylobacteriosis
via poultry by 98%, but currently, over 55% or more of the batches would not comply [48];
thus, this is currently an impossible criterium to adopt. Producers should still check for
small contaminations since they might be the indicators that mechanical adjustments are
required during the processing. While the meat inspectors should be also aware of this
issue, they should at the same time try to focus on other indicators with well-established
food safety implications, as stated above.

5. Conclusions

In conclusion, our calculations revealed that carcass contamination with minute
amounts of feces, bile, grain from the crop, and grease from the lines will not lead to
a significant increase of the already present food safety hazards. Maintaining a strict zero
tolerance for these small contaminations on chicken carcasses does not improve the level of
protection of the consumer. Instead, it would be far more effective to pay more attention
to existing hygienic microbial criteria and a further improvement by a gradual tightening
up of these regulations in the future. However, it is important to note that the biological
hazards discussed above are best controlled at earlier stages of the production. Ensuring
the highest possible animal health status as well as animal welfare standards should play a
key role in minimizing food-borne risks for consumers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12030522/s1, Spreadsheet S1: The baseline model for used
for Monte Carlo simulation.
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Abstract: Interventions from lairage to the chilling stage of the pig slaughter process are important to
reduce microbial contamination of carcasses. The aim of this systematic review and meta-analysis
was to assess the effectiveness of abattoir interventions in reducing aerobic colony count (ACC),
Enterobacteriaceae, generic Escherichia coli, and Yersinia spp. on pig carcasses. The database searches
spanned a 30 year period from 1990 to 2021. Following a structured, predefined protocol, 22 articles,
which were judged as having a low risk of bias, were used for detailed data extraction and meta-
analysis. The meta-analysis included data on lairage interventions for live pigs, standard processing
procedures for pig carcasses, prechilling interventions, multiple carcass interventions, and carcass
chilling. Risk ratios (RRs) for prevalence studies and mean log differences (MDs) for concentration
outcomes were calculated using random effects models. The meta-analysis found that scalding under
commercial abattoir conditions effectively reduced the prevalence of Enterobacteriaceae (RR: 0.05, 95%
CI: 0.02 to 0.12, I2 = 87%) and ACC (MD: −2.84, 95% CI: −3.50 to −2.18, I2 = 99%) on pig carcasses.
Similarly, significant reductions of these two groups of bacteria on carcasses were also found after
singeing (RR: 0.25, 95% CI: 0.14 to 0.44, I2 = 90% and MD: −1.95, 95% CI: −2.40 to −1.50, I2 = 96%,
respectively). Rectum sealing effectively reduces the prevalence of Y. enterocolitica on pig carcasses
(RR: 0.60, 95% CI: 0.41 to 0.89, I2 = 0%). Under commercial abattoir conditions, hot water washing
significantly reduced ACC (MD: −1.32, 95% CI: −1.93 to −0.71, I2 = 93%) and generic E. coli counts
(MD: −1.23, 95% CI: −1.89 to −0.57, I2 = 61%) on pig carcasses. Conventional dry chilling reduced
Enterobacteriaceae prevalence on pig carcasses (RR: 0.32, 95% CI: 0.21 to 0.48, I2 = 81%). Multiple
carcass interventions significantly reduced Enterobacteriaceae prevalence (RR: 0.11, 95% CI: 0.05 to
0.23, I2 = 94%) and ACC on carcasses (MD: −2.85, 95% CI: −3.33 to −2.37, I2 = 97%). The results
clearly show that standard processing procedures of scalding and singeing and the hazard-based
intervention of hot water washing are effective in reducing indicator bacteria on pig carcasses. The
prevalence of Y. enterocolitica on pig carcasses was effectively reduced by the standard procedure of
rectum sealing; nevertheless, this was the only intervention for Yersinia investigated under commercial
conditions. High heterogeneity among studies and trials investigating interventions and overall
lack of large, controlled trials conducted under commercial conditions suggest that more in-depth
research is needed.
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1. Introduction

Microbial contamination of pig carcasses (i.e., skin and meat) can arise from numerous
sources and operations in abattoirs, from lairage to chilling. The level of contamination
depends on the management of animal purchase, lairage conditions and slaughter tech-
nologies, which can vary significantly among abattoirs [1–3]. The level of hygiene during
processing at slaughter and dressing is assessed based on process hygiene criteria (PHC),
which includes testing for Salmonella presence, aerobic colony count (ACC) and Enterobac-
teriaceae count (EBC) on carcass surfaces before chilling [4]. Microbiological criteria are
usually revised according to the current epidemiological status of animal production and
new scientific knowledge. For example, the criteria for Salmonella proposed in European
Food Safety Authority (EFSA) opinions on modernisation of meat inspection in pigs [5]
are stricter and allow for only 6% Salmonella-positive pig carcasses in one sampling period
of 10 weeks in order for an abattoir process to be considered as satisfactory [6]. On the
other hand, PHC for Yersinia enterocolitica have not been envisaged in the legislation, al-
though pigs are a common source of pathogenic strains causing yersiniosis in humans [7],
and this is one of the priority hazards in pork [8]. Campylobacter spp., and particularly
C. coli, is a frequent contaminant of prechilled pig carcass surfaces; however, given its
sensitivity to drying and freezing when conventional dry or blast chilling is used, there
is a significant decline of this pathogen on pig carcasses post-chilling [5]. Consequently,
pig carcasses and pork are not considered an important source of Campylobacter in public
health context, and it is not a priority hazard for control at the abattoir stage [5]. Common
groups of indicator microorganisms, such as ACC, EBC, generic Escherichia coli count and
total coliforms, are ideal for assessing the hygiene status of pig carcasses due to the fact of
their existing higher levels and more uniform distribution on carcass surfaces compared to
pathogens [9,10]. Indeed, the overall hygiene performance of pig abattoirs can be assessed
by monitoring the ACC, EBC and generic Escherichia coli count before and after each specific
slaughter operation. Many studies have shown that standard processing procedures, such
as scalding, singeing or rectum sealing, reduce the number of indicator bacteria or the
presence of pathogens, while dehairing, polishing and carcass splitting increase bacterial
contamination [11–15].

Various interventions, usually hazard-based or good hygienic practice (GHP)-based in
nature, are used in pig abattoirs to eliminate or reduce pathogens and spoilage bacteria
from carcasses. GHP-based measures are prerequisites used at the preslaughter stage (e.g.,
lairage holding time and feed withdrawal) and during slaughter and carcass dressing (e.g.,
scalding, singeing, rectum sealing, head removal, knife trimming, carcass washing). More
specific, hazard-based interventions, such as various thermal treatments for carcasses (hot
water washing, steam pasteurisation), can be used in the prechilling phase, and do not
require specific regulatory approval. On the other hand, chemical washes with organic
acids and other chemicals undergo stringent risk assessment processes and regulatory
approval [1,16]. Finally, carcass dry air chilling (conventional and blast) has some an-
timicrobial effect that is based on surface drying and can be complemented or replaced
with spray chilling (with water or water plus organic acids or other approved chemicals)
to increase the antimicrobial effect. However, the specific interventions used vary from
country to country and are influenced by the regulatory framework, economic feasibility,
seasonal variations, environmental impact, technical constraints and occupational health
and safety [1,16].

Numerous studies using different experimental designs have been conducted over the
last couple of decades with the aim of investigating the effectiveness of various interven-
tions for pig carcasses. They usually produce different supporting evidence, depending
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on many factors (sample size, various study conditions, study design, etc.). One way to
address the high heterogeneity between different study designs is to conduct a systematic
literature review coupled with meta-analysis. This structured process enables the effec-
tiveness of interventions to be measured with reduced bias and increased transparency
and can be used to explain the differences in intervention effectiveness between different
studies [17]. There is, however, a lack of meta-analysis studies on pig interventions during
primary processing. Two meta-analysis studies, which investigated the effects of abat-
toir interventions and chilling on Salmonella only, found significant effects of organic acid
washes, hot water washes, steam pasteurisation and chilling in reducing Salmonella on pig
carcasses [18,19]. However, there are no meta-analysis studies to investigate interventions’
effects in reducing indicator bacteria counts and Yersinia spp. on pig carcasses. Therefore,
the aim of this study was to conduct a systematic review and meta-analysis of literature
data reporting on the effectiveness of a range of interventions applied to pig carcasses
during primary processing in abattoirs, on indicator bacteria (i.e., ACC, EBC and generic
Escherichia coli count) and Yersinia spp.

2. Materials and Methods

2.1. Review Protocol and Research Question

A systematic review of the literature on the contribution of pig abattoir interventions
to the reduction of bacterial load on pig carcasses was conducted, with a focus on the pre
and post-slaughter production processes in abattoirs, up to and including primary chilling.
The review considered evidence on pig interventions’ efficacy available in the public
domain, but only primary research studies were used for data extraction and reporting. The
review question was: “What is the efficacy of all possible interventions to control microbial
contamination on pig carcasses at any stage in the pork production chain from pigs received
in the abattoir to the pig carcass chilling inclusive?” The review followed a structured,
predefined protocol and PICO framework. The population studied was pigs produced
for meat consumption, including their carcasses at primary processing. Relevant outcome
measures for interventions were the effectiveness of each intervention in reducing log
levels of indicator bacteria (aerobic colony count (ACC), Enterobacteriaceae count (EBC) and
generic E. coli count) and log levels or prevalence of the foodborne pathogens Salmonella
spp. and Yersinia enterocolitica/pseudotuberculosis. Subsequently, it was agreed to exclude
data on Salmonella from further analysis, as it was found that an insufficient number of
studies had been published since the previous systematic review by Young et al. [18] to
justify data analysis. Any GHP- and hazard-based interventions applied from the stage
of pigs being received in the abattoir lairage up to (and inclusive of) primary chilling in
abattoirs were considered relevant.

2.2. Review Team and Search Strategy

Relevance screening, relevance confirmation, risk-of-bias assessment and data ex-
traction were conducted by two review team members, and discrepancies were resolved
through discussion or by judgment of a third reviewer. All developed protocols are pro-
vided in the Supplementary Material. A comprehensive search algorithm was developed
and used for the search of peer-reviewed literature. The algorithm was developed by
extracting key words from a selection of twenty known relevant primary research articles
on pig interventions (different articles per intervention category), and by reviewing and
adapting search strategies and key terms of previously published reviews and risk assess-
ments on this and similar topics. Three databases were searched, Scopus, CAB Direct and
SciELO. Key terms were combined using the Boolean operator “OR” into three categories:
microorganism/outcome (E. coli, Yersinia, Salmonella, Enterobacteriaceae, aerobic colony
count), intervention (intervention terms) and population (pig terms). The categories were
combined using the “AND” operator. The algorithms were pretested using a list of twenty
relevant articles (provided in the Supplementary Materials) in Scopus and CAB direct to
ensure they could be sufficiently identified. The searched articles spanned a period of
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30 years (1990–2021, except SciELO, which encompassed 2002–2021), with no language re-
strictions imposed. Search verification included reviewing the reference lists of ten relevant
review and ten primary research articles (provided in the Supplementary Materials).

2.3. Relevance Screening and Eligibility Criteria for Prioritisation

All retrieved citations were first uploaded in Endnote X9.2 and duplicates removed.
Remaining citations were then imported into the web-based systematic review platform
Rayyan for subsequent relevance screening at the title and abstract level [20]. Each article
was screened through its title and abstract using a prespecified relevance screening form,
and then its relevance further confirmed after the full article was procured and using the
prespecified checklist (see Supplementary Materials). All experimental and observational
study designs were considered for data extraction (controlled, challenge and before-and-
after trials, and cohort studies). These included studies measuring interventions’ efficacy
through the measurement of concentration (such as colony forming units, (CFU)/sample)
and/or prevalence (absence or presence) of microorganisms. Intervention application
settings were described as commercial (large or small) abattoirs and pilot plants (where
industrial equipment was used in nonindustrial settings) as well as research conducted
under laboratory conditions. “In vitro” studies (model broth system experiments) were
excluded. The interventions were analysed and presented according to five intervention
categories: (i) preslaughter, lairage interventions for live pigs; (ii) standard processing
procedures for carcasses; (iii) pig carcass prechilling interventions; (iv) carcass chilling;
(v) multiple interventions.

2.4. Risk of Bias Assessment and Data Extraction

The risk-of-bias (RoB) assessment was conducted for 25 primary research articles. It
was performed using a prespecified tool that was adapted to suit the needs of the topic
and study designs, from the Cochrane Collaboration’s recommended tools for randomised
and non-randomised study designs [21,22]. Two reviewers conducted RoB assessment
independently and any disagreements between them were resolved by a third reviewer.
The tool was structured into five domains through which bias might be introduced into
the results: (1) bias arising from the randomisation process; (2) bias due to the presence of
deviations from intended interventions; (3) bias due to the fact of missing outcome data;
(4) bias in measurement of the outcome; (5) bias in selection of the reported result. The
possible risk-of-bias judgements were: (1) low risk of bias; (2) some concerns; (3) high risk
of bias.

Only articles assessed to be at low risk of bias were considered for detailed data ex-
traction. The data extraction tool included targeted questions about intervention (category,
specific intervention and detailed description about intervention parameters), population
(i.e., live animal, skin and carcass surface), outcomes (microorganisms) measured, com-
parison group(s) and intervention efficacy results (concentration and prevalence data).
Data were first stratified by study design and conditions, then into specific predefined
intervention categories and, finally, by different outcome measures (Yersinia, ACC, EBC,
generic Escherichia coli count). Where data in articles were presented only in visual form,
such as graphs, and no other extractable data were present in the text, data on microbial
reduction were not considered due to the reduced precision, and these articles were ex-
cluded. The detailed protocol followed for RoB assessment and data extraction is provided
in the Supplementary Materials.

2.5. Random-Effect Meta-Analysis and Reporting

Data were first stratified by the study design and conditions (commercial abattoir
or laboratory), then into specific groups for interventions and, finally, grouped together
for different microbiological outcomes. If comparison groups had three or more trials
that were eligible for meta-analysis, then the mean CFU/cm2, CFU/100 cm2, and their
respective standard deviations (SDs) or standard error of means (SEMs) were extracted from
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studies measuring concentration outcomes. For prevalence outcomes, only the number of
positives in each group was extracted. If only the SEM was available, then a pooled SD was
calculated. Trials without a direct comparison group were presented in a tabulated form.
Random effects models were calculated using R (version 1.3.1093), including packages
meta and metaphor [23–25]. These were pooled risk ratios (RRs) for prevalence outcomes
and pooled log mean differences for concentration outcomes. If the RR was less than 1,
this indicated a lower risk in the intervention group compared to the control one, whereas
if the RR was greater than 1, it indicated an increased risk for the intervention group,
suggesting the intervention may not be effective. Confidence intervals were also extracted.
Weights in the random-effects meta-analysis were based on the size of each study (i.e.,
number of observations). Forest plots were created to summarise the effects and visualise
heterogeneity measures. The results were then summarised and presented in a tabulated
form with selected forest plots presented in the main text, while the remaining are available
in the Supplementary Materials. Heterogeneity was assessed using I2, which measures the
percentage of variability in the effect size, which is not result of sampling error [26,27]. If
I2 values were greater than 50%, heterogeneity was considered as high, values between
25 and 50% were considered as moderate heterogeneity, whereas values less than 25%
represented low levels of heterogeneity. A test for heterogeneity was performed (Cochran’s
Q-Statistic), which evaluates the null hypothesis that all studies evaluate the same effect.
The resultant p-values were also presented; values less than 0.05 indicated that the studies
were significantly heterogeneous. Therefore, the resultant forest plots can be split into
three groups: those that were homogenous (p > 0.05 on the test for heterogeneity), those
that were moderately heterogeneous (p < 0.05, I2 ≤ 60%) and those that were highly
heterogeneous (p < 0.05, I2 > 60%).

3. Results

3.1. Study Characteristics and Risk of Bias Assessment

The results from the systematic review, risk-of-bias assessment and data analysis
are shown in Figure 1. Of the 17,340 articles retrieved in the database search and search
verification, following the deduplication, 11,480 were screened at title and abstract levels
for relevance. After screening, 152 articles were procured as full articles and checked
for relevance using eligibility criteria, of which 74 reported interventions in pigs from
lairage to chilling. For the purpose of this paper, articles reporting data on non-Salmonella
outcomes (54 in total) were further checked for extractable data (i.e., data with measures
of variability and excluding graphical format). The finalised list for subsequent risk-
of-bias assessment included 25 articles (key characteristics shown in Table 1). These
were twelve before-and-after trials, nine controlled trials, seven challenge trials and one
cohort study.

Most studies on interventions in pigs, and the selected outcomes, were conducted in
Europe (64%), followed by North America (24%). The majority of studies were conducted
under commercial abattoir conditions (69.2%), followed by laboratory conditions (23.1%).
Most of the studies investigated pig carcass prechilling interventions, chilling (air, spray
and blast chilling) or standard processing procedures/GHP. Scalding and singeing were
investigated in four studies each (10.3%) and lairage interventions were investigated in
only two studies (5.1%). Among microorganisms, indicator bacteria (predominantly ACC)
were investigated the most, and Yersinia enterocolitica in only six studies (13.3%) (Table 1).

Overall, 22 articles were judged to be at low risk of bias (and progressed to data
extraction), two articles had some concerns, and one article was judged to be at high risk of
bias. The main concerns for controlled trials, cohort trials and challenge trials were bias
arising from the randomisation process, whereas only a limited number of before-and-after
trials were associated with a similar risk of bias. The results from the RoB assessment
process for the 25 articles are presented in Figure 2 in the form of weighted bar plots of the
distribution of risk-of-bias judgements within each bias domain.
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Figure 1. Flow chart of the systematic review and meta-analysis process.

 

Figure 2. Distribution of risk of bias judgement within each bias domain for all 25 articles investigating
pig interventions.
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Table 1. Key characteristics of 25 relevant articles on pig interventions.

Article Characteristic Number of Articles 1 %

Region
North America 6 24%

Europe 16 64%
Australia/South Pacific 1 4%

Asia/Middle East 2 8%
Central and South America/Caribbean 0 0

Africa 0 0
Document type
Journal article 25 100%

Thesis 0 0
Conference paper 0 0

Government or research report 0 0
Study design
Challenge trial 7 24.1%

Before-and-after trial 12 41.4%
Controlled trial 9 31%
Cohort study 1 3.4%

Study conditions
Laboratory conditions 6 23.1%

Commercial abattoir conditions 18 69.2%
Research/pilot plant 2 7.7%

Intervention category/subcategory
Pig handling in lairage 2 5.1%

Scalding 4 10.3%
Singeing 4 10.3%

Other standard processing procedures/GHP 8 20.5%
Carcass prechilling interventions 12 30.8%

Chilling, spray chilling, blast chilling 9 23.1%
Outcomes investigated

Aerobic colony count 17 37.7%
Enterobacteriaceae count/prevalence 9 20.0%

Generic E. coli count/prevalence 12 26.6%
Yersinia enterocolitica count/prevalence 6 13.3%
Yersinia pseudotuberculosis prevalence 1 2.2%

Risk-of-bias concerns
Low 22 88%

Some concerns 2 8%
High 1 4%

1 Although the number of included articles was 25, the number of articles per category may not be equal,
as often studies incorporated more than one study condition and/or intervention category and investigated
multiple outcomes.

3.2. Random-Effects Meta-Analysis

For reasons of brevity, the results on the meta-analysis summary effects are shown
below in tabulated form (Tables 2–5). Furthermore, three examples of forest plots are also
given (Figures 3–5), and the remaining forest plots can be found in the Supplementary
Materials. The results of the interventions for which there were not enough trials for a
direct comparison of intervention effects are also presented in the Supplementary Materials.

3.2.1. Preslaughter and Lairage Interventions

Regarding the investigated outcomes, no studies were identified that reported logistic
slaughter, and only two studies reported lairage holding time [28] or misting pigs with
disinfectant [29]. Six trials from one study found that Enterobacteriaceae counts in pig caecal
content increased with an increase in both feed withdrawal time and lairage holding time
(MD: 0.48, 95% CI: −0.10 to 1.06, I2 = 77%) [28]. Misting live pigs with disinfectant reduced
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Enterobacteriaceae counts on pig skin significantly when compared to water misting alone in
only one trial (MD: −1.36, 95% CI: −2.91 to −0.19) [29].

3.2.2. Standard Processing Procedures and GHP-Based Measures

Table 2 summarises the overall meta-analysis estimates of interventions’ effects for
standard processing procedures and GHP-based measures such as scalding, dehairing,
singeing, polishing, water washing, rectum sealing, alternative pluck removal and standard
fat trimming.

Several studies investigated the efficacy of scalding in reducing indicator bacteria
counts, with sufficient data to calculate meta-regression summary effects. Eight before-and-
after trials showed that scalding under commercial abattoir conditions effectively reduced
Enterobacteriaceae prevalence on pig carcasses (RR: 0.05, 95% CI: 0.02 to 0.12, I2 = 87%). In
addition, 14 before-and-after trials from three studies showed that scalding significantly
reduced ACC on pig carcasses by 2.84 log10 CFU/cm2 (MD: −2.84, 95% CI: −3.50 to −2.18,
I2 = 99%). Another effective standard processing procedure for reducing Enterobacteriaceae
prevalence and ACC on pig carcasses was singeing (RRL 0.25, 95% CI: 0.14 to 0.44, I2 = 90%
and MD: −1.95, 95% CI: −2.40 to −1.50, I2 = 96%, respectively). In contrast, eight before-
and-after trials investigating carcass water washing had a negligible effect in reducing
Enterobacteriaceae prevalence (RR: 0.87, 95% CI: 0.80 to 0.94, I2 = 19%), while it increased the
risk of carcass contamination with generic E. coli (RR: 1.09, 95% CI: 0.94 to 1.27, I2 = 26%).
Water washing did not reduce ACC on pig carcasses as shown in 20 trials (MD: −0.12, 95%
CI: −0.35 to 0.11, I2 = 90%).

Furthermore, rectum sealing, investigated in two studies with 18 controlled trials,
effectively reduced the prevalence of Y. enterocolitica on pig carcasses (RR: 0.60, 95% CI: 0.41
to 0.89, I2 = 0%) (Figure 3). An alternative method with anal plugging prior to scalding
and dehairing was investigated in only one study and reduced EBC around the anuses of
plugged carcasses by 1.10 log CFU/cm2 compared with unplugged carcasses [30].

Expectedly, other standard processing procedures for carcasses, such as dehairing, pol-
ishing and standard fat trimming, were ineffective in reducing the prevalence or log counts
of indicator bacteria and more often led to increase in contamination (Table 2). Dehairing
increased ACC by 1.94 log10 CFU/cm2 (MD: 1.94, 95% CI: 1.67 to 2.11, I2 = 97%), while
also significantly increasing the prevalence of Enterobacteriaceae (RR: 17.36, 95% CI: 6.88 to
43.75, I2 = 89%). Polishing at best did not change ACC or prevalence of Enterobacteriaceae,
and similar results were reported with standard fat trimming (Table 2). One alternative
pluck removal procedure, where the pluck set was partially removed, leaving the highly
contaminated oral cavity, tonsils and tongue in place, did not meaningfully reduce the
prevalence of Y. enterocolitica, Enterobacteriaceae and generic E. coli, and did not reduce ACC.

Table 2. A summary of the overall meta-analysis estimates of the interventions’ effects for standard
processing procedures and good hygiene practices on pig carcasses.

Intervention Microorganism a
Study Design/

Conditions (No. of
Studies/Trials) ‡

RR (95% CI) or
MD (95% CI)

Heterogeneity
I2 (%) *

p-Value * Reference(s)

Scalding EBC BA/Comm (1/8) RR 0.05 (0.02, 0.12) High (87%) <0.01 [15]

Scalding ACC BA/Comm (4/14) MD −2.48 (−3.50,
−2.18) High (99%) 0 [11,15,31,32]

Dehairing EBC BA/Comm (1/8) RR 17.36 (6.88, 43.75) High (89%) <0.01 [15]
Dehairing ACC BA/Comm (3/12) MD 1.94 (1.67, 2.21) High (97%) <0.01 [11,15,31]
Singeing EBC BA/Comm (1/4) RR 0.25 (0.14, 0.44) High (90%) <0.01 [15]

Singeing ACC BA/Comm (3/9) MD −1.95 (−2.4,
−1.5) High (96%) <0.01 [11,15,32]

Polishing EBC BA/Comm (1/8) RR 1.01 (0.8, 1.28) High (86%) <0.01 [15]
Polishing ACC BA/Comm (3/12) MD 0.19 (−0.51, 0.89) High (100%) 0 [11,14,15]
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Table 2. Cont.

Intervention Microorganism a
Study Design/

Conditions (No. of
Studies/Trials) ‡

RR (95% CI) or
MD (95% CI)

Heterogeneity
I2 (%) *

p-Value * Reference(s)

Water washing ACC CT_BA/Comm
(4/20)

MD −0.12 (−0.35,
0.11) High (90%) <0.01 [14,15,31,33]

Water washing EBC BA/Comm (1/8) RR 0.87 (0.8, 0.94) Low (19%) 0.28 [15]
Water washing Generic E. coli BA/Comm (1/8) RR 1.09 (0.94, 1.27) Low (26%) 0.22 [33]

Rectum sealing Yersinia
pseudotuberculosis CT/Comm (1/5) RR 1.33 (0.24, 7.49) Low (38%) 0.17 [12]

Rectum sealing Yersinia
enterocolitica CT/Comm (2/18) RR 0.6 (0.41, 0.89) Low (0%) 0.88 [12,34]

Pluck removal EBC CT/Comm (1/3) RR 0.98 (0.94, 1.03) Low (0%) 0.56 [13]

Pluck removal Yersinia
enterocolitica CT/Comm (1/3) RR 0.33 (0.03, 3.18) Low (0%) 1.00 [13]

Pluck removal Generic E. coli CT/Comm (1/3) RR 0.87 (0.68, 1.11) High (71%) 0.03 [13]

Pluck removal ACC CT/Comm (1/3) MD −0.04 (−0.3,
0.21) Low (34%) 0.22 [13]

Standard fat
trimming EBC BA/Comm (1/8) RR 1.16 (1.01, 1.33) High (71%) <0.01 [15]

Standard fat
trimming ACC BA/Comm (1/8) MD 0.06 (−0.16, 0.27) High (95%) <0.01 [15]

‡ CT—controlled trial; BA—before-and-after trial; Comm—commercial abattoir conditions. a ACC—aerobic colony
count; EBC—Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for heterogeneity; moderately
heterogeneous: p < 0.05, I2 ≤ 60%; highly heterogeneous: p < 0.05, I2 > 60%.

Figure 3. Forest plot of the results of controlled trials performed under commercial abattoir conditions
to investigate the efficacy of rectum sealing in reducing Yersinia enterocolitica prevalence on pig
carcasses [12,34].

3.2.3. Prechilling Carcass Interventions

Data for only four hazard-based interventions for pig carcasses applied at the prechilling
stage were available from the literature; interventions were hot water washing, lactic acid
or acidified sodium chlorite (ASC) washing and novel pulsed light treatment (Table 3). Hot
water washing investigated under commercial abattoir conditions significantly reduced
the prevalence of generic E. coli on pig carcasses (RR: 0.31, 95% CI: 0.15 to 0.64, I2 = 91%)
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(Figure 4). It also significantly reduced ACC (MD: −1.32, 95% CI: −1.93 to −0.71, I2 = 93%)
and generic E. coli count on pig carcasses (MD: −1.23, 95% CI: −1.89 to −0.57, I2 = 61%)
(Table 3). Challenge trials conducted under laboratory conditions found that lactic acid
wash reduced EBC by 0.72 log10 CFU/cm2 (MD: −0.72, 95% CI: −1.40 to −0.05, I2 = 98%)
and ACC by 1.07 log10 CFU/cm2 (MD: −1.07, 95% CI: −1.33 to −0.81, I2 = 93%) on pig car-
cass meat. Another single study investigating prechilling lactic acid carcass spray efficacy
after 24 h chilling found reductions of 0.49–1.05 log10 CFU/cm2 for ACC and of 0.73–1.38
log10 CFU/cm2 in generic E. coli count [35] (Supplementary Materials).

In 36 trials investigating pulsed light treatment, a significant reduction of 1.68 log10
CFU/cm2 in Y. enterocolitica on pig carcass meat (MD: −1.68, 95% CI: −1.99 to −1.37,
I2 = 97%) was demonstrated. ASC wash was investigated in only one study with two trials;
therefore, meta-analysis summary estimates were not calculated. However, two trials found
RRs of 0.13 and 0.43 in reducing the prevalence of generic E. coli and mean reductions
of 0.47–1.30 log10 CFU/cm2 for ACC and 1.05–1.64 log10 CFU/cm2 for generic E. coli
count [36] (Supplementary Materials).

Table 3. A summary of the overall meta-analysis estimates of the interventions’ effects for pig carcass
interventions: hot water washing, lactic acid washing and pulsed light treatment.

Intervention Microorganism a
Study Design/

Conditions (No. of
Studies/Trials) ‡

RR (95% CI) or
MD (95% CI)

Heterogeneity
I2 (%) *

p-Value * Reference(s)

Hot water
washing Generic E. coli CT_BA/Comm

(3/6) RR 0.31 (0.15, 0.64) High (91%) <0.01 [36–38]

Hot water
washing Generic E. coli CT_BA/Comm

(2/4)
MD −1.23 (−1.89,

−0.57)
Moderate

(61%) 0.05 [36,38]

Hot water
washing ACC CT_BA/Comm

(3/8)
MD −1.32 (−1.93,

−0.71) High (93%) <0.01 [36–38]

Lactic acid
washing EBC ChT/Lab (2/6) MD −0.72 (−1.40,

−0.05) High (98%) <0.01 [39,40]

Lactic acid
washing ACC ChT/Lab (2/12) MD −1.07 (−1.33,

−0.81) High (93%) <0.01 [39,40]

Pulsed light
treatment

Yersinia
enterocolitica ChT/Lab (1/36) MD −1.68 (−1.99,

−1.37) High (97%) <0.01 [41]

‡ CT—controlled trial; BA—before-and-after trial; ChT—challenge trial; Comm—commercial abattoir conditions.
a ACC—aerobic colony count; EBC—Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for
heterogeneity; moderately heterogeneous: p < 0.05, I2 ≤ 60%; highly heterogeneous: p < 0.05, I2 > 60%.

Figure 4. Forest plot of the results of combined controlled trials and before-and-after trials performed
under commercial abattoir conditions to investigate the efficacy of hot water washing in reducing
generic E. coli prevalence on pig carcasses [36–38].

3.2.4. Chilling

Three different methods of chilling were studied: conventional dry, blast and water
spray chilling. Conventional dry chilling produced more consistent reductions in indica-
tor bacteria counts, whereas other methods of chilling, such as combination of blast and
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conventional chilling, produced mixed results (Table 4). In four before-and-after trials
under commercial conditions, conventional dry chilling effectively reduced Enterobacte-
riaceae prevalence on pig carcasses (RR: 0.32, 95% CI: 0.21 to 0.48, I2 = 81%). Likewise,
fifteen before-and-after trials showed a small but significant 0.36 log10 CFU/cm2 reduction
in ACC (MD: −0.36, 95% CI: −0.61 to −0.12, I2 = 94%). Conventional chilling also signif-
icantly reduced ACC (MD: −1.77, 95% CI: −2.54 to −1.01, I2 = 35%) and generic E. coli
count (MD: −2.44, 95% CI: −3.93 to −0.95, I2 = 89%) in four challenge laboratory trials on
pig carcass meat.

Blast chilling followed by conventional dry chilling reduced prevalence of Enterobac-
teriaceae on pig carcasses (RR: 0.10, 95% CI: 0.02 to 0.47, I2 = 78%), but not the prevalence
of generic E. coli (RR: 0.61, 95% CI: 0.34 to 1.11, I2 = 50%) or ACC (MD: −0.17, 95% CI:
−0.47 to 0.12, I2 = 93%) in four before-and-after trials conducted under commercial abattoir
conditions. In four challenge trials, blast chilling produced similar reduction effects as
conventional dry chilling for ACC (MD: −1.70, 95% CI: −2.81 to −0.59, I2 = 57%) and
generic E. coli count (MD: −2.64, 95% CI: −4.56 to −0.73, I2 = 94%) on pig carcass meat.

Blast chilling followed by water spray chilling largely did not reduce the prevalence
of Enterobacteriaceae (RR: 0.55, 95% CI: 0.34 to 0.90, I2 = 46%) and actually led to increased
ACC (MD: 0.01, 95% CI: −1.00 to 2.22, I2 = 88%) on pig carcass meat in trials conducted
under commercial abattoir conditions.

Table 4. A summary of the overall meta-analysis estimates of the interventions’ effects for different
chilling methods on pig carcasses.

Intervention Microorganism a
Study Design/

Conditions (No. of
Studies/Trials) ‡

RR (95% CI) or
MD (95% CI)

Heterogeneity
I2 (%) *

p-Value * Reference(s)

Conventional
dry chilling EBC BA/Comm (1/4) RR 0.32 (0.21, 0.48) High (81%) <0.01 [15]

Conventional
dry chilling ACC BA/Comm (4/15) MD −0.36 (−0.61,

−0.12) High (94%) <0.01 [11,15,33,
42]

Blast and
conventional

chilling
EBC BA/Comm (1/4) RR 0.1 (0.02, 0.47) High (78%) <0.01 [15]

Blast and
conventional

chilling
Generic E. coli BA/Comm (1/4) RR 0.61 (0.34, 1.11) Low (50%) 0.11 [33]

Blast and
conventional

chilling
ACC BA/Comm (3/10) MD −0.17 (−0.47,

0.12) High (93%) <0.01 [15,32,33]

Blast and water
spray chilling EBC BA/Comm (2/3) RR 0.55 (0.34, 0.9) Low (46%) 0.16 [33,43]

Blast and water
spray chilling ACC BA/Comm (2/3) MD 0.01 (−1.0, 2.22) High (88%) <0.01 [33,43]

Blast chilling Generic E. coli ChT/Lab (1/4) MD −2.64 (−4.56,
−0.73) High (94%) <0.01 [44]

Blast chilling ACC ChT/Lab (1.4) MD −1.7 (−2.81,
−0.59) Low (57%) 0.07 [44]

Blast vs
conventional

chilling
ACC ChT/Lab (1.4) MD −0.04 (−1.02,

0.94) Low (30%) 0.23 [44]

Conventional
dry chilling ACC ChT/Lab (1/4) MD −1.77 (−2.54,

−1.01) Low (35%) 0.20 [44]

Conventional
dry chilling Generic E. coli ChT/Lab (1/4) MD −2.44 (−3.93,

−0.95) High (89%) <0.01 [44]

‡ BA—before-and-after trial; ChT—challenge trial; Comm—commercial abattoir conditions. a ACC—aerobic
colony count; EBC—Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for heterogeneity; moder-
ately heterogeneous: p < 0.05, I2 ≤ 60%; highly heterogeneous: p < 0.05, I2 > 60%.
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3.2.5. Multiple Interventions

Several studies conducted under commercial abattoir conditions investigated the
effects of multiple interventions sequentially applied on the slaughterline. The majority
of these trials investigated the efficacy of sequential use of scalding, dehairing, singeing,
polishing, trimming, water washing (with or without prechilling lactic acid spray) and
blast and/or dry chilling (Table 5). Eight before-and-after trials investigating multiple
interventions showed they effectively reduced Enterobacteriaceae prevalence on pig carcasses
(RR: 0.11, 95% CI: 0.05 to 0.23, I2 = 94%). Similarly, another fifteen before-and-after trials
found significant reductions (2.85 log10 CFU/cm2) of ACC on pig carcasses (MD: −2.85,
95% CI: −3.33 to −2.37, I2 = 97%) (Figure 5). In only one study/trial that investigated
the sequential use of scalding, dehairing, singeing and scraping, reductions achieved
for ACC, EBC and generic E. coli were 0.87 log10 CFU/cm2, 2.15 log10 CFU/cm2 and
2.20 log10 CFU/cm2, respectively [31].

Table 5. A summary of the overall meta-analysis estimates of the multiple intervention effects on
pig carcasses.

Intervention Microorganism a
Study Design/

Conditions (No. of
Studies/Trials) ‡

RR (95% CI) or
MD (95% CI)

Heterogeneity
I2 (%) *

p-Value * Reference(s)

Multiple ** EBC BA/Comm (1/8) RR 0.11 (0.05, 0.23) High (94%) <0.01 [15]

Multiple *** ACC BA/Comm (4/15) MD −2.85 (−3.33,
−2.37) High (97%) <0.01 [11,15,32,35]

‡ BA—before-and-after trial; Comm—commercial abattoir conditions. a ACC—aerobic colony count; EBC—
Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for heterogeneity; moderately heterogeneous: p
< 0.05, I2 ≤ 60%; highly heterogeneous: p < 0.05, I2 > 60%. ** Interventions including scalding, dehairing, singeing,
polishing, trimming, water washing and blast and/or dry chilling. *** Interventions including scalding, dehairing,
singeing, polishing, water washing and/or lactic acid washing and blast/dry chilling.

Figure 5. Forest plot of the results of before-and-after trials performed under commercial abattoir
conditions to investigate the efficacy of multiple interventions in reducing aerobic colony count (log10

CFU) on pig carcasses [11,15,32,35].

4. Discussion

The aim of this study was to analyse a range of abattoir interventions and to identify
those that have a significant reduction effect on microorganisms of concern (i.e., indicator
bacteria and Yersinia spp.) using the statistical power of a meta-analysis tool. Overall,
30 years of literature were reviewed, and following a structured and stringent review pro-
cess, 22 articles were found eligible to conduct a meta-analysis. The final outcomes were
48 forest plots and 40 meta-analysis summary effects generated. Data were included for
interventions from the preslaughter stage (i.e., lairage holding time, feed withdrawal and
misting pigs with disinfectant), standard processing procedures for pig carcasses, hazard-
based prechilling interventions and multiple carcass interventions, to the final chilling
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stage. Despite the fact that this systematic review included such a large body of literature
and investigated interventions for four microorganisms, the main findings and concerns are
that pig interventions are not a well-researched area, and there are significant gaps in the
literature. Furthermore, even when some studies existed for a given intervention/outcome,
more than half of identified eligible studies either did not report measures of variability,
which are essential for meta-analysis or had data presented in difficult-to-extract graph
format. In line with the problems with methodological study design in some of the articles
reviewed, the data reporting was a significant obstacle in obtaining more useful data for
analysis purpose. Among 40 pooled meta-analysis summary effects (pooled risk ratios
(RRs), for prevalence outcomes, or pooled log mean difference for concentration outcomes),
only 13 were with low or moderate heterogeneity (and, therefore, we had better confi-
dence in the results). Meta-analysis is a useful analytical tool for combining the results
of multiple primary research studies into a weighted, average estimate for, in our case,
intervention effect. The limitation of this analysis could be that, even though every effort
was made to stratify data into the most similar subgroups, sometimes within-subgroup
data likely resulted from studies/trials with recorded or unrecorded differences. This
stratification approach was chosen for pragmatic reasons to combine a sufficient number
of trials for meta-analysis, wherever it was possible, from a limited pool of data. As a
consequence, details about intervention application parameters (e.g., acid concentration,
temperature, duration) and differences between study sampling and laboratory methods
were not investigated as possible sources of variation in intervention effects across studies.
These and other study factors could well contribute to the heterogeneity in effects observed
for many intervention categories, but it was beyond the scope of this systematic review
and meta-analysis to investigate these factors in detail. However, the created forest plots
contain sufficient information and description about analysed interventions. Overall, this
systematic review clearly has identified a lack of large, controlled trials conducted under
commercial conditions, with sound study design and adequate reporting of intervention
protocols. This was particularly case with hazard-based, prechilling interventions at slaugh-
ter, and particularly for Yersinia spp. This was surprising given that carriage of Yersinia
enterocolitica on pig tonsils and prevalence on pig carcasses at slaughter can be as high as
90% and 60%, respectively, and up to 30% in raw pork [7]. Inadequate reporting of proto-
cols, lack of addressing any confounders, inappropriate choice of outcome measurement
units when expected microbial counts were low and faults in reporting of results (e.g., lack
of measures of variability) were common and reduced further the already sparse pool of
scientific data in this area.

The microbial status of pig carcasses on the slaughterline depends on many factors,
including preslaughter hygiene and animal cleanliness. Stress factors during transport
and lairage can provoke the shedding of bacteria, including pathogens, increasing the risk
of faecal contamination of carcasses during slaughter [3,28]. Lairage time and direct or
indirect contact of groups of pigs during lairaging prior to slaughter influence the bacterial
load of carcasses or the occurrence of pathogens in lymphoid tissues [45,46]. For example,
a higher prevalence of Y. enterocolitica was found in the tonsils of pigs slaughtered in the
slaughterhouses where pigs were held in the lairage pens separated by a fence that allowed
contact between the pigs (40% and 52%), than in the tonsils of pigs slaughtered in the
slaughterhouse that had a solid wall between lairage pens thus preventing contact between
pigs (29%) [47]. Moreover, in one study, a higher prevalence of Salmonella was found
in pigs in the lairage than in the farm of origin [6]. Considering the outcomes included
in the present systematic review, only one cohort study on lairage interventions with
six trials was eligible to conduct a meta-analysis [28]. This showed that feed withdrawal
time and holding time in lairage have no significant effect on Enterobacteriaceae count in
pig caecal content and likely no effect in their further spread on the slaughterline during
slaughter and dressing. However, the lairage is known to be a source of contamination with
Salmonella [48]; thus, it is important that further research is conducted to assess effective
ways to reduce contamination before pigs enter the slaughterline.
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Standard processing procedures and good hygienic practices in pig slaughtering are
designed to maintain high levels of hygiene and produce final carcasses with low micro-
bial load. Various slaughter operations affect the bacterial status of pig skin, offal and
carcasses in a positive or negative way, i.e., they can increase contamination or reduce the
microbial load [1]. Thermal treatments are a well-known hurdle used to reduce bacterial
contamination and are used to varying degrees in pig carcass scalding (with warm water),
singeing (open-flame gas burning) or spraying/washing (hot water, steam). The present
meta-analysis identified that within standard processing procedures, scalding and singeing
were the most effective in reducing Enterobacteriaceae prevalence and ACC on pig carcasses
(by around 2 logs). Although their primary purpose is dehairing, they contribute to the
reduction of microbial contamination of pig carcasses [1]. Scalding time and temperatures
vary from abattoir to abattoir, and differences in these parameters produce different reduc-
tions of microbial contamination [15,31]. The current meta-analysis found dehairing and
polishing, on the other hand, increased the counts and/or prevalence of aerobic bacteria
and Enterobacteriaceae, as expected. Dehairing machines are always contaminated with
bacteria and are washed with recirculated hot water only. A recent study reported that
recycled water in the dehairing process is the main source of contamination of pig carcasses
with Salmonella at the abattoir [49]. It is also generally accepted that subsequent polishing
facilitates the redistribution of any surviving bacteria from the singeing process throughout
the pig carcass [11]. In this meta-analysis, we found that polishing at best did not change
ACC or prevalence of Enterobacteriaceae. Other GHP measures investigated provided mixed
results. For example, water washing only negligibly reduced the prevalence of Enterobacteri-
aceae and ACC, and slightly increased prevalence of generic E. coli. Furthermore, combined
effects of sequential use of several standard processing procedures (scalding, dehairing,
singeing and scraping) achieved reductions in ACC, EBC and generic E. coli counts of up
to 2 logs, although only one study/trial was eligible for this meta-analysis [31]. This was
expected, as usually two or more interventions applied sequentially produce a larger effect
than any individual intervention [16].

The evisceration procedure on the slaughterline is one of the most critical steps,
which begins with the loosening and sealing of the rectum. The general purpose of this
hygienic procedure is to avoid faecal contamination of the carcass and organs. Data
analysis showed its efficacy in reducing Y. enterocolitica prevalence on carcasses, suggesting
that this procedure should always be applied. In addition, the data analysis revealed
strong evidence, derived from laboratory trials, of the efficacy of pulsed light to reduce
Y. enterocolitica on pig carcasses. Pathogenic Y. enterocolitica is a priority hazard to control in
pork production and more data are needed for its effective control in the meat chain [50,51].
The present systematic review did not identify any other published studies investigating
other potentially relevant interventions to reduce Y. enterocolitica on carcasses. Thus, the
effectiveness of interventions in reducing Y. enterocolitica on pig carcasses is an insufficiently
researched area, and there is a serious lack of data in this respect.

In some abattoirs, carcass interventions are used with the aim of reducing bacterial
loads and the carriage of pathogens detected at farm level. This includes hazard-based
interventions, such as hot water washing. Combinations of controlled and before-and-
after trials conducted under commercial abattoir conditions showed hot water washing
effectively reduces the prevalence and counts of generic E. coli and ACC, by around
1 log. Hot water washing is also a very effective intervention commonly used for beef
carcasses [16]. In Denmark, hot water washing is used on pig carcasses from batches
originating from Salmonella-positive pig herds. It has been found to be more cost-effective
than steam vacuum and lactic acid washing [52,53].

Lactic acid washing also significantly reduced EBC and ACC on pig carcass meat,
but data eligible for meta-analysis came only from studies investigated under laboratory
conditions. EFSA in 2018 issued a scientific opinion on the safety and efficacy of organic
acids for pig carcasses [54]. In its review, EFSA found that spraying pig carcasses with lactic
acid (2–5% solutions at temperatures of up to 80 ◦C) prior to chilling is of no safety concern
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(provided that the substances comply with the EU specifications for food additives) and
was efficacious compared to untreated control. However, EFSA could not conclude whether
lactic acid was more efficacious than water treatment when pig carcasses were sprayed at
the prechilling stage. EFSA’s review was systematic in nature and included 11 literature
sources (16 eligible experiments) on lactic acid but without meta-analysis. Some of analysed
literature sources were on pork meat cuts post-chill or ground pork (therefore, these were
excluded from our study), and some of them did not report measures of variability that
are needed for meta-analysis. Following a similar positive EFSA opinion from 2011 [55],
lactic acid was permitted for use in EU abattoirs (Regulation EC 101/2013) for beef carcass
washing [56]. Lactic acid washes are efficacious interventions for beef carcasses, usually
reducing indicator bacteria counts by 1–1.5 logs under commercial abattoir conditions [16].
Studies investigating other organic acids (e.g., acetic acid) and other chemical agents for
pig carcass washes were lacking or did not meet criteria for this meta-analysis.

Chilling is a procedure mandated by the legislation, and there are several methods
of chilling with varying degrees of effectiveness with regard to reducing microbial con-
tamination. Usually, dressed pig carcasses are blasted with air at approximately −8 ◦C
to −20 ◦C for up to 1 h to quickly reduce carcass temperature, and then the carcasses are
transferred to a conventional chiller at approximately 2 ◦C for the remaining chilling time.
Studies focusing on the effects of a combination of blast chilling followed by conventional
chilling and/or each individual chilling method showed inconsistent results [15,33]. It is
likely that the effectiveness of these interventions is influenced by temperature, air velocity,
humidity, and duration [33]. Furthermore, it is likely that some microbial reductions are
due to inactivation due to surface drying but also due to reduced viability of bacteria
to recover from chilling for subsequent growth and/or inability of swabbing method to
pick up bacteria cells from the dry surface. These factors hinder microbial detection, and
therefore, proper study design and using specific media to enable microbial recovery is
necessary when investigating the efficacy of chilling.

Multiple interventions when applied sequentially (scalding, dehairing, singeing, pol-
ishing, trimming, water washing (with or without prechilling lactic acid spray) and blast
and/or dry chilling) produced the biggest reductions of up to 3 logs of ACC and sig-
nificantly reduced the prevalence of Enterobacteriaceae on pig carcasses. Application of
multiple slaughterline interventions is expected to improve the overall microbial status
of carcasses and reduce risks further than do single interventions [16], particularly when
they are extended in an overall multiple-hurdle strategy with decontamination of resulting
portioned meat and pork trimmings [57]. Furthermore, use of interventions is necessary
in high risk situations (e.g., when an abattoir is unable to sufficiently reduce risks arising
from specific farms/animal batches by using process hygiene alone), to meet the targets
on chilled carcasses [16,53]. As such, pig interventions at abattoir stage (preslaughter and
slaughter) form an essential component of the meat safety assurance system.

5. Conclusions

This systematic review and meta-analysis were performed to assess the effectiveness
of abattoir interventions in reducing indicator bacteria counts (i.e., ACC, EBC and generic
E. coli count) and the count and/or prevalence of Yersinia spp. on pig carcasses. There were
noticeable gaps in the literature spanning 30 years on studies investigating pig interventions.
This was very clear, particularly with respect to interventions with proven efficacy in
some other meat species (e.g., beef carcasses), such as carcass steam pasteurisation and
organic acid washes (acetic acid and lack of data on lactic acid), and there is a distinct
lack of sufficient data on hot water washing and blast chilling. Several commercial trials
found that common standard processing procedures, such as scalding and singeing, are
very effective in reducing indicator bacteria counts. This meta-analysis found that pig
carcass scalding effectively reduces the prevalence of Enterobacteriaceae (RR 0.05) and ACC
(2.84 log10 CFU/cm2), as does singeing (RR: 0.25, and 1.95 log10 CFU/cm2, respectively).
Rectum sealing effectively reduces the prevalence of Y. enterocolitica on pig carcasses (RR
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0.60). A multiple hurdle approach that included the sequential application of carcass
interventions significantly reduces Enterobacteriaceae prevalence (RR: 0.11) and ACC on
carcasses (2.85 log10 CFU/cm2). Nevertheless, most of the data were generated from highly
heterogeneous studies and trials, likely due to the inherent differences between studies, but
also from the small number of studies/trials eligible for this meta-analysis. This indicates
that better designed research, with results presented numerically and with measures of
variability, is needed. This is particularly the case for Y. enterocolitica, which is a priority
pathogen for control in the pig meat chain. Overall, the results suggest that scalding,
singeing, washing with hot water and/or lactic acid, and dry chilling effectively reduce the
counts of indicator bacteria on pig carcasses. The meta-analysis also found evidence that
pathogenic Y. enterocolitica on pig carcasses is effectively reduced by the standard procedure
of rectum sealing; however, this was the only intervention for Yersinia investigated under
commercial conditions. All these effective interventions should be recommended for
commercial use in abattoirs and should form an essential part of integrated pig meat
controls. Furthermore, the data generated in this meta-analysis can be used for further
modelling and risk assessment work and for providing recommendations on the use of
specific interventions in pig abattoirs.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Abstract: In this study, the contribution of the ante mortem (AM) inspection and the food chain
information (FCI) to ensuring meat safety and public health was investigated, by evaluating the
slaughterhouse findings of 223,600 slaughtered dairy cows in the Netherlands. The outcome of this
study was that the ante mortem (AM) and post mortem (PM) inspections have a substantial overlap, and
that with regard to food safety and public health in over 99% of cases the PM could even be omitted
on the basis of the AM. In this study, the data provided by the dairy farmers on the current FCI forms
contributed little to nothing with regard to the outcomes of AM and PM inspection. It is concluded
that current meat inspection procedures need an update and a more risk-based approach needs to
be adopted. Regarding this, the AM inspection of dairy cattle should remain, because it plays an
important role in ensuring food safety (e.g., by preventing contamination of the slaughter line by
excessively dirty animals, or animals with abscesses), monitoring animal welfare and in detecting
some important notifiable diseases. The PM inspection, however, could in many cases be omitted,
provided there is a strict AM inspection complemented by a vastly improved (automated) way of
obtaining reliable FCI.

Keywords: meat safety; meat inspection; risk-based; legislation; veterinarian; official control

1. Introduction

Current meat inspection was originally designed in Europe in the late 19th century and
was almost entirely aimed at protecting the public’s health [1]. With increasing international
trade, detecting notifiable animal diseases soon became another important goal. The most
recent addition to its goals is monitoring animal welfare. For all of these reasons, all animals
destined for slaughter are subjected to a brief clinical examination by an official veterinarian
before they enter the slaughter line (i.e., the ante mortem inspection, AM) and a concise
pathological–anatomical examination after most of the internal organs have been removed
and made accessible for close inspection (i.e., the post mortem inspection, PM). These two
examinations together determine (i) whether an animal may be slaughtered for human
consumption, and (ii) if that slaughtered animal is fit for human consumption, so that its
meat and edible by-products may indeed enter the human food chain. The way AM and
PM are performed in the EU is currently laid down in the Official Controls Regulation EU
2017/625 and follows a strict protocol regardless of the age of the animals or any other
factor that may influence the possible outcomes and value of these procedures [2–4].

However, the threats to public health that can be associated with the slaughter of
animals have changed during the last century, whereas the system of meat inspection has
remained basically the same. Therefore, it seems that current meat inspection procedures
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are no longer adequate in protecting public health, and there is a need for a more risk-based
form of meat inspection [5].

At the time meat inspection was designed, virtually all zoonotic diseases that were of
primary concern had distinct clinical signs and/or caused distinct macroscopic pathological–
anatomical abnormalities, as, for example, was the case for tuberculosis, anthrax and
cysticercosis [1,6,7]. Currently, these zoonotic conditions do not play a significant role
in modern western countries or are no longer even considered to be a major health risk
anymore, such as bovine cysticercosis [8]. The currently important human health hazards
remain practically always undetected during AM and PM inspection. Examples of these
are animals that contain residues of veterinary drugs or environmental contaminants,
animals that are infected with Toxoplasma gondii, and animals that are fecal carriers of
Salmonella spp., E. coli O157:H7 or Extended Spectrum Beta Lactamase (ESBL) producing
Enterobacteriaceae [9–14].

Thus, the value of meat inspection with regard to its efficacy in protecting human
and animal health in situations where animals are raised in modern systems of husbandry
and provided with optimum health care may be seriously questioned [15]. Nowadays, the
main function of the AM meat inspection appears to be (a) preventing the contamination
of the slaughter line (e.g., by excessively dirty animals, or animals with an abscess), (b)
monitoring animal welfare, and (c) acting as a last line of defense with regard to several
notifiable animal diseases. Post mortem meat inspection, on the other hand, serves to
detect abnormalities that are almost entirely related to food quality and on-farm (health)
management issues [9,16–18].

This study was aimed at (a) assessing the value of the current EU meat inspection
procedures with regard to the condemnation of whole carcasses declared ‘not suitable
for human consumption’ (NHC) in the framework of the protection of public health, and
(b) gauging whether data from official meat inspections—as a proof of principle—can
potentially be used for determining which AM or PM procedures could, in a particular
situation, be revised or even omitted (i.e., to transform our current system into a more
flexible and risk-based one).

2. Materials and Methods

2.1. Population and Slaughterhouse

The slaughter of dairy cows was chosen as a test-case, because the slaughter of this
group probably best resembles the situation for which meat inspection was originally
designed. When compared to the slaughter of pigs or poultry, the number of animals from
a farm sent to slaughter in one shipment is relatively low and the animals are also far more
diverse with regard to the circumstances they were kept under, as well as their genetic
make-up. Furthermore, dairy cows are currently the animals that, at the time of slaughter,
display the largest variations in age and disease history [19].

For this study, the data from 223,600 animals that were slaughtered in 2014 and 2015
in the largest cattle slaughterhouse in the Netherlands were used. This slaughterhouse is
considered to be representative for the entire Dutch situation, since the only difference with
the other slaughterhouses was the scale of operations and not, for example, the type of
breeds slaughtered or the regions from where the animals originated.

2.2. Data Sources and Management

The main data regarding the results of the AM and PM inspections came from the
database for the Registration of Slaughter Findings (Registratie Slacht Gegevens, RSG) of
the Netherlands Food and Consumer Product Safety Authority (NVWA) [19] and from the
individual findings during the inspections of each animal as written by hand on official
forms from the NVWA, also called “VOS forms” (Verzamelstaat Onderzoeksgegevens
Slachtdieren, i.e., Summary Findings Meat Inspection) [20]. On these VOS forms, all
relevant findings of the AM and PM inspection are briefly noted by the official veterinarians,
including the final decision regarding the carcass and organs.
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The Identification and Registration (I&R) data came from the official database for the
registration of animals in the Netherlands. These data were needed for determining the
location of the farms of origin, the age of the animals, their parity and their breed.

The individual Food Chain Information (FCI) forms were included in this study, when
any relevant information was available. Food Chain Information is legally required for all
animals to be slaughtered for human consumption (as laid down in EU regulation 853/2004,
annex II, Section III) [5].

As a first step, all 223,600 VOS forms from 2014 and 2015 were—in a period of several
months—thoroughly read. All the VOS forms of animals that were declared not suitable
for human consumption (NHC) at the post mortem examination (PM) were used as a basis,
and put in a spreadsheet together with the information about the AM inspection results,
the information from the FCI forms, and information from the RSG and I&R databases.
All data from 3933 individual NHC animals thus gathered were subsequently used for
further analyses.

2.3. Definitions and Categorizations

The criteria determining whether an animal is suitable for human consumption are
laid down in European legislation [4]. If an animal is declared ´NHC’ by the official
veterinarian, Regulation EU 2017/625 considers it by definition an unacceptable risk for
food safety and/or public health, irrespective of the variety of underlying causes and
diagnoses that can be made. Thus, we considered for this study the declaration of an
animal as ‘NHC’ as our end point, too.

In this study, we have analyzed the number of animals considered suitable for human
consumption (SHC) after post mortem inspection and the number of NHC animals as related
to their ante mortem inspection (AM) data and/or their FCI forms, and whether there was a
pattern to be seen between these findings and the PM results.

Animals with no clinical findings at ante mortem inspection were assigned to a group
that was called Ante Mortem-1 (AM-1). If there were remarks on ante mortem inspection,
such animals were placed either in a group of animals showing local deformities that was
called Ante Mortem-2 (AM-2), or in a group we called Ante Mortem-3 (AM-3). The latter
group consisted of animals with remarks about their habitus (e.g., abnormal postures,
abnormal coats, general signs of discomfort, fatigue, emaciation, etc.), but which were not
considered to be sick and/or otherwise unfit to be slaughtered for human consumption.
Animals that were declared unfit to be slaughtered at AM inspection were by definition
excluded from the spreadsheet.

Likewise, the origin (province), parity and the breed of the animals were included
in the analysis. For this, the breeds were categorized as ‘Holstein-Friesian’ (HF), ‘Meuse
Rhine IJssel’ (MRIJ) or ‘other breeds’. Parity was considered as a proxy for age.

Finally, with the aid of simple 2 × 2 tables, we looked into some of the test character-
istics and measures of agreement between the FCI forms and the AM results, using the
PM results (NHC or SHC) as the “gold standard”. This was because these two elements of
the meat inspection procedures can also be considered as diagnostic (screening) tests for
sieving out animals that pose a hazard to the consumers’ health.

2.4. Statistical Analysis

All analyses were carried out in R (free software environment for statistical computing
and graphics). The number of NHC cases was analyzed using logistic regression analysis
with, as independent variables: province, ante mortem information, breed and number of
calvings. To see if the ante mortem effect on the number of NHC depended on province, an
“ante mortem–province interaction” was added to the model.

For similar reasons, a “breed–ante mortem” interaction and “number of calvings–ante
mortem interactions” were added to the model. Akaike’s Information Criterion (AIC) was
used for model reduction. For the effects that were important according to the AIC odds-
ratios and their profile (log-) likelihood confidence intervals were calculated. The log odds
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ratio for AM-2 (only local deformities) or AM-3 (aberrant habitus) were calculated against
the AM-1 group (no abnormalities at the time of AM inspection).

For the number of calvings, a Poisson model was used with province and breed as
independent variables. For important effects according to the AIC, odds-ratios and their
95% profile (log-) likelihood confidence intervals were calculated. (The complete results of
this analysis and the R-script used are included in the Supplementary Results section as
File S1 R-output and File S2 R-script).

3. Results

From the in-total 223,600 slaughtered dairy cows, 212,546 originated from 9500 farms
throughout the whole of the Netherlands. The remaining 11,054 animals were imported
from, mainly, Belgium (ca. 80%), Germany (ca. 18%) and France (ca. 2%). When im-
portant data were missing, imported animals were excluded from the analysis. Of the
223,600 slaughtered dairy cows, a total of 3933 animals (1.8%) were considered ‘NHC’ at
PM. Table 1 summarizes the findings with respect to the categorization of the animals in
groups with or without certain remarks during AM inspection, as written down on the
official VOS forms.

Table 1. Overview of the number of animals slaughtered within each AM category and the number
of animals that were declared ‘not suitable for human consumption’ (NHC) during PM.

AM Group Number NHC (%)

AM-1 (no remarks) 213,744 1700 (0.8%)
AM-2 (local abnormalities) 7195 1111 (15%)

AM-3 (aberrant habitus) 2661 1122 (42%)

Totals: 223,600 3933 (1.8%)
Note: all slaughtered animals in this table were not severely ill or otherwise unfit for slaughter; hence, it is stressed
that animals with serious health problems, severe mastitis, inability to walk, severe pneumonia are NOT included.

The AM results differed between categories regarding the likelihood of an animal
to be declared ‘NHC’ during PM. Animals from the AM-2 and AM-3 groups were signif-
icantly more likely to become declared ‘NHC’ than animals from the AM-1 group. On
average, the calculated odds-ratios for an animal to become declared ‘NHC’ were 2.99
(2.42 < OR < 4.60; 95% confidence interval, ci) for the AM-2 group, and for the AM-3 group
were 4.04 (2.71 < OR < 6.26; 95% ci).

The origin, i.e., the province where the animals came from, had a small but statistically
significant effect on the likelihood that animals were being declared ‘NHC’ during PM
(see File S1 R-output, and Table S1 Provinces-distances-NHC in the Supplementary Materi-
als). However, these differences were inconsistent. It appeared that not the geographical
distances, per se, but other factors that we did not consider when compiling the dataset
played a role in this. The cause of these inconsistent differences in outcomes of certain
particular regions should be further investigated, but a plausible explanation will be given
in the discussion.

The differences between the parity of the slaughtered dairy cows and the number
of carcasses declared ‘NHC’ during PM is shown in Table 2. From the total number
slaughtered, 20.928 animals were excluded, because they were bulls or imported animals
from which the parity was unknown. Almost 80% of the slaughtered animals had only
calved four times or fewer. The percentage of animals declared ‘NHC’ more or less
increased incrementally with parity, with a maximum percentage of almost 11 at a parity of
ten calvings (OR = 1.032; 1.015 < OR < 1.049; 95% ci).
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Table 2. Overview of the number of slaughtered animals, categorized by number of calvings and the
number of animals declared ‘not suitable for human consumption’ (‘NHC’) during PM examination.

Number of Calvings Total Number NHC (%)

0 22,070 141 (0.6%)
1 35,220 462 (1.3%)
2 23,7089 472 (1.1%)
3 35,222 533 (1.7%)
4 28,920 572 (2.0%)
5 19,752 467 (2.4%)
6 11,791 289 (2.5%)
7 6447 365 (5.7%)
8 3296 265 (7.8%)
9 1573 44 (2.8%)
10 813 89 (10.9%)

11 or more 539 3 (0.6%)

Total: 202,732 3933 (1.8%)

The number of ‘NHC’ cases was also analyzed, using logistic regression analysis, and
this demonstrated that the AM effect is dependent both on the number of calvings and on
the breed (included in the supplementary materials).

The differences between breeds with regard to the number of animals declared ‘NHC’
is shown in Table 3. There was a significant difference between the Holstein Friesian and
the other breeds. Imported animals were excluded from the calculations because their
breed was often not known.

Table 3. Overview of the number of animals categorized by breed (HF: Holstein-Friesian; MRIJ:
Meuse-Rhine-IJssel) and the number of animals that were declared ‘not suitable for human consump-
tion’ (‘NHC’) during PM examination.

Breed Total Number NHC (%)

HF 145,182 2871 (2.0%)
MRIJ 60,714 718 (1.2%)

Other breeds 6650 59 (0.9%)

Total: 223,600 3648 (1.6%)

Animals from the Holstein-Friesian breed were significantly more likely to be declared
‘NHC’ than were cows from all other breeds. Depending on whether the animal was noted
to display local abnormalities (AM-2), or more generalized signs of distress (AM-3), the OR
varied from 2.4 to 3.0 (2.37 < OR < 3.03; 95% ci) for AM-2 animals, and between 1.3 and 2.3
for the AM-3 animals (1.32 < OR < 2.32; 95% ci).

From the 212,546 Dutch dairy cows brought to this slaughterhouse, only 7038 (3,3%)
had one or more of the relevant questions answered with ‘yes’ on their Food Chain Infor-
mation forms (designated either as ‘FCI ok’ or ‘FCI Not ok’). These questions were about
recent illness, the use of veterinary drugs and about withdrawal periods of the drugs used.
There never was any ‘yes’ answers regarding the questions about the (disease) status of the
holdings (e.g., Salmonella, paratuberculosis, etc.) or about relevant results from previous
AM or PM inspections of animals from the same holdings. Of these 7038 animals, 380 (5%)
were declared ‘NHC’ at PM. Table 4 summarizes the PM results with regard to each of the
three AM categories.
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Table 4. Numbers of animals that had one or more questions answered with ‘yes’ on the FCI-form
(i.e., FCI-Nok = FCI Not OK) and the PM results per AM inspection category (1: no remarks, 2: local
abnormalities, 3: aberrant habitus; ‘SHC’ is suitable- and ‘NHC’ is not suitable for human consumption).

AM-1 AM-2 AM-3 Totals

FCI-Form: SHC NHC SHC NHC SHC NHC SHC NHC

FCI-Nok 6148 319 246 19 264 42 6658 380 (5.4%)
FCI-ok 198,287 1280 2531 1001 1442 987 202,240 3268 (1.6%)

Total 204,435 1599 2777 1020 1686 1029 208,898 3648 (1.7%)

If the FCI is to be seen as a diagnostic (screening) test, with the PM results regarding
‘NHC’ as the gold standard, and calculated with a simple two by two table, the overall
sensitivity (5.4%) and predictive value (10.4%) regarding animals being declared ‘NHC’ on
the basis of any of the relevant questions being answered with ‘yes’ will be low. On the
other hand, the negative predictive value seemed high (96%). In other words, in those cases
that all FCI questions were answered with ‘no’, there was a 96% probability that the animal
would also not be declared ‘NHC’ at PM. However, the likelihood ratio of a positive or
negative test result, which indicates whether there is an increased probability of finding or
not finding an ‘NHC’ animal at PM, was 3.4 and 0.96, respectively. That points towards
the FCI being not useful as a quick test for sieving out likely ‘NHC’ or ‘SHC’ animals (the
calculations are included in the uploaded Supplementary Materials).

The calculations on the overall properties of the AM inspection as a diagnostic test
and the PM inspection as the gold standard showed that the overall sensitivity was 56.8%
and the overall specificity 99.2%. In other words, if an animal had no remarks at the ante
mortem inspection, there was a more than 99% probability that it would not be declared
‘NHC’ at post mortem inspection. In addition, the ‘likelihood ratio’ of a positive test result
(LR+) was 16.3 and the LR- 0.46, a clear indication that the test results indeed lead to greater
probabilities of finding or not declaring an animal NHC at PM (the calculations can be
found in the uploaded Supplementary Materials).

When regarded as a set of parallel (screening) tests, the sensitivity of the combination
of the FCI form and the AM inspection resulted in an overall sensitivity of the combined
test results of about 59% and an overall specificity of 95%, which is lower than when the
specificity of each test is considered separately. However, whether or not these tests can
be considered as a useful combination that improves the performance of EU inspection
procedures is entirely debatable. The determination of the measure of agreement between
these two tests with Cohens’ kappa showed that the agreement between the two tests
was far from acceptable. The Cohen’s kappa value for agreement between the two tests
regarding animals declared ‘NHC’ at PM was −0.15 and for animals declared ‘SHC’ at
PM about 0.07. This means that the two tests disagreed, and apparently measure different
things and cannot be seen as a useful combination (calculations shown in the uploaded
Supplementary Materials as File S3 Analysis with 2 × 2 tables).

4. Discussion

4.1. General Remarks

As far as we can conclude from the literature, there is little research into the value
of current official EU meat inspection procedures in culled dairy cattle with respect to an
efficient protection of the consumers’ health on the basis of the data of large numbers of
animals slaughtered. This study briefly looked into the relationships between the data of
the Food Chain Information, AM inspection, PM inspection and the number of animals
declared not fit for human consumption (‘NHC’) on the basis of a dataset that was derived
from individual handwritten forms from over 223,000 slaughtered dairy cattle. The only
recent study that used the data of large numbers of slaughtered bovines is a French study
by Dupuy et al. in 2013 [21], which included the data of over 50,000 bovines that were
slaughtered in 12 different slaughterhouses. However, that study was strictly aimed at
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assessing whether or not the meat inspection results as such could be used for (regional)
syndrome surveillance, and did not allow for any inferences regarding the efficacy of
inspection procedures as a diagnostic test used for the protection of the consumers’ health.

4.2. Influence of Breed, Province, Parity and Slaughterhouse

The province the animals originated from had a small but statistically significant effect
on the AM and PM inspection results and numbers of animals declared ‘NHC’, but these
were inconsistent with the geographical distances to the slaughterhouse (Table S1 in the
uploaded extra materials). An explanation could be that there were distinct differences in
travel circumstances and/or the total duration of the journey to the slaughterhouse. Given
that the Netherlands is a small country with maximum travel distances well below 400 km,
a better explanation is that there are differences between provinces in the ways that the
slaughterhouse obtained its animals. Later inquiries, made at the slaughterhouse and with
different traders, revealed that there were distinct differences between the provinces and
the number of animals purchased by agents of the slaughterhouse or bought via traders,
whereby the agents appear to buy animals in a somewhat better condition. However,
because these data could not be included in the dataset, this needs further investigation.
Normally, these data are not a part of the FCI, or registered by the NVWA.

The slaughterhouse chosen can be considered fairly representative for the health
situation in the Netherlands regarding the dairy cows brought to slaughter. This is in line
with the results on slaughtered pigs reported by Harbers et al. [22], who also demonstrated
that, in the Netherlands, the large slaughterhouses provided for the fairest representation
of the nationwide health situation in a population of slaughter animals.

Inspection data can vary from inspector to inspector and from slaughterhouse to
slaughterhouse. Regarding this, the use of a single, very large slaughter facility was
considered an advantage. In the slaughterhouse that provided the data for this study, meat
inspection was carried out by a stable group of experienced veterinarians that have worked
there together for many years in a time-pressured, high-throughput environment, thus
most likely ensuring optimum and uniform performance under stress. After all, studies by
Harbers et al. [22] showed that the detection of clinical signs and pathological anatomical
abnormalities differ greatly between meat inspectors, and that their performance is clearly
influenced by, amongst other things, their working experience and their ability to work
under time pressure.

When meat inspection is considered as a diagnostic (screening) test, it seems that, at
least under circumstances resembling those under which dairy cows in the Netherlands are
being kept, in over 99% of cases, a favorable result of the AM (no remarks at all) also meant
a favorable result of the post mortem meat inspection (fit for human consumption; ok). In
other words, in those cases the post mortem meat inspection procedures could just as well
have been omitted.

The differences in outcome of the meat inspection between the two largest bovine
breeds in the Netherlands can be explained by differences in robustness between the Meuse-
Rhine-IJssel (MRIJ) and Holstein-Friesian breeds. Meuse-Rhine-IJssel cattle are still largely
dual purpose animals and are generally considered robust, fertile and with firm, sturdy
legs [23,24]. Holzhauer et al. [23] and Waag et al. 2005 [24] noted distinct differences in
robustness between the Holstein-Friesian and Meuse-Rhine-Ijssel breeds with regard to
a number of disease conditions. Not surprisingly, the conditions that were studied by
Holzhauer et al. [23] and Waag et al. [24] make up of a large percentage of the conditions
mentioned on the AM forms in this study (mastitis, lameness, vaginitis and other urogenital
problems). In addition, also internationally, these health conditions (fertility problems,
mastitis, lameness) comprise the main reasons for culling dairy cows [25–28].

4.3. Use of FCI

When the FCI is considered a means for pre-selecting the more ‘risky’ cows (i.e., a
diagnostic test carried out independently from the AM inspection) it does not perform
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as well as it potentially could or should. In fact, the results of the FCI in this study on
culled dairy cows in the Netherlands seems to bear little or no significance with regard to
the results of the AM or PM inspection and, in the vast majority of cases, the FCI forms
were not informative at all. Of the 212,000 forms that were specifically analyzed, only
7038 (3.3%) displayed any answer to questions that were related to the health and medicinal
history of the animal. In these cases, the sensitivity of the FCI information with regard to
animals being declared ‘NHC’ was approximately 5%. In contrast, the sensitivity of the
AM inspection was approximately 57%. Furthermore, when looking at the measure of
agreement between the FCI and the AM as a diagnostic test for sieving out ‘NHC’ cows, it
appeared that the results of the FCI and the AM disagreed strongly and that these had little
in common. At least in our study, in the Netherlands with culled dairy cows, the current
FCI information and/or the way it is being used seems to be of little added value with
regard to ensuring meat safety.

Nevertheless, this does not mean that the FCI as such is a bad instrument. What it
does mean is that the competent authorities have to assess whether the FCI is indeed used
as intended by the farmers and slaughterhouses. For example, in our study, a mere 3.3%
of all the forms were filled out by the dairy farmers with a ’yes’ on any of the relevant
questions about recent illness, the use of veterinary drugs and about withdrawal periods
of the drugs used. However, there were never any ‘yes’ answers regarding the relevant
FCI questions about the (disease) status of the holdings the cows originated from (e.g.,
Salmonella, paratuberculosis, etc.) or about relevant results from previous AM or PM
inspections of animals from the same dairy farm. From our own personal experience,
Dutch dairy farmers seem to be foremost fixated on the questions about the recent use
of veterinary drugs. Additionally, farmers were very reluctant to provide anyone with
information that might harm their reputation or the outcome of the AM and PM, for
example, the disease status of their dairy herd, or animals declared ‘NHC’ in the past.
Additionally, farmers do not generally understand how many of the questions on the FCI
forms relate to meat safety, possibly because meat production is not their core business
and is often considered by them as an unavoidable necessity. Moreover, because the Dutch
Food and Consumer Product Safety Authorities do not keep records of the herd histories,
the dairy farmers are able to continue with this behavior. This aspect of the reliability of
information given by farmers on the FCI forms certainly calls for further investigation.

That the percentage of ‘NHC’ animals rises with the parity (or age) of the animal was
to be expected [23,24,27]. The sudden low percentage of animals declared ‘NHC’ after nine
calvings in this study, however, is inexplicable and may be coincidence. The low percentage
‘NHC’ of the “very old” cows (i.e., >10 calvings) is possibly due to their already proven
robustness by their long on-farm career.

4.4. Current AM/PM Examination, Use of FCI and Public Health

From earlier studies [29] and from the opinion on public health hazards in bovine
meat of the EFSA (European Food Safety Authority), it can be inferred that, in fact, almost
none of the hazards that they considered as currently important could be detected by
our current AM and PM procedures [15]. However, when PM examination is conducted
without any incisions (‘vision-only’), the sensitivity of the detection of cysticercosis and
bovine tuberculosis will drop [8]. Nevertheless, bovine tuberculosis is, nowadays, not an
important threat anymore in countries with an optimally organized animal health care
system and with effective eradication programs in place in practice, which is the case in
countries such as the Netherlands, Germany or Denmark [8,15].

With regard to cysticercosis, sarcosporidiosis and toxoplasmosis, the question arises
of whether omitting PM procedures does indeed lead to major increased risks to the
consumers’ health, and if there are alternative ways for preventing or mitigating any of
these existing consumer health hazards.

In Europe, the prevalence of Cysticercus bovis in dairy cows is generally between
circa 1 and 6%, and the sensitivity of detecting cysticercosis during PM examination in
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general 20% (10–30%) [8]. In other words, currently about 80% of cattle that are actually
positive for cysticercosis will already pass PM unhindered and thus—in general—only
about 0.25–1.50% of the slaughtered animals in Europe will, at PM, be labelled as positive
for Cysticercus bovis. Furthermore, only 10% of the cysts found in these carcasses are viable
and DNA sequencing of the cysts showed that about 20% of the viable and 50% of the non-
viable cysts are not Cysticercus bovis. The probability of an infection with Cysticercus bovis
increases with the age of the animals and the way they were grazed and housed. Therefore,
a more risk-based approach, with surveillance in combination with ELISA testing of animals
at risk of an infection, would provide a far better way of detecting animals with Cysticercus
bovis than any current standard PM inspection could ever provide [8,15,21,30–34].

Studies in various European countries show that, in general, 80% or more of dairy cows
are carriers of sarcosporidia. Bovines are an intermediate host for several sarcosporidia
species, with probably the most important ones being Sarcocystis bovihominis and S. cruzi.
In Western Europe, S. bovihominis is the most important zoonotic sarcocystis species carried
by cattle and S. cruzi is a non-zoonotic species, because it has dogs as the final host. S.
cruzi is also the most common sarcocystis species, and is carried by up to 75% of dairy
cows. Current standard PM inspection procedures will identify only macroscopic lesions,
which are mostly caused by S. cruzi and never by S. bovihominis. Moreover, the role of
sarcosporidia in eosinophilic myositis in cows is still unclear [35–37]. Therefore, omitting
PM inspection procedures for each individual carcass will be of little consequence to the
already existing possible health hazards for consumers of beef.

In the case of echinococcosis, PM inspection procedures also have a low sensitivity
when detecting smaller hydatid cysts. The Netherlands and many other parts of Europe
are not considered endemic regions for echinococcosis, and most human cases of cystic
echinococcosis are caused by eating raw vegetables or berries contaminated with feces from
dogs or foxes (or other carnivores). In Western European countries where echinococcosis is
sporadically found, meat inspection in cattle would suffice when the lungs and livers from
imported cattle from countries where echinococcosis is endemic are condemned [38].

Toxoplasma gondii is one of the most important foodborne pathogens. Conventional
PM inspection does not detect the tissue cysts of Toxoplasma. Most human infections occur
after the ingestion of raw vegetables contaminated with cat feces, gardening without gloves
and/or improper hand hygiene, or after cleaning the cat litter box and infection by the
ingestion of tissue cysts in undercooked or unfrozen meat. Sheep are more often infected
than cattle, but eating undercooked or raw beef is quite common. There is no detection
of toxoplasmosis during the conventional PM inspection [28]. Again, omitting PM for a
large number of carcasses will be of little consequence to the already exiting consumer
health hazards.

Although, according to EFSA (31), drug residues are not considered a hazard for public
health related to the consumption of bovine meat, it can be a reason for condemnation of the
carcass. Food chain information should be a method of pre-selecting animals with suspected
drug residue risk, but because of the limited number of FCI forms with information on
health and medication (3.3% of FCI forms) and the pre-selection of animals to be slaughtered
(no animals with serious health problems), whole carcass condemnation related to the risk
of drug residues in this dataset was minimal. Improvement of the FCI is necessary for this
specific risk.

4.5. Risk-Based Meat Inspection

It is clear that, at present, the protection of consumer health via the pre-slaughter
collection of Food Chain Information followed by an AM and PM inspection does not
function as it should, and that the system needs serious improvement to work properly
again. When PM inspection procedures are omitted, a priori knowledge of the slaughter
animals becomes even more important. Regarding this, the information collected via the
Food Chain Information forms should be vastly improved, because the current forms
contributed practically nothing to the PM decisions that were made. Additionally, the
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consequences of limiting or omitting PM inspection of animals without remarks should be
investigated further [16,18,31].

In a future risk-based system, the AM inspection by an official veterinarian should
remain in place. The PM inspection should only be performed when an animal is a hazard
for the hygiene of the slaughter line (e.g., an excessively dirty animal, or an animal with an
abscess and/or a hazard for food safety/public health). This would be the case if the results
of the AM inspection gave reason to suspect this, when animals are of a certain age–breed
combination, when they stem from a region or herd where, in the past, more than the
usual numbers of animals were declared not suitable for human consumption [21], and/or
when the Food Chain Information calls for it. The FCI should, therefore, always include
important known risk indicators, for example those that were identified in this study. The
FCI should, or could, for example, then contain information about parity (age), breed, and
region, including the endemicity of certain diseases or environmental contaminants from
the region the animal comes from. Other information may include the results of serological
or other tests on the presence of certain diseases that were carried out (e.g., Toxoplasma,
STEC), the herd history regarding diseases and treatments, and reports of animals from
this farm that were declared ‘NHC’ in the past. With regard to these elements, and the
possible lack of compliance, Dutch dairy farmers showed that, when filling in these forms,
it is worth considering complete digitalization of the FCI. Thus, all the relevant information
can be automatically retrieved by the slaughterhouse and the competent authorities, totally
independent from FCI-forms that have to be filled out by hand by the farmers. Finally,
by continuation of the AM inspection, animal welfare monitoring and the detection of
notifiable diseases can still be carried out as intended [16,18,39].

5. Conclusions

This study has shown that, at least as a ‘proof of concept’, slaughterhouse data about
culled dairy cows can be used for determining whether or not certain elements of our
current set of fixed EU meat inspection procedures could be omitted and, thus, be changed
into a more risk-based approach without negative consequences for public or animal health.
With regard to Dutch dairy cows that are being brought to slaughter, the AM and PM
inspections have a substantial overlap. With regard to food safety and public health, in
over 99% of cases the PM could even be omitted on the basis of the AM, provided our
current FCI is massively improved and all the risk factors that influence the inspection
findings are known. To improve the reliability of the FCI, a transition to a fully automated
system is worth considering. Such a system could prevent the information being unreliable
due to incomplete or misleading information on forms filled out by the (dairy) farmers
themselves.

However, what we found in our study on culled Dutch dairy cows that are being
slaughtered in large scale slaughterhouses does not necessarily apply to smaller or other
types of operations, other animal species, other countries or other regions throughout the
EU. That is an integral part of risk-based meat inspection: for every situation, it should be
determined—on the basis of identified risk factors—which elements of the meat inspection
procedures should be improved or can be omitted. Thus, risk-based meat inspection will
improve, in terms of the protection of public and animal health and welfare, while at the
same time being as cost-effective as possible.
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with 2 × 2 tables
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Abstract: Listeria monocytogenes can cause severe foodborne infections in humans and invasive diseases
in different animal species, especially in small ruminants. Infection of sheep and goats can occur
via contaminated feed or through the teat canal. Both infection pathways result in direct (e.g.,
raw milk from an infected udder or fresh cheese produced from such milk) or indirect exposure
of consumers. The majority of dairy farmers produces a high-risk product, namely fresh cheese
made from raw ewe’s and goat’s milk. This, and the fact that L. monocytogenes has an extraordinary
viability, poses a significant challenge to on-farm dairies. Yet, surprisingly, almost no scientific studies
have been conducted dealing with the hygiene and food safety aspects of directly marketed dairy
products. L. monocytogenes prevalence studies on small ruminant on-farm dairies are especially limited.
Therefore, it was our aim to focus on three main transmission scenarios of this important major
foodborne pathogen: (i) the impact of caprine and ovine listerial mastitis; (ii) the significance of clinical
listeriosis and outbreak scenarios; and (iii) the impact of farm management and feeding practices.

Keywords: Listeria monocytogenes; direct marketing; farm sales; cheese; dairy products; small
ruminant; contamination routes; mastitis

1. Introduction

The bacterial genus Listeria comprises 21 species of Gram-positive, motile, facultative
anaerobic, non-spore-forming rods up to 2 μm in length [1]. Of these, Listeria monocytogenes
(L. monocytogenes) has been studied the most extensively. L. monocytogenes is a facultative
intracellular bacterium, which can cause severe foodborne infection in humans and invasive
diseases in different animal species, especially farm ruminants [2,3].

While ruminants, particularly small ruminants, are extraordinarily susceptible to
L. monocytogenes, other vertebrate wild fauna and birds can excrete the bacteria without
notice from their gastrointestinal tracts either continuously or intermittently and for weeks
at a time [4]. The widespread occurrence of L. monocytogenes in rural environments and its
strong association with domestic ruminants make eliminating the risk of listeriosis difficult.
Indeed, it is well documented that L. monocytogenes is prevalent in the ruminant farm
environment [5–12]. However, information on Listeria transmission dynamics on small
ruminant on-farm dairies is scarce [13–16]).

Listeriosis outbreaks in ruminants have been repeatedly reported in the scientific
literature and are often referred to as a “silage disease”, as it is strongly associated with the
ingestion of spoiled silage [17]. Infected farm ruminants and contaminated agricultural
environments rarely appear to directly cause human infection. However, animal-derived
food products that are not processed before consumption, such as raw milk, clearly repre-
sent a direct link [18]. Minimizing cases of human listeriosis is dependent upon improving
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our understanding of how to limit contamination of food with L. monocytogenes. This is
a challenging task, as the pathogen is widely disseminated in nature, has successfully
infiltrated both farm and food processing environments, and can enter the food chain at
nearly every stage of production [19].

The extraordinary viability of L. monocytogenes over wide temperature and pH ranges
and its ability to survive at high salt concentrations pose significant and ongoing challenges
to the food industry and markedly affect the ultimate risk for the consumer [3]. Ready-
to-eat foods can be contaminated post-processing (i.e., during portioning, slicing, and
packaging). Intermediate moisture and non-acidic foods require refrigerated storage that
actually favours the growth of this cold-tolerant pathogen [19,20].

In recent years, significant changes have been noted in the European food market.
These essentially reflect increased production of regional and processed farm products.
It is clear that, in a competitive marketing environment, farmers are seeking new niche
products as prices decrease and various regulations place limits on production [21].

Due to the simplicity of the manufacturing procedure, many ewe and goat dairy
farmers produce fresh cheese from raw milk. These milk products have recently become
very popular [22]. Growing numbers of people now consume non-pasteurized sheep or
goats’ milk or cheese products for practical reasons (e.g., dairy farm families), medical
reasons (allergies or intolerance to cow’s milk), or the perceived health benefits of raw milk
products. Nonetheless, direct marketers are operators of food businesses and therefore have
a responsibility to ensure that the food they market is safe. Furthermore, direct marketers,
and everyone involved in the industry, should have a high degree of “quality awareness”
and must live by this ideal.

“Direct Marketing” or “Short Food (Supply) Chain” are terms used synonymously for
direct sales from producers to final consumers. Direct marketing in the narrower sense is
the sale of agricultural products directly from the farmer to the final consumer. For milk
and dairy products, this covers the following distribution channels: (i) farm gate sales;
(ii) farm markets or weekly markets; (iii) sales areas outside the farm; (iv) doorstep sales;
(v) “new” sales channels (e.g., internet ordering and subsequent shipment of products);
and finally (vi) delivery to private households.

Direct marketing in the broader sense of the term includes not only sales to the final
consumer but also the following distribution channels: (i) delivery to large customers (canteens,
restaurants, etc.); (ii) sales to individual retail outlets, natural food shops, delicatessens,
farmers’ shops; and (iii) consumer-producer communities (food co-ops, community-supported
agriculture, etc.). However, most farmers operate several forms of direct marketing and there
is often no clear distinction between the various forms of marketing [23].

Direct marketing farmers are food business operators and are therefore responsible
for the safety of their products from primary production to delivery to the final consumer.
Only “safe food” may be placed on the market. In contrast, “unsafe” is defined as harmful
to health or unsuitable for consumption [24]. A major contribution to food safety is the
implementation of a self-monitoring system. This means that the company must establish
a self-control system for its operation [25]. Several manuals have also been developed to
implement self-monitoring systems in order to align rules in-force more precisely with the
actual requirements for direct marketers [26].

Since 2002, the European Union has issued general (Regulation (EC) No 178/2002, [24];
Regulation (EC) No 852/2004, [27]) and specific regulations concerning the hygiene of
foods of animal origin (Regulation (EC) No 853/2004, [28]) and microbiological food
safety criteria (Commission Regulation (EC) No 2073/2005, [29]). Subsequently, additional
national laws or regulations were set in force for small enterprises with regional activities
(e.g., in Austria, [30–32]). In principle, the same requirements for food safety apply to any
undertaking in which foodstuffs are produced, manufactured, treated and/or placed on
the market.

The following hygiene requirements apply to direct marketing farmers: (i) compliance
with requirements for buildings and equipment (e.g., sanitary installations, lighting, ven-
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tilation equipment, flooring, walls, doors and windows); (ii) the use of appropriate raw
material with known origin; (iii) safe handling of food (including packaging and transport);
(iv) safe waste disposal; (v) pest control measures; (vi) cleaning and disinfection plans;
(vii) water quality; (viii) compliance with the cold chain; (ix) personal hygiene; (x) training
and, finally; (xi) application of Hazard Analysis and Critical Control Points (HACCP)
principles, including good manufacturing practices and product tests [25,33,34].

Each farmer has his own registered number (for example, the farm and forestry
operational information system number (LFBIS number)). Regardless of whether or not
checks are carried out on farms under different brand programs, direct marketers—as
any other food businesses—are subject to controls by food inspection bodies. Dairy direct
marketing farmers are mainly inspected by veterinary control offices. The inspection bodies
primarily check whether a suitable self-control system is in place and actually implemented.
Food products are examined sensorially and microbiologically, as well as assessed for
compliant labelling.

Generally, small scale on-farm dairies and their self-control systems almost exclusively
spotlight their final product and merely identify problems passively as they occur, whereas
food business operators, on the industrial scale, must implement a more complex HACCP-
based system. Such a system embraces the entire production process proactively by
prevention and ensures a consistent quality. In this way, a company can control or mitigate
hazards that may arise at any point during the complete production process.

Despite the seemingly endless variety of food items, with more differing foodstuffs
than ever being consumed, milk is still an essential basic food for the majority of consumers.
However, it also remains a prime nutrient medium for a wide range of pathogens. Informa-
tion from various large outbreaks importantly demonstrates that milk and milk products
have served as the most common vectors for L. monocytogenes transmission [35].

Globally milk production is dominated by the dairy cattle sector, which, according
to the FAO, accounts for 81% of worldwide production followed by 15% for buffalo and a
combined 4% for goats (1.9%), sheep (1.3%), and camels [36]. Although there has been a
decline of 8.9% in livestock ruminants across the EU within the last two decades, there was
a significant production increase in raw milk on EU farms.

Another special feature is that in many rural or arid regions, particularly in the
Mediterranean area, sheep and goats make an important contribution to the overall milk
production. In 2020, according to the “key figures on the European food chain” from the
annual report of sectoral and regional statistics, Eurostat, 589,000 to 684,000 tonnes of ewes’
milk were produced in Spain and Greece, whereas the main producer of goats’ milk in the
EU was France with 523,000 tonnes milk per year. The report further states that the majority
of raw milk production in the EU is delivered to dairies. Still, 10.6 million tonnes were used
on farms, being consumed by the farmer’s family, sold directly to consumers, used as feed
or processed directly. With 78.7%, Romania holds the highest direct milk-marketing rate,
followed by Bulgaria (55.9%). In all other member states, more than 70% of the total milk
amount are delivered to dairy companies [37].

It is clear that with 450,000 goat and 850,000 sheep farms the small ruminant sector
constitutes just a small share of the total output of the EU livestock sector. However, more
than 1.5 million people work on these farms, and sheep and goat rearing takes place mostly
on pastureland in remote and disadvantaged rural areas. Thus, the sheep and goat sectors
actively contribute to landscape and biodiversity conservation [37].

As mentioned above, sheep and/or goat milk and their respective processed products
may have many beneficial health impacts, which could appeal to modern consumers [38–40].
Sheep and goat milk, due to protein differences with cow milk, induce fewer allergy re-
sponses. The levels of minerals, vitamins, and essential fatty acids are also generally higher
than in cow milk. Sheep milk has a much higher concentration of conjugated linoleic
acid (CLA) than both goat and cow milk [38]. CLA is claimed, for example, to prevent
obesity [41] and reduce triglyceride levels. It should, therefore, help to prevent coronary
heart disease and atherosclerosis [39].
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Due to its higher fat and protein content, sheep milk is also particularly beneficial for
cheese production [40]. Less additives, such as calcium chloride and rennet, are needed in
sheep milk curd production, compared to other ruminants’ milk.

Taking all of these physical, nutritional, and health benefits into account, it is not
surprising that there is a growing demand for milk from small ruminants. In Europe, the
production of sheep milk accounted for around 2.8 million tonnes, whereas almost 33%
(0.9 million tonnes) were processed directly on-farm into cheese [37].

As mentioned above, each direct marketer is a food business operator and, as such,
is responsible for the safety of the food that he or she places on the market. Therefore,
they must follow good hygiene practices and manage their operations in such a way
as to monitor food safety hazards. However, the majority of on-farm dairies produce a
high-risk product, which is cheese made of raw milk. The cheese production takes place
in direct proximity to animals and the barn environment. Consequently, the microbial
contamination pressure on the cheese production environment is classified as “very high”.
Yet, surprisingly, almost no scientific studies have been conducted dealing with the hygiene
and food safety aspects of directly marketed dairy products. L. monocytogenes prevalence
studies on small ruminant on-farm dairies are especially scarce. Therefore, it was our aim
to focus on this sector and highlight various transmission scenarios of this important major
foodborne pathogen.

2. Transmission Scenarios

In order to elucidate how contamination of dairy products with L. monocytogenes occurs
on small ruminant on-farm dairies, we performed a systematic literature search in PubMed,
SCOPUS and Web of Science databases, for the publication period from 1944 to 2022. The
search strategy and the outputs are represented in Figure 1. Basically, we considered the
epidemiology of subclinical listerial mastitis (scenario 1) and clinical listeriosis (scenario 2)
and the impact of farming-, feeding- and milk processing practices (scenario 3).

2.1. Transmission Scenario 1: Impact of Ovine and Caprine Listerial Mastitis

L. monocytogenes can colonize the mammary complex of ruminants. Although L.
monocytogenes is common in the faeces of ruminants and widespread in the environment [4],
only a few cases of bovine [42–49] and ovine [50–56] listerial mastitis have been reported.
We could retrieve merely a single study on caprine mastitis [57]. Interestingly, listerial
mastitis has not yet been covered in any review article (Figure 1).
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Transmission scenarios of L. monocytogenes on small ruminant on-farm dairies
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Figure 1. Results from a comprehensive literature search focusing on three main transmission
scenarios on small ruminant on-farm dairies. The icons on the top of the figure depict the major steps
in the field-to-table continuum [7–16,18,50–85].
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Another surprising detail is that there is not a single study from America, Asia,
Australia, or Africa; all listerial mastitis studies were performed in Europe. This fact is quite
remarkable, if one considers that there was a dramatic increase especially in dairy goat
production during the past decade, with Asia seeing the largest growth of 22%, followed
by Africa (13%), Oceania (9%), and America (5%) [86].

A comprehensive search of the literature revealed two experimental studies on the
course of listerial mastitis in small ruminants (Figure 1). They have shown that inoculations
of 300 CFU to 1000 CFU of L. monocytogenes into the udder of ewes are sufficient to result in
mastitis [45,52]. All inoculated ewes became infected and developed chronic subclinical
mastitis, regardless of the serotype or origin of the strains used. According to Tzora
et al. [52], only one single ewe out of 34 animals showed typical signs of acute clinical
mastitis immediately after the inoculation. The gland was larger and hotter and its secretion
contained clots. There was also an increase in the internal body temperature.

The somatic cell count of all infected sheep was always greater than 1.0 × 106 cells
per ml and L. monocytogenes could be consistently isolated from the milk over a period
of 88 days. L. monocytogenes was also detected from the mammary lymph nodes, but not
from any internal organ of any inoculated ewe. Histologically, in the early stage of the
infection, extra-alveolar neutrophilic infiltration and interstitial oedema were predominant.
Subsequently, 25 days after inoculation, chronic inflammatory signs predominated, such
as destruction of alveoli and fibrous tissue proliferation, with lymphocytes as the main
cell type [52]. The findings of both studies provide clear evidence that L. monocytogenes is
pathogenic for the ovine and caprine mammary gland.

With regard to naturally occurring cases of ovine mastitis (Figure 1), it is worthwhile to
compare a Greek study from Fthenakis et al. [51] with the findings of an Austrian research
team [53–55]. Fthenakis et al. [51] monitored the udder health, somatic cell count and the
shedding of L. monocytogenes in 98 ewes. Half udder milk samples were collected at three
separate time points during the lactation period, including: (i) 15 ± 30 days post- lambing;
(ii) 6 ± 7 weeks after initial sampling; and (iii) 6 ± 7 weeks on from collection of the second
sample. There were diagnoses of clinical mastitis in any of the ewes, though the prevalence
of subclinical L. monocytogenes mammary infections was 3.1% during collection of the first
and the second samples and this had increased to 6.2% by the third time point. Examination
of the milk of ewes with mammary infection revealed somatic cell counts ranging from
1.8 × 106 to 3.0 × 106 cells/mL. Furthermore, L. monocytogenes could also be detected in the
faeces of 19.4% of the animals. The authors concluded that infection of the mammary gland
with L. monocytogenes had occurred via the bloodstream. Firstly, there was an 83% higher
prevalence of bilateral mammary infection and, secondly, the pathogen was isolated from the
liver of two of the four infected ewes. These findings are only partly in accordance with other
case studies, which consider intramammary infection to be the most likely and emphasize
that L. monocytogenes has to contaminate the teat before penetration into the udder [45,53–57].

Briefly, Schoder et al. [53,55] studied two cases of ovine L. monocytogenes mastitis
over a period of 7 months. On a daily basis, the animals were clinically examined. After
adspection and palpation of the mammary gland, the California mastitis test (CMT) was
performed and half udder milk samples were collected. During the entire observation
period, the animals continued to eat well and did not show any signs of distress or evidence
of systemic reaction. The milk appeared to be normal, was not discoloured and did not
contain any flakes or clots. However, CMT showed consistently thick gel (++) or thick and
sticky gel (+++) reactions. Somatic cell counts averaged ≥ 106 per ml milk. Both sheep
shed L. monocytogenes at a mean concentration of 3.8 × 104 (range 9.0 × 101 to 4.0 × 105)
and 2.2 × 104 (range 1.3 × 103 to 8.1 × 104) CFU/mL, respectively. Subclinical mastitis was
diagnosed without palpable changes in the consistency of the udder parenchyma.

The histopathological and immunohistochemical findings revealed that chronic inflam-
matory features predominated [54,57]. There was a diffuse infiltration with lymphocytes,
plasma cells and macrophages. Additionally, alveolar destruction and proliferation of
fibrous tissue were recorded with a very strong immunoreactivity for CD5 cells.
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Listeria could be cultivated from the mammary parenchyma of the infected halves and
from the lymph nodes [52,54,57]. In contrast to the Greek study, all other internal organs
showed no abnormalities, and no single Listeria could be isolated [54,57]).

Literature findings suggest that caprine and ovine mastitis are very much comparable.
Furthermore, the typical listerial mastitis in small ruminants is defined: (i) by its subclinical
nature; (ii) a high somatic cell count (≥106 SCC per ml); (iii) persistent shedding of the
pathogen bacteria; (iv) by induration and atrophy of the mammary parenchyma in progre-
dient stages of the infection and, finally; (v) the local invasion via the teat canal seems to
be the most likely route of infection. Figure 2 illustrates the main clinical and pathological
findings of listerial mastitis in small ruminants. A risk scenario was designed to highlight
the dimension of the consumers’ exposure.

 

Figure 2. Clinical and histopathological findings in a typical listerial mastitis in small ruminants and
consequences for the safety of cheese produced on-farm.

Clearly, mastitis attributed to L. monocytogenes is especially dangerous due to its
subclinical nature. While milk from infected udders remains visually unchanged and the
udders show no clinical signs, L. monocytogenes continues to be shed up to concentrations
of 4.0 × 105 CFU/mL [53]. With respect to food safety, listerial mastitis has two main
consequences: firstly, the direct contamination of bulk milk and raw milk cheese with
high loads of the pathogen and, secondly, the increase of environmental colonization of
the farm and the cheese processing environment. Furthermore, within the last decades,
hypervirulent L. monocytogenes strains were found to be significantly associated with
subclinical mastitis and were more commonly isolated from dairy products [87].

Remarkably, merely three single studies have been published demonstrating the
consequences of ovine listerial mastitis on the further processing of milk to cheese [53,55,56].
Based on two cases of ovine mastitis, a risk scenario was designed in order to assess the

107



Foods 2023, 12, 265

consumer’s exposure to L. monocytogenes per serving size of sheep raw milk cheese [55].
Various cheese-making procedures were performed. The results were alarming: the final
level of contamination was up to 7.5 × 107 CFU/serving size. Certainly, such an extremely
high dose qualifies the cheese to be hazardous for consumers (Figure 2).

Clearly, there is an urgent need to screen small ruminant farms for the presence of
cases of subclinical L. monocytogenes mastitis by implementing CMT at least once per
week [53]. With regard to caprine mastitis, however, milk SCC is a less reliable indicator of
inflammation than in other dairy animals [88]. Therefore, the routine control of subclinical
mastitis cases by SCC monitoring, such as with the CMT, is less meaningful than in cows
or ewes [57]. In conclusion, Addis et al. [57] emphasized that the milk of all goats of a dairy
farm should be screened for the presence of L. monocytogenes on a regular basis.

Together, these data suggest that small ruminant dairy farms, which sell milk and/or
cheese made of raw milk directly to consumers or retailers, are in urgent need of an efficient
monitoring program for the detection of L. monocytogenes.

2.2. Transmission Scenario 2: Impact of Clinical Listeriosis

L. monocytogenes is a globally distributed pathogen with the ability to cause disease in
a wide range of animal species, though sheep are particularly susceptible to infection. In
the northern hemisphere, infections are typically seasonal and most common sporadically
in winter and early spring in association with silage feeding. Meanwhile, in the southern
hemisphere, most listeriosis cases in ruminants occur during the warmest months of the
year and the transition from rainy to dry season. It can be assumed, that not only silage,
but also feedstuff and water generally play an additional role in the mode of infection [17].

Listeriosis of small ruminants is well documented and there is a numerous number of
case studies, including two comprehensive review articles. However, case studies focusing
on the impact on milk processing are scarce [18,76,77] (Figure 1). The disease is clearly and
most commonly caused by oral infection, but other entrance sites, such as the conjunctiva,
microlesions of the skin, buccal and genital mucosa, or the teat canal have also been
described [89]. After oral infection, L. monocytogenes is able to colonize the gastrointestinal
tract. Animals either become asymptomatic carriers or they develop mild symptoms of
a self-limiting enteritis. In both cases, the bacterium is shed with the faeces and is able
to heavily contaminate the farm and milk processing environment (Figure 3), [4]. The
interplay of environmental reservoirs outside the farm and of vectors and the farm animals
is shown in Figure 3. Notably, the excretion of L. monocytogenes by the farm animals is not
only a food safety and herd health issue, but can also contribute to infection of wildlife.

Interestingly, there is a study describing the case of an orally infected sheep that
carried L. monocytogenes in the spleen, liver and lymphoid organs without showing any
clinical symptoms. The authors concluded that L. monocytogenes intestinal infection and
translocation to visceral organs may occur asymptomatically [90]. Additionally, in the
case of invasive listeriosis, the pathogen is able to cross the gastrointestinal barrier causing
severe illnesses including abortion, septicaemia and rhombencephalitis—the so-called
“circling disease”—which accounts for the vast majority of invasive clinical infections in
small ruminants [17,89].

The incubation period in small ruminants varies according to pathogenesis. It can
be as short as one to two days for septicaemia or gastrointestinal forms, two weeks for
abortion, and between four and six weeks for the encephalitic form. The pathogen has a
particular affinity for the central nervous system in sheep. The main clinical signs include
apathy, fever, anorexia, head pressing or compulsive circling and unilateral or bilateral
cranial nerve deficits. L. monocytogenes ascends the nervous system following peripheral
traumatic lesions (e.g., ascending intra-axonal migration within the trigeminal nerve or
other cranial nerves following small lesions of the buccal mucosa). Another route involves
ascending infection via the sensory nerves of the skin [17].

Neurological symptoms leave little doubt as to their cause and affected animals can
be removed from herds. The milk and meat of these affected animals is rather unlikely to
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enter the food chain [18,76,77]. However, especially during an outbreak event, massive
contamination of the animal environment, both through contaminated feed and faecal
shedding from exposed animals, may lead to cross-contamination of: (i) the milk processing
and cheese-making environment; (ii) bulk tank milk; and (iii) subsequently, the cheese
products themselves (Figure 3).

 

Figure 3. Silage serves as the most important Listeria reservoir. Ingestion of contaminated feed
leads to the pathogen multiplying within animal hosts, and the bacteria are then excreted via faeces,
which are in turn used as fertilizers, which forms a recurring cycle that favours the persistence of
L. monocytogenes in both farm and natural environments.

Following an outbreak of clinical listeriosis in sheep, Wagner et al. [77] sourced the infec-
tious agent to grass silage feed, which was contaminated with 105 CFU/g L. monocytogenes.
The investigation took place on a dairy farm producing raw milk cheese made of 50% ewe
and 50% cow milk. Dairy cows were not affected by this outbreak, reflecting the high sus-
ceptibility of sheep to listerial infection. Interestingly, the clinical manifestation within the
flock of 55 sheep was also quite variable. Although they were all fed from the same batch of
silage, only one ewe was affected by central nervous symptoms caused by rhombencephalitis,
four ewes suffered from septicaemia and a further nine animals delivered a combined total of
20 stillborn mature foetuses.

From the animal that had developed central nervous symptoms, L. monocytogenes
could neither be recovered from the visceral organs nor in the faeces, but was found in
a blood sample taken directly from the heart, brain and the nasal mucosa. The authors
concluded that the infection had originated within the nasal mucosa and spread to the
brain, but that the liver, spleen and other visceral organs remained clear. The route of
infection in the other animals was most likely via feedborne transmission. Those with
septicaemia suffered from accumulation of Listeria in the liver, spleen, heart and lung, with
a median concentration of 5.9 × 105 to 6.4 × 106 CFU/g. L. monocytogenes could also be
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detected in the foetal liver, spleen, lung, heart and brain with values ranging from 3.1 × 103

to 5.6 × 105 CFU/g.
Samples from both the farm environment and the cheese production chain, which

were randomly taken from ewes, cattle and all individuals who lived on the farm, were
positive for L. monocytogenes, including 62% of faecal samples and the bulk tank of the
cows. Interestingly, one farm worker tested positive for an isolate that was so similar to
the outbreak clone that it could not be distinguished genetically, which clearly occurred
through them consuming contaminated raw bovine milk. Due to intensive consultation
and the fact that the most important countermeasures were immediately taken (silage
had been discarded, affected animals had been separated and cleaning and disinfection of
the cheese making facilities were implemented), L. monocytogenes was not detected in the
cheese samples [77].

2.3. Molecular Epidemiological Aspects of Listeria monocytogenes

Bagatella et al. [17] provides a comprehensive overview of epidemiological and exper-
imental studies, which highlight the genetic heterogeneity of L. monocytogenes in humans
and in ruminants. A heterogeneity, which is likely linked to the variability observed in
virulence and in clinical manifestations, as well as to the environmental distribution of
listeriosis [91–93]. Research is currently ongoing in an attempt to identify the bacterial
determinants driving variability and niche adaptation in L. monocytogenes, as well as the
principally associated mechanisms [94]. Several bacterial subtypes have been characterized
and efforts made to associate them with particular niches and relative virulence. Of the
13 serovars identified, types 1/2a, 1/2b, and 4b were those most frequently found in clinical
isolates from both humans and animals. Meanwhile, in cases of ruminant neurolisteriosis
and in major outbreaks of listeriosis, serotype 4b was the most dominant [59,66,95–97].

All 3 serotypes, apart from being implicated in disease, were additionally isolated
from food, food processing and farm environments, and animal faeces [46,98–100]. Isolates
can be linked to clinical outcomes, the environment and foods through molecular typing
methods, including pulsed field gel electrophoresis, multilocus sequence typing (MLST)
and whole genome sequencing (WGS). Using these techniques, four distinct lineages (I–IV)
were identified and further subdivided into clonal complexes (CCs) and sequence types
(STs), or sublineages (SLs) and core genome MLST types (CTs), respectively [101].

L. monocytogenes that can be frequently isolated from diverse sources are binned into
two major lineages (I, II), with lineage I being overrepresented in human clinical isolates
and ruminant neurolisteriosis cases as well as being the most genetically homogeneous,
while L. monocytogenes that are sporadically isolated from animal infections are binned into
two minor lineages (III, IV) [63,93,97,102–104].

Several CCs were found to be hypervirulent in experimental models, including CCs
from lineage I belonging to serotype 4b (such as CC1, CC2, CC4, and CC6), these were also
significantly linked to human clinical cases and well-adapted to host colonization compared
to clones overrepresented in food and the environment (such as CC9 and CC121) [91,92,103].

Within clinical isolates and particularly neurolisteriosis isolates from ruminants, lin-
eage I, specifically CC1 and CC4, were found to be significantly overrepresented compared
with other clinical listeriosis syndromes in ruminants, such as abortion, mastitis or gas-
troenteritis. Additional isolates, from diseased animals and diseased animal environments,
that are commonly found include isolates from both lineage I (CC2, CC217, CC6, CC191,
CC59) and lineage II (CC7, CC11, CC14, CC37, CC204, CC412) [63,87,93,100].

We can conclude that preventing disease in ruminants and its concomitant transmis-
sion to humans is a challenging task, requiring efficient surveillance and control measures.
As ruminants, humans and the environment are indelibly connected, achieving a more
comprehensive understanding of the pathogenesis of listeriosis and its molecular epidemi-
ology within these domains is critical for developing methodologies to meet the challenge
in congruence with the “Farm to Fork” strategy and One Health concepts.
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2.4. Transmission Scenario 3: Impact of Farm Management and Feeding Practices

Transmission of foodborne pathogens frequently involves complex interactions among
the pathogen, the environment and one or multiple host species [105]. L. monocytogenes is a
ubiquitous pathogen that can be found in moist environments, soil, water and decaying
vegetation [106]. However, does L. monocytogenes still have its origin and main habitat
in the natural environment and wildlife? Or, can we assume that this major pathogen
acts as a cultural successor, which has already successfully colonized the farm- and food-
production environment, creating new reservoirs there? Interestingly, the prevalence of
L. monocytogenes in the dairy cattle environment is well documented [5,6]). There are also
numerous studies focusing on the occurrence of L. monocytogenes in small ruminant farms.
However, the knowledge of Listeria transmission dynamics and ecology in on-farm dairies
is limited (Figure 1).

As far as we know from literature, L. monocytogenes prevalence is normally lower
during the pasture season than it is during the indoor season [107,108]. Furthermore,
the pathogen has been isolated from both clinically infected and clinically symptomless
ruminants. In fact, L. monocytogenes can be shed by (i) healthy sheep and goats (so called
transient “carriers” and asymptomatic carriers); and (ii) by ruminants suffering from a
clinical listeriosis (Figure 3).

Faecal shedding of L. monocytogenes has several effects on food safety: (i) L. monocytogenes
accumulation within the immediate environment of the barn increases the probability that
more animals will become infected; (ii) contamination of feed and crops with L. monocytogenes
can occur when the manure of infected animals is used as fertilizer in agriculture, whilst water
sources can be contaminated by runoff from farms [109,110]; (iii) raw milk contamination may
occur due to poor hygiene standards during the milking of animals in which infection has
gone undetected (Figure 3).

Ingestion of contaminated feed, multiplication of the pathogen in animal hosts, and
subsequent excretion of the bacterium via faeces, which are in turn used as fertilizers,
form a recurring cycle which favours the persistence of L. monocytogenes (Figure 3), [5].
It cannot be denied that there is a high contamination pressure of L. monocytogenes on
dairy farms and we have to admit that the problem is entirely self-generated. Alarmingly,
L. monocytogenes may be present in 8% up to as much as 50% of faecal samples collected from
dairy sheep and goats [10,13,18,78]. The shedding itself is associated with animal stress and
is strongly connected to the contamination of silage [111]. While L. monocytogenes is rarely
detected on growing grasses prior to processing, detection rates in clamp silages range
from between 2.5% and 5.9% and reach up to 22.2% in large bales. This further increases
to an alarming 44% in mouldy silage samples [112]. Alternatively, use of inadequately
fermented silage (pH of 5.0 to 5.5) contaminated by soil and tainted crops can permit
subsequent amplification of L. monocytogenes numbers to high levels. In this way, field
studies consistently highlight silage feeding as the main factor associated with farm animal
exposure. However, the pathogen could also be isolated from a number of other sources,
including bedding material, feed bunks, and water troughs [113,114].

Once ingested via feed, L. monocytogenes transforms its metabolism and colonises the
ruminant gastrointestinal tract intracellularly as a cytosol-adapted pathogen, thereby escap-
ing immune defence. According to Zundel and Bernard [90], L. monocytogenes multiplied in
the rumen of sheep who were asymptomatic carriers due to the favourable environment
of the organ (pH 6.5–7.2 and body temperatures from 38.0 to 40.5 ◦C). Thus, the rumen
content serves as an important reservoir for Listeria.

However, there is still the widespread opinion that grass and soil are initially contami-
nated by wildlife such as deer and birds, which means that dairy farm animals are mainly
subsequently challenged with L. monocytogenes, either during grazing or after consumption
of silage: Indeed, asymptomatic carriage of L. monocytogenes is thought to be prevalent in
up to 36% of wild birds. This includes a variety of species, such as crows, gulls, pheasants,
pigeons, rooks, and sparrows [4]. Interestingly, it was suggested that birds may be some-
what responsible for spreading strains of L. monocytogenes within the human food chain, as
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there were often similarities in the pulsotypes isolated from the birds with those found in
the food chain [115]. However, the findings do not explain if the birds are infected when
feeding on fertilized fields contaminated with Listeria, if birds contaminate the environment
or if both situations apply. Additionally, a wide range of mammals, such as red fox (3.5%),
wild boars (25%), and deer (42%), also harbour L. monocytogenes [4]. Silage winter feeding
is a common practice for free-living [116,117]) as well as farmed [118] wild ruminants in
alpine regions, and it remains to be explored to what extent this practice contributes to
Listeria infections in wildlife. Again, there is considerable evidence that the high prevalence
rate in wild animals is entirely self-generated.

Finally, faecal transmission of L. monocytogenes is not exclusively driven by animals, ei-
ther wild or domestic, as it has been shown to occur regularly in humans also [4]. A number
of studies have investigated such transmission within specific occupational groups. Labo-
ratory technicians had a 77% high cumulative prevalence rate of faecal carriage. However,
prevalence was also very high (62%) in office workers, who were not occupationally ex-
posed to L. monocytogenes [119]. Furthermore, 16% of swab samples from the hands of
farmers [120] and 5.7% of swab samples from hands and working clothes of abattoir
workers [121] were positive for L. monocytogenes [4].

Faecal shedding of L. monocytogenes by asymptomatic farm animals increases its
presence within the farm environment, which leads to an increased risk of feed and food
contamination (Figure 3). Therefore, the ecology of L. monocytogenes within the agricultural
environment should be thorough analysed and Listeria reservoirs should be identified and
removed as part pathogen reduction programs [99].

Hence, in order to gain a more comprehensive understanding of the transmission
dynamics and ecology of L. monocytogenes, a prevalence study was conducted in the
dairy-intensive region of Austria, focusing on small ruminant on-farm dairies [13]. The
study focused on dairy farms that manufactured cheese from raw caprine and ovine milk,
and aimed to identify the routes of transmission of Listeria spp. and to investigate the
link between L. monocytogenes mastitis and the contamination of raw milk. A total of
5799 samples were taken from 53 Austrian dairy farms, and the pathogen was found in
0.9% of them. However, none of the samples taken from the udders of the sheep or goats
tested positive, meaning that raw milk contamination was not significantly impacted by
listerial mastitis.

The prevalence levels from swab samples of working boots and faecal samples were
15.7% and 13.0%, respectively. The investigators concluded that silage feeding practices
correlated significantly with the prevalence of L. monocytogenes in the farm and milk
processing environments. Again, silage was a main culprit, such that L. monocytogenes was
between three to seven times more likely to be present in farms that fed silage to animals
year-round than in farms that did not use silage [13].

Appraisal of state-of-the-art studies now leads us to conclude that silage and the
rumen itself serve as the most important Listeria reservoirs. While the pathogen persists in
a cyclic infection (from faecal excretion to contamination of feed to multiplication in the
gastrointestinal tract) [5], it can enter the food chain either by contaminating raw milk or by
being excreted from the udder of an infected animal. In turn, this contamination can spread
silently to the milk and cheese processing environment (Figure 3); once contaminated,
milk and cheese processing devices and premises can act as a reservoir for Listeria and
contaminate product batches that were originally free from the pathogen.

3. Risk Factor: Consumer Habits

3.1. Trends in Food Supply and Consumers’ Preferences

As the availability and variety of foods in developed countries have increased over the
past several decades, consumer perceptions of these essentials are also changing. Perhaps
the greatest influence on European eating habits in modern times was the widespread
introduction of efficient and affordable domestic refrigeration in the 1960s. For instance, a
majority (58%) of British households owned an electric refrigerator by 1970 [122]. Together
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with social changes at that time, in the context of post-war reconstruction in Europe, where
more women entered the workforce, this led to the growth of supermarkets. Shopping for
food each day was no longer necessary. Wartime and rationing survivors, as well as baby
boomers, began to enjoy ongoing food abundance.

In the meantime, consumers throughout industrialized countries are becoming increasingly
alert to the environmental, social and health consequences of mass-produced, refined foods
and the globalization of food production and trade. Opinions now abound as to how further
environmental damage by mass agriculture can be prevented, how food production can become
sustainable without long transportation distances and how to maintain local economies [123].

These everyday messages are motivating a significant number of people to prefer foods
that have been produced in a transparent and sustainable way, that are free from pesticides,
agrochemicals, processing contaminants, produced without genetic manipulation, and ideally
sourced locally. Perceptions that such food tastes better than superstore alternatives and
comes without plastic packaging are self-motivating. These sentiments reasonably converge
on the local farms, farmers’ markets or street stallholders as opposed to the local supermarket.

The trend to shop for locally harvested food is likely to increase due to our grow-
ing love of organic produce, renewed enthusiasm for vegetarianism and veganism and
simultaneously calls for less meat consumption to slow climate change and improve health.
Such calls have been advocated by, among others, the Intergovernmental Panel on Cli-
mate Change [124] and the World Scientists’ Warning to Humanity [125]. An increasing
number of people are vegetarian, vegan, or flexitarian—those who adopt a predominantly
plant-based diet with occasional meat consumption.

All of this is intensified by the actions of farmers to keep their businesses viable. It is
noteworthy that the number of farms in the EU is in steep decline [37]. There can also be
subsidies for farmers to diversify their activities from national and international bodies in
the context of development programs for weakened rural communities. Local food systems
are purported to promote sustainability, improve local economies, increase access to healthy
foods, improve local diets [126] and encourage entrepreneurship and innovation. Direct
sales from farm producers to consumers, which include farm gate sales, farmers’ markets
and internet-direct marketing, are becoming new marketing channels that retain profits in
local communities [127]. Indeed, some forms of direct marketing are integrally linked with
tourism in local communities. The complement is that farmers who sell products directly
to consumers can attract a number of visitors to a community [128].

To demonstrate an alternative market, farmers’ markets generally also create a context
for closer social ties between farmers and consumers—a human connection—but they remain
fundamentally rooted in community relations [129]. The obverse, according to Hinrichs, is
a distant and anonymous relation between consumers and a few seemingly unpeopled yet
powerful transnational corporations. As for the farmers, the higher costs associated with
direct marketing can be compensated for by higher revenues from higher prices and reduced
uncertainty, which encourages them to enter into quality food projects without investing
excessive labour or capital [130]. Farmers can attract premium prices with minimum costs for
handling, transportation, refrigeration, storage and retail premise overheads.

These consumer-led changes are certainly encouraging for consumer wellbeing and
the planet. However, the production of industrially produced foods can be regulated legally
in the interests of consumer health, while this is not so easy to ensure on the smaller scale.

3.2. On-Farm Dairies and Raw Milk Consumption

The concept of “produce, sell and buy local” has also resulted in an increased interest
in the consumption of raw milk [131]. Raw milk advocates argue that it is a complete,
natural food containing more amino acids, antimicrobials, vitamins, minerals and fatty
acids than pasteurized milk. Furthermore, raw sheep and goat milk is seen to be a better
choice for those with lactose intolerance, asthma, and autoimmune and allergic condi-
tions [38–40]. It is estimated that 35–60% of farm families and farm employees consume
raw milk on a regular basis, whereas the consumption of raw milk by the urban community
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is more difficult to estimate [132]. However, raw milk and milk product consumption
pose a significant health risk associated with ingestion of L. monocytogenes. Surveys from
various countries monitoring the presence of this major foodborne pathogen in raw bovine
milk (including in-line milk filters), have shown prevalence levels as high as 13% [132].
Studies referring to small ruminant milk revealed a prevalence of up to 17% [133], with the
prevalence of pathogens in milk being influenced by numerous factors, including farm size,
number of animals on the farm, hygiene, farm management practices, milking facilities,
and season [13].

Not surprisingly, numerous foodborne outbreaks caused by milk products contami-
nated with L. monocytogenes are reported [35]. Interestingly, to our knowledge there is no
documented case of an outbreak scenario due to cheese manufactured at on-farm dairies.
However, Bellemare et al. [134] claimed that the emergence of farmers’ markets in the
USA increased the number of outbreaks and cases of foodborne illnesses. They detailed a
positive relationship between the number of farmers’ markets per million individuals and
the number per million of reported total outbreaks and cases of foodborne illness in the
average state by year.

3.3. Management of Foodborne Hazards in On-Farm Dairies

For its part, the EU has attempted to reduce food safety risks through programs such
as “Farm to Fork” food safety legislation [135]. A broad weakness, however, is that farmers’
markets, for example, tend to be less rigidly regulated than bricks and mortar shops.
Consequentially, this opens up the potential for new routes of food contamination that have
until now been neglected. Notwithstanding, several EU countries have developed legal
frameworks and incentives to support these so-called “short food (supply) chains” [136].
As direct marketing of food from producers to consumers in Europe grows in popularity,
we also must be vigilant about new patterns and scales of food contamination.

One of the largest developments in recent years in nutrition is that consumers are
increasingly demanding minimally processed, ready-to-eat (RTE) foods that can be stored
in refrigerators for up to several weeks. These foods are challenging hygienists’ attempts
to ensure microbiological quality and safety [20], not least due to the fact that domestic
refrigerators are usually not cold enough [137].

L. monocytogenes is psychrotrophic, which means it is able to multiply even at a
few degrees above zero. Nevertheless, in general, optimal storage temperatures of 4 ◦C
will usually slow growth of L. monocytogenes and may restrict amounts in food to non-
harmful doses. However, in the context of a multinational outbreak, the psychrotrophic
growth potential of L. monocytogenes can be dramatic [138]. The contamination levels of
L. monocytogenes in lots of acid curd cheese that caused a listeriosis outbreak, which led
to a total of 8 deaths among 34 clinical cases, were determined. Contamination levels
varied from ≤ 102 CFU/g to 8.1 × 108 CFU/g. Interestingly, contamination levels of ≤102

CFU/g were even found in three of the sixteen lots that had been stored under optimal
conditions since the beginning of their shelf-life. Nevertheless, by the end of the shelf life,
the contamination levels were found to have increased to the health-endangering levels of
105 and 106 CFU/g.

4. Conclusions and Future Implications

The long shelf life of our food items, inadequate temperature control, abuse at the
household level, combined with the ability of L. monocytogenes to grow at refrigeration
temperatures and its ability to enter the milk chain at almost every stage, makes L. monocy-
togenes a significant threat to public health. In the context of direct marketing of raw milk
and cheese, we can conclude that prudent steps must be taken by the farmers to eliminate
major contamination routes, to ensure continuous compliance with the legally prescribed
cooling temperature and to offer products with a short shelf life.

European Union legislation requires that food business operators not only comply to
basic rules of hygiene (Good Hygiene Practices) [24,27] but, more specifically, in Article 5 of
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Regulation (EC) No 852/2004, “shall put in place, implement and maintain a permanent
procedure or procedures based on the HACCP principles”. More recently, the establishment
of “Operational Prerequisite Control Programs” (oPRP) has filled a gap between Good
Hygiene Practices (GHP) and HACCP-based procedures [139]. In this context, examination
of the udder and determination of the somatic cell count (CMT) of the milk are measures to
detect animals with clinical or subclinical mastitis and to discard milk from such infected
animals. In fresh cheese making, the addition of appropriate starter cultures can prevent
multiplication of L. monocytogenes, or even reduce their numbers. Adequate sanitation of
the milk processing area is one of the basics in GHP. However, under real-life conditions L.
monocytogenes is sometimes able to persist in dairy plants, with severe consequences [140].

From the references we retrieved, it is obvious that in some cases, non-compliance to
GHP and a lack of HACCP-based procedures were identified as factors creating hazardous
situations. We cannot conclude that strict adherence to food safety management programs
would render a 100% safe food. Thus, risk management by a shift towards heat-processed
products would more likely allow a fully HACCP compliant food safety system for control
of L. monocytogenes on small on-farm dairies.
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62. Papić, B.; Kušar, D.; Zdovc, I.; Golob, M.; Pate, M. Retrospective investigation of listeriosis outbreaks in small ruminants using
different analytical approaches for whole genome sequencing-based typing of Listeria monocytogenes. Infect. Genet. Evol. 2020, 77, 104047.
[CrossRef]

63. Dreyer, M.; Thomann, A.; Böttcher, S.; Frey, J.; Oevermann, A. Outbreak investigation identifies a single Listeria monocytogenes
strain in sheep with different clinical manifestations, soil and water. Vet. Microbiol. 2015, 179, 69–75. [CrossRef]

64. Wesley, I.V.; Larson, D.J.; Harmon, K.M.; Luchansky, J.B.; Schwartz, A.R. A case report of sporadic ovine listerial menigoen-
cephalitis in Iowa with an overview of livestock and human cases. J. Vet. Diagn. Investig. 2002, 14, 314–321. [CrossRef]

65. Al-Dughaym, A.M.; Elmula, A.F.; Mohamed, G.E.; Hegazy, A.A.; Radwan, Y.A.; Housawi, F.M.; Gameel, A.A. First report of an
outbreak of ovine septicaemic listeriosis in Saudi Arabia. Rev. Sci. Tech. 2001, 20, 777–783. [CrossRef]

66. Wiedmann, M.; Czajka, J.; Bsat, N.; Bodis, M.; Smith, M.C.; Divers, T.J.; Batt, C.A. Diagnosis and epidemiological association of
Listeria monocytogenes strains in two outbreaks of listerial encephalitis in small ruminants. J. Clin. Microbiol. 1994, 32, 991–996.
[CrossRef]

67. Meredith, C.D.; Schneider, D.J. An outbreak of ovine listeriosis associated with poor flock management practices. J. S. Afr. Vet.
Assoc. 1984, 55, 55–56.

68. Wardrope, D.D.; MacLeod, N.S. Outbreak of listeria meningoencephalitis in young lambs. Vet. Rec. 1983, 113, 213–214. [CrossRef]
69. Vandegraaff, R.; Borland, N.A.; Browning, J.W. An outbreak of listerial meningo-encephalitis in sheep. Aust. Vet. J. 1981, 57, 94–96.

[CrossRef] [PubMed]
70. Grønstøl, H. Listeriosis in sheep. Isolation of Listeria monocytogenes from grass silage. Acta Vet. Scand. 1979, 20, 492–497. [CrossRef]

[PubMed]
71. Du Toit, I.F. An outbreak of caprine listeriosis in the Western Cape. J. S. Afr. Vet. Assoc. 1977, 48, 39–40. [PubMed]
72. McDonald, J.W. An outbreak of abortion due to Listeria monocytogenes in an experimental flock of sheep. Aust. Vet. J. 1967, 43, 564–567.

[CrossRef] [PubMed]
73. Gitter, M.; Terlecki, S.; Turnbull, P.A. An outbreak of visceral and cerebral listeriosis in a flock of sheep in South East England. Vet.

Rec. 1965, 77, 11–15.
74. Schlech, W.F., III. New perspectives on the gastrointestinal mode of transmission in invasive Listeria monocytogenes infection. Clin.

Investig. Med. 1984, 7, 321–324.
75. Grønstøl, H. Listeriosis in sheep. Listeria monocytogenes excretion and immunological state in healthy sheep. Acta Vet. Scand. 1979,

20, 168–179. [CrossRef]
76. Nightingale, K.K.; Fortes, E.D.; Ho, A.J.; Schukken, Y.H.; Grohn, Y.T.; Wiedmann, M. Evaluation of farm management practices as

risk factors for clinical listeriosis and fecal shedding of Listeria monocytogenes in ruminants. J. Am. Vet. Med. Assoc. 2005, 227,
1808–1814. [CrossRef]

77. Wagner, M.; Melzner, D.; Bagò, Z.; Winter, P.; Egerbacher, M.; Schilcher, F.; Zangana, A.; Schoder, D. Outbreak of clinical listeriosis
in sheep: Evaluation from possible contamination routes from feed to raw produce and humans. J. Vet. Med. Ser. B Infect. Dis. Vet.
Public Health 2005, 52, 278–283. [CrossRef]

78. Palacios-Gorba, C.; Moura, A.; Gomis, J.; Leclercq, A.; Gomez-Martin, A.; Bracq-Dieye, H.; Moce, M.L.; Tessaud-Rita, N.;
Jimenez-Trigos, E.; Vales, G.; et al. Ruminant-associated Listeria monocytogenes isolates belong preferentially to dairy-associated
hypervirulent clones: A longitudinal study in 19 farms. Environ. Microbiol. 2021, 23, 7617–7631. [CrossRef]

79. Chitura, T.; Shai, K.; Ncube, I.; van Heerden, H. Contamination of the environment by pathogenic bacteria in a livestock farm in
Limpopo Province, South Africa. Appl. Ecol. Environ. Res. 2019, 17, 2943–2963. [CrossRef]

80. Cavicchioli, V.Q.; Scatamburlo, T.M.; Yamazi, A.K.; Pieri, F.A.; Nero, L.A. Occurrence of Salmonella, Listeria monocytogenes, and
enterotoxigenic Staphylococcus in goat milk from small and medium-sized farms located in Minas Gerais State, Brazil. J. Dairy Sci.
2015, 98, 8386–8390. [CrossRef]

118



Foods 2023, 12, 265

81. Sarangi, L.N.; Panda, H.K. Isolation, characterization and antibiotic sensitivity test of pathogenic listeria species in livestock,
poultry and farm environment of Odisha. Indian J. Anim. Res. 2012, 46, 242–247.

82. Sharif, J.; Willayat, M.M.; Sheikh, G.N.; Roy, S.S.; Altaf, S. Prevalence of Listeria monocytogenes in Organised Sheep Farms of
Kashmir. J. Pure Appl. Microbiol. 2010, 4, 871–873.

83. Soncini, G.; Valnegri, L. Analysis of bulk goats’ milk and milk-filters from Valtellina and Valchiavenna (Lombardy Prealps) for
the presence of Listeria species. Small Rumin. Res. 2005, 58, 143–147. [CrossRef]

84. Schoder, D.; Zangana, A.; Wagner, M. Sheep and goat raw milk consumption: A hygienic matter of concern? Arch. Lebensm. 2010,
61, 229–234. [CrossRef]

85. Almeida, G.; Magalhães, R.; Carneiro, L.; Santos, I.; Silva, J.; Ferreira, V.; Hogg, T.; Teixeira, P. Foci of contamination of Listeria
monocytogenes in different cheese processing plants. Int. J. Food Microbiol. 2013, 167, 303–309. [CrossRef]

86. Miller, B.A.; Lu, C.D. Current status of global dairy goat production: An overview. Asian-Australas. J. Anim. Sci. 2019, 32,
1219–1232. [CrossRef] [PubMed]
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Abstract: Pathways for exposure and dissemination of antimicrobial-resistant (AMR) bacteria are
major public health issues. Filter-feeding shellfish concentrate bacteria from the environment and
thus can also harbor extended-spectrum β-lactamase—producing Escherichia coli (ESBL E. coli) as
an example of a resistant pathogen of concern. Is the short steaming procedure that blue mussels
(Mytilus edulis) undergo before consumption enough for food safety in regard to such resistant
pathogens? In this study, we performed experiments to assess the survival of ESBL E. coli in blue
mussel. Consequently, a predictive model for the dose of ESBL E. coli that consumers would be
exposed to, after preparing blue mussels or similar through the common practice of brief steaming
until opening of the shells, was performed. The output of the model is the expected number of
colony forming units per gram (cfu/g) of ESBL E. coli in a meal as a function of the duration and
the temperature of steaming and the initial contamination. In these experiments, the heat tolerance
of the ESBL-producing E. coli strain was indistinguishable from that of non-ESBL E. coli, and the
heat treatments often practiced are likely to be insufficient to avoid exposure to viable ESBL E. coli.
Steaming time (>3.5–4.0 min) is a better indicator than shell openness to avoid exposure to these
ESBL or indicator E. coli strains.

Keywords: heat treatment; E. coli; mussels; ESBL; AMR; exposure models

1. Introduction

Shellfish such as blue mussels are consumed after a short heat treatment. As shellfish
filter seawater, they accumulate microbes and the effectivity of the heat treatment for
decontamination is therefore critical for food safety.

Antimicrobial-resistant (AMR) bacteria in seafood represent a potential risk for human
beings by two main mechanisms, either clonal transfer of resistant bacteria or by horizontal
gene transfer (HGT) of mobile genetic elements (MGEs) to previously susceptible pathogens.
The emergence of successful multi-drug-resistant (MDR) variants of Escherichia coli and
Klebsiella pneumoniae, belonging to certain clonal lineages, has contributed to the rapid
global spread of extended-spectrum beta lactamase-producing Gram negative bacteria
(ESBLs) and carbapenemases [1]. These clones are considered “global high risk clones” and
have an excellent ability to colonize human hosts, disseminate and cause infections, with
E. coli Sequence type (ST) 131 and K. pneumoniae ST258 as pertinent examples [2]. To be
better equipped for the emerging AMR challenge, a thorough investigation of transmission
routes and reservoirs is needed. WHO underlines the knowledge gap of the food chain
in transmission of AMR bacteria, and AMR bacteria from seafood have been identified by
EFSA as an issue for monitoring [3]. ESBL-producing E. coli is one of several emerging AMR
microbes that have been detected in blue mussels [4,5]. The origin of such resistances may
be both from human or animal sources contaminating seawater [4]. The filtration rate of
water in blue mussels is temperature dependent, but at 15 ◦C it may exceed 120 L of water
per day [6]. They therefore constitute potential hot spots for accumulating pathogenic
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and antimicrobial-resistant bacteria from the marine environment. If ESBL organisms
accumulated from the environment survive the light–heat treatment that is traditionally
preferred for mussels before consumption, AMR genetic elements can be transferred to
the human microbial community. Few prevalence studies have estimated the occurrence
of AMR in blue mussels; however, the occurrence of AMR in shellfish will most probably
reflect the occurrence in the environment where they have been grown [4,5,7,8].

The potential for blue mussels to be a significant source of ESBL-producing E. coli to
human beings is unknown. A study performed under the Norwegian monitoring program
for antimicrobial resistance in the veterinary and food production sectors (NORM-VET)
in 2016 reported that 4.2% of E. coli isolates obtained from bivalve molluscs (n = 261) in
Norway were resistant to at least one antibiotic, while the prevalence of resistance to three
or more antibiotics was 1.4% [9]. By using a selective screening methodology, 3.3% of the
391 samples showed resistance to third-generation cephalosporins and ten of these carried
the globally common plasmid-encoded ESBL resistance gene blaCTX-M-15 [9].

Shellfish such as oysters and mussels are often consumed raw or undercooked for
culinary reasons, which may pose a risk for the consumer [10]. In addition, consumption of
wild-harvested mussels, i.e., uncontrolled mussels, occurs in many coastal areas, particu-
larly during vacation times. In these cases, the heat treatment is the only hurdle for ESBL
exposure as the local contamination levels may be unknown or disregarded. Commercially
produced blue mussels have a food safety regulation limit of maximum 10 E. coli/g by the
end of manufacturing process for direct human consumption (Commission regulation (EC)
No 2073/2005). Class A shellfish by harvest should not contain more than 230 cfu/g of
E. coli by harvest. A recommended practice has been to move shellfish with higher E. coli
concentrations to cleaner water until the concentration falls below this level or they will
undergo an industrial heat treatment before being marketed [11]. Whether adhering to
the required limit is enough to avoid ESBL E. coli exposure may depend on their initial
concentration and how well they survive heat treatment.

It is therefore a need for knowledge about the trade-off between safety and preferred
sensory quality, i.e., the potential for survival of both E. coli and ESBL-producing E. coli and
minimum heating conditions for elimination of these microbes in shellfish. There exists
little knowledge about the persistence of viable ESBL-producing E. coli in different food
matrixes where only light–heat treatments are performed before consumption, but both
the maximum obtained temperature within the mussels as well as the duration of certain
temperatures will likely have an impact on bacterial survival rates

The aim of this study was therefore to assess the survival of ESBL-producing E. coli in
blue mussels following different heat treatment regimes, and to develop a corresponding
exposure model and tool for risk assessment and guideline development. To achieve this,
we conducted experiments inoculating live shellfish with E. coli as an indicator for ESBL-
producing E. coli to avoid unacceptable contamination risks and used ESBL-producing
E. coli in controlled heat treatment experiments comparing it to E. coli to verify their role as
an indicator and accumulate additional data on heat inactivation.

The model for the mussel production chain developed in this work incorporates two
sets of experiments. The first set of experiments involves inoculating live mussels with
non-ESBL-producing E. coli by allowing them to naturally filter contaminated water in
an aquarium. This experiment could, however, not utilize ESBL strains due to biohazard
procedures, and thus a second set of experiments addressed this by homogenizing a mix
of mussel flesh and either non-ESBL or ESBL-producing E. coli in a series of heat-resistant
plastic bags.

2. Materials and Methods

Blue mussels for the study were purchased at a local supermarket, where they had
been stored on ice. The mussels were transported to the lab and within 45 min placed at
5 ◦C or in the aquarium for acclimatization.

Our approach consisted of two main steps:
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Inoculating live blue mussels with E. coli in an aquarium and then steaming them for
different lengths of time in a kettle, thus closely simulating normal consumer pro-cedure
and materials. (See Sections 2.1–2.3 and 2.5).

Inoculating raw de-shelled blue mussel flesh with non-ESBL-producing (indicator)
E. coli and an ESBL-producing E. coli, respectively, in sealed plastic bags and subjecting
them to heat treatments at various durations and controlled temperatures in water baths
(See Sections 2.1, 2.2, 2.4 and 2.5).

All experiments and analyses were conducted at the Norwegian Veterinary Insti-tute
facilities in Oslo.

2.1. Preparation of Inoculum

For the inoculation studies described below, indicator E. coli (three isolates, 2016-
22-55-1-1-1-1, 2016-01-4162-1-1-1-1 and 2016-01-4220-1-1-1-1) and ESBL-producing E. coli
(ESBL) (two isolates, 2016-01-4162-1-3-1-1 and 2016-01-4220-1-3-1-1) were used. The five
isolates were all isolated from blue mussels analyzed previously [9] and kindly provided
by NORM-VET.

One isolate of indicator E. coli (2016-22-55-1-1-1-1) originating from a blue mussel
purchased from a retail store was used for inoculation of the water in the aquarium
experiment. Briefly, the inoculum was prepared from frozen glycerol stocks where a loopful
(1 μL) was plated directly from the stock onto a blood agar plate (bovine blood) that was
incubated at 37 ± 1 ◦C overnight. A single colony of E. coli from the blood agar was
added to 100 mL Buffered Peptone Water (BPW-ISO, OXOID) and incubated over night at
37 ± 1 ◦C. The overnight broth culture was equally distributed in four 50 mL sterile tubes
and washed twice by centrifugation for 10 min at 3800× g (Beckman GS-15R Centrifuge),
removal of the supernatant and resuspension of the bacterial pellet in 10 mL 0.9% saline
water. After the second wash, the pellets were resuspended in 10 mL 0.9% saline separately
prior to adding to the aquarium.

For the experimental inoculation of blue mussel flesh, samples were spiked with two
isolates of indicator E. coli (2016-01-4162-1-1-1-1 and 2016-01-4220-1-1-1-1) and two strains
of ESBL-producing E. coli (2016-01-4162-1-3-1-1 and 2016-01-4220-1-3-1-1), respectively.
Both ESBL-producing E. coli harbored blaCTX-M-15, where strain 2016-01-4162-1-3-1-1
harbored blaCTX-M-15 alone, while strain 2016-01-4220-1-3-1-1 also had blaCMY-2. These
isolates originated from two samples in which both an indicator E. coli as well as an ESBL
isolate had been detected through selective screening within the NORM-VET program.
The inocula were prepared from frozen glycerol stocks by plating a loopful of stock on
blood agar plates followed by incubation at 37 ± 1 ◦C overnight. A single colony from each
isolate was transferred to separate tubes of 10 mL BPW-ISO and incubated as described
above. After incubation, the two isolates of indicator E. coli and the two strains of ESBLs
E. coli were mixed to an E. coli mix and an ESBL -E. coli mix, respectively, and used for
direct inoculation of samples of blue mussel flesh.

2.2. Aquarium Experiment

Artificial seawater (3%) was made by adding 2100 g Red Sea Salt (© 2020 Red Sea)
to approximately 58 L ice and cold 35 L tap water to an aquarium (equipped with an
electric pump, clean but not sterile). The aquarium was situated in a room with a constant
temperature of 16 ◦C. Immediately after the preparation of the artificial seawater, a total
of 90–100 blue mussels were transferred to the aquarium for acclimation for 24 h before
40 mL inoculum of ~2 × 108 pr mL E. coli (2016-22-55-1-1-1-1) was added. The aquarium
experiment was carried out three times.

Water samples were taken after the E. coli overnight broth culture was added and
before the blue mussels were harvested 17 h after inoculation. After being removed from
the aquarium the mussels were brought to the laboratory on ice. Each was marked with
a waterproof marker and kept at 5 ◦C until steaming. Uninoculated blue mussels with
temperature loggers (Signatrol SL53T Temperature logger 0/125 ◦C) were included in the
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pot during steaming in order to obtain information on the temperature inside the mussel
shells flesh during the cooking period.

There was no growth of E. coli from the negative controls. A total of 10 inoculated blue
mussels were transferred to a pot with approximately 70–80 not-inoculated blue mussels
and steamed for pre-determined periods of time (30 s intervals from 60 to 210 s). After
steaming, the flesh from the inoculated blue mussels were allowed to cool in room tem-
perature before being distributed in Stomacher bags, one bag per mussel, for quantitative
analyses of E. coli as described in Section 2.4 below. A total of 10 uninoculated blue mussels
and 10 inoculated blue mussels prior to steaming were also distributed in Stomacher bags,
one bag per mussel, for quantitative analysis for E. coli as negative controls and to check
the level of E. coli present in the inoculated mussels, respectively.

2.3. Heat Treatment with Inoculated Blue Mussel Flesh

For the experiments with the heat treatment of the inoculated flesh from blue mussels,
the flesh was obtained from blue mussels purchased from a local supermarket (see above).
Aliquots of 10 g were distributed in separate 400 mL Stomacher bags (Grade Blender Bags,
Standard 400) and inoculated separately with 100 μL of ESBL mix (2016-01-4162-1-3-1-1 and
2016-01-4220-1-3-1-1) or E. coli (2016-01-4162-1-1-1-1 and 2016-01-4220-1-1-1-1) mix (prior
to heat sealing of the bags (for concentration of bacteria in the inocula). Before sealing, as
much air as possible was squeezed out of the bags, and the mussel flesh was not flattened
beyond this before heat treatment, retaining the effect of slow heat transfer within the
mussel during cooking. The inoculated bags were then stored at 5 ◦C for at least 30 min
prior to heat treatment. The heat treatment was carried out by completely submerging the
parts of the bags with blue mussel flesh in a water bath (Nüve BM 30) at fixed temperatures
(55 ◦C, 65 ◦C and 75 ◦C) for pre-determined periods of time (20–270 s). The bags were
allowed to cool at room temperature analogous to the whole mussels prior to quantitative
analyses for E. coli and ESBL, respectively, as described in Section 2.4.

Temperature loggers were included in similar samples with uninoculated blue mussel flesh.
Inoculated samples were analyzed for E. coli and ESBL E. coli prior to heat treatment

to estimate the initial concentration in the mussel flesh. Uninoculated control samples
without heat treatment were analyzed for E. coli and ESBL.

2.4. Microbiological Analyses
2.4.1. Quantitative Analyses of Indicator E. coli and ESBL-Producing E. coli

The blue mussel flesh was weighed and diluted 1:10 by adding BPW-ISO to the
Stomacher bag, prior to stomaching or shaking for 30 s to two minutes to homogenize.
The samples were further serially diluted in BPW-ISO (aquarium experiment) or Peptone
Saline (1 g peptone, 8.5 g NaCl/L) (heat treatment with inoculated blue mussel flesh)
and 100 μL of the appropriate dilutions was plated out with a L-rod on TBX (Oxoid) or
MacConkey (Becton Dickinson) supplemented with 1 mg/L cefotaxime (Sigma) (MaC-CO)
for quantification of E. coli or ESBL-producing E. coli, respectively. In order to obtain a
detection limit of 10 cfu/g, one mL of the initial homogenate was distributed equally on
the surface of three plates. The TBX and MaC-CO plates were incubated at 37 ± 1 ◦C
and 41.5 ± 1 ◦C, respectively. Typical colonies on the different agars were counted and a
selection of colonies was further confirmed (Section 2.4.3).

2.4.2. Detection of E. coli and ESBL-Producing E. coli in Enrichment of Samples

After serial dilutions and plating had been made for quantitative analysis, the rest
of the initial homogenate (10 g sample and 90 mL BPW-ISO) from the heat treatment
experiment and the aquarium experiment (flesh from one blue mussel diluted 1:10 with
BPW-ISO) were incubated at 37 ± 1 ◦C overnight, followed by plating of a loopful (10 μL)
of enrichment on TBX or MaC-CO, depending on which organism analyzed for. All samples
were enriched, but plating was only performed if the result from the quantitative analysis
was below the detection limit (i.e., <10 cfu/g). The plates were inspected for typical
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colonies and a selection of colonies was pure-cultured on blood agar and further confirmed
(Section 2.4.3).

2.4.3. Confirmation by MALDI-TOF and PCR

A selection of colonies from both the blue mussel inoculation experiment and the heat
treatment experiment were confirmed as E. coli by MALDI Biotyper MS (MALDI-TOF MS,
Bruker Daltronics GmbH). Presumptive ESBL-producing E. coli were confirmed by using
PCR specific for the genes harbored by the strains [11–13].

2.5. Statistical Analysis and Modeling

Data analysis was conducted using the R 3.5 software [14] with the mgcv package
for generalized additive models (GAMs) with smoothness estimators, and application of
results was performed using R Shiny [15,16].

We first used a binomial model of steam time vs. probability P of mussels opening so
that the estimate proportion EP of mussels opened for a given time point (Figure 1):

EP(Open|Time) =
1

1 + e f (T)
(1)

Figure 1. The effect of steaming time on the proportion of mussels opening.

Data were treated to account for “worst case scenarios”, so when E. coli were not
detected by enumeration (i.e quantitative analysis with detection level 10 cfu/g), but only
after enrichment, E. coli numbers were set to 9 cfu/g.

When modeling how many bacteria that would remain viable after heat treatment,
repeated measures on the same mussel were not feasible. Hence, estimates of contamination
level had to be made independently on different individual samples. As a measure Pe of
proportional survival of bacteria, this means taking the cfu/g for a given sample at time
t minutes of the heat treatment and dividing it by the average cfu/g found in inoculated
samples at t = 0, i.e., before any heat above room temperature was applied, rounding
any number

PCFU,t = min
{

c f ut

c f u0
, 1
}

(2)

as we are assuming no significant further bacterial growth happening in the few minutes
between initial samples being taken and heat treatment being applied, and thus sample
variance being the cause for any number over 1.

The proportion of the remaining viable cfus were estimated by the GAM regression
models with the non-parametric penalized thin spline model with quasi-binomial error
distribution to allow for overdispersion and allow the estimation of survival curves to be
data-driven and flexible rather than being bound to specific a priori survival functions such
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as the Weibull [17] or exponential. Logistic regressions on the proportion as given in the
results and discussion all follow the general format of

Y = ln
(

1
1 − PCFU

)
(3)

Y = b + B(X) + f(X,k) + ε (4)

where b is a constant (intercept), B a vector of constants and X a matrix of explanatory vari-
ables. f(X) denotes a set of zero or more penalized regression splines [18] with smoothing pa-
rameters selected by the GCV criterion limited upwards to a maximum number of degrees
of freedom k, and the conditional distribution of the response a quasi-binomial distribution

P(Y = k) =
(

n
k

)
p(p + kφ)k−1(1 − p − kφ)n−k (5)

which is similar to the binomial distribution except for the parameter φ, which captures
excess variance. Some models incorporate only linear predictors B(X), others non-linear
effects (f(X,k)), and this is made clear in the text for each relevant model.

When modeling the number of cfu/g directly, not as a proportion remaining of the
initial concentration after inoculation, the same model framework was used. Except for the
response variable

Y = ln(c f u) (6)

And when the conditional distribution of the response is a quasi-Poisson distribu-
tion [19], i.e., where if

E(Y) = μ (7)

Var(Y) = θμ (8)

P(Y = k) =
λke−λ

k!
(9)

making it a Poisson distribution with an overdispersion parameter θ regulates the vari-
ance/mean relationship.

When estimating the exposure, we assumed that the observed concentrations of bacte-
ria were representative of an underlying probability density. We then estimated smoothed
empirical probability densities on the observed concentrations and simulated expected
exposures by drawing 20 hypothetical shells as a typical meal from these distributions,
taking the average bacterial concentration (cfu/g) and multiplying by 250, as 250 g is
assumed to be a typical portion of blue mussels.

For temperature logger data, a set of algorithms was developed to identify and homog-
enize logger time series, but an element of manual delineating was most efficient as some
treatment times had not left peaks identifiable beyond noise and temperature fluctuations
between refrigerators, water and air.

3. Results

3.1. Experiments

In traditional preparation, where a culinary value is placed on minimizing heat expo-
sure, looking for the mussel shells opening under steaming is a common indicator for when
they can be taken off the heat. The opening rate is well described by a logistic model of
opening as a function of the steaming time T, which explains about 70% of the variance in
openness status for mussels (Methods Section 2.2 and Equation (1), Figure 1). The opening
rate as a functioning of heat (i.e., steam) exposure was consistent between experiments,
and showed no statistically significant differences between steaming batches.

Black squares are averages. y-axis values represent the fraction of mussels open
(i.e., 0 = all closed; 1 = all open). The blue rug lines indicate datapoints along the time axis.
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Model fit is shown in red, with a 2SE (SE = Standard error) confidence interval for model
fit shaded gray.

Whether or not a mussel is fully open is highly correlated with the proportion PCFU
(see Section 2.5 of E. coli being cultivable from that mussel, but alone it explains only about
40% of the variance in the proportion of bacteria being viable after steaming. Including the
starting concentration (mean cfu/g in samples from the same batch taken before steaming)
as an explanatory variable was not significant, suggesting that at these concentrations
the survival rate of bacteria was independent of concentration. See Figure 2. We see a
strong reduction in average bacterial concentrations as shells open, but also that even some
opened shells retain fairly high bacterial concentrations.

 
Figure 2. The effect of steam-exposed shell openness status on bacterial concentrations (cfu/g)
relative to raw (unopened) mussels (see Equation (2)).

Simulating meal exposures from eating 20 mussels (assumed to be a typical meal)
suggests a 10% risk of ingesting a dose over 10% of the original (pre-steaming) concentra-
tion of bacteria. If partially opened mussels are included in the meal, the risk increases
significantly, as 10% of meals will contain bacteria corresponding to 20% or more of the
original concentration in the meal as a whole. See Figure 3.

3.1.1. Steaming Time Effects on Bacterial Concentration

Modeling the cfu/g directly in an overdispersed Poisson regression model (see
Section 2.5) using the steaming time and the mean initial bacterial concentration in the un-
steamed mussels (cfug0) as the variables explains about 60% of the variance. The remaining
variation is likely to be due to the cooling period after the steaming and until the analysis
of the sample, and to the random variation in the sampling and culturing. The open status
loses all significant explanatory power when the steaming time is allowed to enter as a
non-linear effect (see Section 2.5). After the mussels had been steamed for >3.5 min, E. coli
was not detected in any of the samples. We thus obtained a range of steam times predicted
to bring exposure down to regulation levels depending on meal size and contamination
level estimated from this. See Figure 4.
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Figure 3. Simulated doses of E. coli in a meal size consisting of 20 randomly drawn open mussels
(top panel) as a proportion of original (un-steamed) contamination (Equation (2)). The red bars are
a histogram of such meals consisting of mussels steamed to opening, compared to the load from a
similar number of raw shells (black bars). The risk is markedly higher if partially opened mussels are
included in the meal at the same frequency they were found in this experiment (bottom panel).

 
(a) (c) 

 

 

(b)  

Figure 4. (a) Log10 bacterial concentrations of E. coli as a function of steaming times. The red line gives
the best model for inactivation by steaming, with the 2SE confidence interval in gray. (b) Maximum
temperature registered on loggers glued inside mussel shells as a function of steaming time. (c) The
effect of maximum temperature on viable bacterial concentration (see equations in Section 2.5). We
see that it suggests inactivation from a threshold value a little over 55 ◦C.
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These steam times map closely to the maximum temperature found by temperature
loggers to be attained within steamed mussels and exchanging the max temperature for
the time had the same explanatory power. The effect of the steaming time is thus suggested
to be largely mediated through the maximum temperature and the time over which it is
applied. However, using maximum temperature as an explanatory variable does suggest
that the effect of temperature is strongly non-linear and that the E. coli strains used in the
present study start to be inactivated at temperatures exceeding 55◦C. See Figure 4.

3.1.2. Heat Treatment

For comparisons of indicator strains of E. coli and ESBL producing E. coli, experiments
spanning the temperatures relevant for steamed shells were chosen. Mussel flesh was
therefore taken out of the shell prior to heating, and the mussel flesh was inoculated with
the bacteria.

Blue mussel flesh was then inoculated directly and treated at constant temperatures
for pre-determined periods.

At 55 ◦C, both ESBL-producing E. coli and indicator E. coli remained in high concentra-
tions even after 270 seconds of heat treatment. Surprisingly, the germination rate seemed
possibly even higher after warming.

At 65◦C, there was more variation, for both indicator E. coli and ESBL-producing E. coli
being detected in some of the samples that were treated for 90 to 240 s, but after 270 s at
65 ◦C, neither indicator E. coli nor ESBL-producing E. coli could be detected.

At 75 ◦C, the mussel flesh samples were generally negative after 40–60 s treatment,
but some E. coli and ESBL-producing E. coli could be detected in some of the samples up
to 100 s treatment. This could be explained by the uneven distribution of the inoculum in
the samples. After 110 s at 75 ◦C, neither indicator E. coli nor ESBL-producing E. coli could
be detected.

None of the control samples contained indicator E. coli, except for one sample from
which indicator E. coli was detected after enrichment of the sample (<10 cfu/g).

When modeling the effects of heat treatment in water baths at constant temperature
(see Section 2.5), we saw no robust effect from ESBL status on the proportion of bacteria
remaining viable after heat treatment. We saw only a weak and not robustly significant
trend towards lower survival for ESBL E. coli at the very lowest (55 ◦C) treatment, where
bacterial survival rates were nevertheless very high. In general, survival seemed indistin-
guishable between our genotypes of ESBL E. coli and the indicator strains used here. We
also saw that the survival time at the higher temperature treatments was very short, and
that models using exposure time, temperature and ESBL status explain approximately 90%
of the variance, leaving little noise. See Figure 5.

Figure 5. Concentrations (log(10) cfu/g) of E. coli and ESBL-producing E. coli during heat treatment
in inoculated mussel flesh in constant-temperature water baths at 55 ◦C (green), 65 ◦C (blue) and
75 ◦C (red). ESBL and non-ESBL-producing E.coli inoculates are shown as solid and broken lines
respectively. Only one line indicates overlap.
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4. Discussion

It is mostly unknown how ESBL-producing E. coli and other AMR bacteria behave in
raw and lightly cooked conditions. Conditions of stress, such as heat, may trigger several
mechanisms in bacterial cells, e.g., adaptation, cellular repair, application of response
mechanisms and enhanced virulence [19]. Several studies [20,21] have shown that sub-
lethal food preservation stresses, such as heat and salt, can significantly alter phenotypic
AMR in food-related pathogens such as E. coli, Salmonella typhimurium, Staphylococcus aureus
and Cronobacter sakazakii.

For this study we successfully inoculated live blue mussels with E. coli by allowing the
blue mussels to acclimatize in artificial seawater in the aquarium prior to adding E. coli. This
is, to our knowledge, the first time an experimental study has been carried out to estimate
the survival of E. coli as well as ESBLs during the steaming of blue mussels mimicking the
cooking procedure in the consumer’s home.

A notable finding is that the study showed that about 1.5% of the E. coli present before
steaming is expected to survive if the mussels are only steamed until they are opened and
not longer, and that the variation between mussels gives an overall likelihood of about
10% to ingest meals with an exposure corresponding to 10% of the pre-cooking bacterial
concentration. It is more if half-opened mussels are included.

As the ESBL E. coli survived as well as the indicator strains in our other experiments,
this means that the traditional preparation method cannot be trusted to inactivate AMR
E. coli or other bacteria with similar heat inactivation profiles if they are present in the raw
mussels. Considering the mussels ability to concentrate bacteria from the surrounding
seawater, and that the time point when >95% are open probably represents an optimistic
estimate for how long a consumer would keep heat treating, this suggests that they can
be a significant source of human exposure to environmental AMR genotypes present in
coastal waters or mussel farms, unless effective monitoring and/or heat treatment practices
are in place.

The inactivation curves found in our water bath experiments seem consistent with
previous reports on E. coli heat tolerance [22], where the “shoulder” before inactivation
starts is too small to be measured for higher temperatures and probably reflects a combi-
nation of heat tolerance and a delay of heat penetrating into the mussel flesh for lower
temperatures. No particularly robust “tails” show up in our data, except possibly for the
65 ◦C treatment where a weak tail effect may be present. For the 55 ◦C treatment, the
inactivation never entered a tail phase, and for 75 ◦C and steam treatments the inactivation
could not be distinguished from log-linear as time progressed. The steaming treatment on
the other hand shows a significant “shoulder”, or delay between putting the mussels in the
pot and inactivation starting. As shown by the temperature loggers, this likely is due to the
time it takes for the inside of mussels to attain a critical temperature seeming to be between
55 ◦C and 65 ◦C.

The survival of indicator and ESBL E. coli followed indistinguishable trajectories under
heat treatment, indicating that thermal inactivation curves for E. coli can be used for risk
exposure models of resistant isolates, as have been conducted in a recent risk exposure
study of ground beef [23], which used the thermal inactivation curve in E. coli O157:H7 for
hamburgers [23]. Nevertheless, the use of available data needs to be carefully assessed as
the different food matrixes and food preparations will have impact of the survival of the
specific agent under study [24].

A factor we did not have the opportunity to explore is the differences in heat tolerance
between different genotypes of E. coli. While E. coli is often seen as a heat-sensitive
organism, some strains are among the most heat-resistant of foodborne pathogens with
D60 values >6 min [22,25,26], which suggests inactivation curves with considerably less
steep slopes than we observe here are possible. Thus, our model should be treated as a
guideline, keeping in mind that judging from the inactivation curves reflecting D55 and D65
in our experiment, we note that our strain seems to be representative of the most commonly
tested of E. coli strains [22], but not the most heat tolerant. Further work should take this
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into account and base risk models for recommendations on inactivation on a wider range
of strains found in the relevant environments.

Another factor of concern that needs addressing in this context is the possible transfer
of MGEs remaining after thermal inactivation, which cannot be ruled out and needs further
studies. Work on post-inactivation MGE transfer and inoculation studies addressing
differences in heat tolerance between strains and any possible links between heat resistance
and AMR phenotype require further study.

5. Conclusions

The present study has indicated that

• Shellfish prepared traditionally is a potential pathway for exposure to viable AMR
bacteria concentrated from the environment.

• Inoculation studies mimicking natural bacterial accumulation and realistic preparation
have been shown to be feasible and a useful model system.

• Consuming blue mussels only steamed to opening carries a significant risk of viable
bacteria being present in concentrations just one order of magnitude reduced from the
raw state.

• Steaming time (>3.5–4.0 min) is a better indicator than shell openness to avoid exposure
to these ESBL or indicator E. coli strains.

• Further studies including more genotypes and relating them to what is found in the
environment are needed.

• No difference in heat tolerance was found between ESBL E. coli and an indicator E. coli
strain in the studied food matrix.
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Abstract: Farming seabass (Dicentrarchus labrax) is an essential activity in the Mediterranean basin
including the Aegean Sea. The main seabass producer is Turkey accounting for 155,151 tons of produc-
tion in 2021. In this study, skin swabs of seabass farmed in the Aegean Sea were analysed with regard
to the isolation and identification of Pseudomonas. Bacterial microbiota of skin samples (n = 96) from
12 fish farms were investigated using next-generation sequencing (NGS) and metabarcoding analysis.
The results demonstrated that Proteobacteria was the dominant bacterial phylum in all samples.
At the species level, Pseudomonas lundensis was identified in all samples. Pseudomonas, Shewanella,
and Flavobacterium were identified using conventional methods and a total of 46 viable (48% of all
NGS+) Pseudomonas were isolated in seabass swab samples. Additionally, antibiotic susceptibility
was determined according to standards of the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) and Clinical and Laboratory Standards Institute (CLSI) in psychrotrophic Pseu-
domonas. Pseudomonas strains were tested for susceptibility to 11 antibiotics (piperacillin-tazobactam,
gentamicin, tobramycin, amikacin, doripenem, meropenem, imipenem, levofloxacin, ciprofloxacin,
norfloxacin, and tetracycline) from five different groups of antibiotics (penicillins, aminoglycosides,
carbapenems, fluoroquinolones, and tetracyclines). The antibiotics chosen were not specifically linked
to usage by the aquaculture industry. According to the EUCAST and CLSI, three and two Pseudomonas
strains were found to be resistant to doripenem and imipenem (E-test), respectively. All strains were
susceptible to piperacillin-tazobactam, amikacin, levofloxacin, and tetracycline. Our data provide
insight into different bacteria that are prevalent in the skin microbiota of seabass sampled from the
Aegean Sea in Turkey, and into the antibiotic resistance of psychrotrophic Pseudomonas spp.

Keywords: seabass; microbiota; fish farms; Pseudomonas; antibiotic resistance

1. Introduction

Seafood, especially fish, is an increasingly important component of human diets. Thus,
aquaculture is an important source of food suitable for human consumption [1], and could
provide a sustainable supply of affordable seafood to an increasing global population.
Mediterranean marine aquaculture grew exponentially during the last decades of the
20th century, though at a slower pace over the past 20 years or so [2]. European seabass
(Dicentrarchus labrax) is the 31st most-reared fish in worldwide aquaculture [3]. Seabass
production increased by 2.9% in 2020 and reached 243,900 tons globally [4]. More than 95%
of the world’s seabass and sea bream (Sparus aurata) production comes from aquaculture,
of which, 97% accounts for the production in Mediterranean countries. Turkey and Greece
are the primary producers, while Spain, France, Italy, Greece, and Turkey are the primary
consumers [5].
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Skin microbiota of fish species such as seabass have, however, hardly been investi-
gated. To fill this knowledge gap, sampled seabass could be analyzed e.g., using next
generation sequencing (NGS) whole genome sequencing and metabarcoding analysis. Such
an approach would generate essential information on the profiles of both culturable and
non-culturable microbial communities [6]. Furthermore, determining dominant microor-
ganisms by NGS could contribute to the identification of pathogenic and/or potentially
pathogenic bacteria in the aquaculture industry.

Although Pseudomonas species (including P. aeruginosa, P. fluorescens, P. baetica, P. putida,
and P. lundensis) have been described as opportunistic human pathogens, many Pseudomonas
species have also been associated with several diseases in farmed fish [7,8]. Additionally,
psychrophilic Pseudomonas spp. cause spoilage of fishery products.

Apart from considerably limiting the success of aquaculture, the prevalence of fish
diseases of microbial origin also necessitates the use of antibiotic treatments. Such treat-
ments, particularly when applied without prudent justification, are known to cause the
emergence of antibiotic-resistant bacteria [9]. Consequently, there is a continuous risk of
the emergence of antibiotic resistance (AR) or multidrug resistance (MDR), i.e., the ability
of a microorganism to withstand the action of one or more antimicrobial compounds [10].
Research has demonstrated the predominance and persistence of Pseudomonas spp. in,
and on the surface of, seafood and in food processing plants, which reflects the ability of
these microorganisms to withstand adverse conditions, including several antimicrobial
treatments [11]. In addition, antibiotics are frequently used in the treatment of diseases in
fish farming. Microbial communities on fish skin are highly variable, may be responsible for
causing fish diseases, and may threaten the health of consumers [12]. Commonly, standard
s of the European Committee on Antimicrobial Susceptibility Testing (EUCAST) [13] and
Clinical and Laboratory Standards Institute (CLSI) [14] are used to determine the antibiotic
susceptibility of bacteria in food intended for human consumption.

This study aimed to use NGS and metabarcoding analysis to determine the bacterial
microbiota of seabass skin samples collected from fish farms in different parts of the Aegean
Sea of Turkey. In addition, agar diffusion assays were performed to evaluate the antibi-
otic susceptibility against 11 antibiotics (piperacillin-tazobactam, gentamicin, tobramycin,
amikacin, doripenem, meropenem, imipenem, levofloxacin, ciprofloxacin, norfloxacin, and
tetracycline) from five antibiotics groups (penicillins, aminoglycosides, carbapenems, fluo-
roquinolones, and tetracyclines). Based on results from agar-disc diffusion assays and the
E-test, Minimum Inhibitory Concentration (MIC) values were utilized to evaluate resistant
psychrotrophic Pseudomonas strains in accordance with EUCAST and CLSI criteria [13,14].

2. Materials and Methods

2.1. Sampling

During June 2022, 96 seabass with an average weight of 300 g and average length of
220 mm were obtained from fish farms in 12 locations (8 samples per farm) in the Aegean
Sea. These fish farms belonged to five different aquaculture companies and were labeled
using capital letters with a numerical subscript (i.e., A1, A2, A3, B1, B2, C1, C2, D1, D2,
E1, E2, and E3) (Figure 1). The collected fish were stored in styrofoam boxes containing
aseptic ice and transported within 4–6 h in refrigerated vehicles (+4 ◦C) to the international
market chain in Istanbul. The styrofoam boxes were opened immediately on arrival under
aseptic conditions. The central temperature in the boxes was ≤+4 ◦C measured with a
thermometer (Testo, Lenzkirch, Germany). Under the same conditions, the samples were
taken by rubbing off the skin of the seabass with sterile swabs containing a transport liquid
medium (Becton Dickinson, NJ, USA). The swabs were transported under refrigeration
temperatures in thermal boxes (≤+4 ◦C) to the laboratory (Department of Food Science
and Technology, Istanbul University-Cerrahpasa) for immediate analyses.
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Figure 1. Seabass aquaculture companies and fish farms locations in the Aegean Sea. (Aquaculture
Company A: three fish farms in Izmir; Aquaculture Company B: two fish farms in Izmir; Aquaculture
Company C: two fish farms in Mugla; Aquaculture Company D: two fish farms in Mugla; and
Aquaculture Company E: three fish farms in Izmir).

2.2. Next Generation Sequencing (NGS) and Metabarcoding Analysis
2.2.1. Total DNA Extraction

Total DNA extraction was carried out directly from the swab samples by applying the
phenol/chloroform/isoamyl alcohol method [15]. For this purpose, 2 mL swab samples
were centrifuged at 14,000 rpm for 5 min at room temperature. The pellet was resuspended
in 500 μL 1×TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) containing 5 mg/mL
lysozyme (Applichem, Darmstadt, Germany) and the phenol/chloroform/isoamyl alcohol
was applied. Finally, the extracted DNA samples were resuspended in 30 μL sterile
deionized water and stored at −20 ◦C for amplicon PCR experiments in NGS studies.

2.2.2. Next-Generation Sequencing

16S rRNA amplicon sequencing and DNA library preparation were carried out ac-
cording to the 16S metabarcoding sequencing library preparation guide [16]. The primers
for the amplicon PCR were F-primer: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGAC
AGCCTACGGGNGGCWGCAG-3′ and R-primer: 5′-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGACTACHVGGGTATCTAACC-3′. Bacterial 16S rRNA V3-V4 gene regions
were amplified using a KAPA HiFi HS kit (Roche, Mannheim, Germany). PCR prod-
ucts from each seabass sample were indexed with dual indexes using a Nextera® XT
Index Kit v2 Set-A (Illumina, San Diego, CA, USA). All the amplicon PCR products and
indexed amplicons were purified using AMPure XP magnetic beads (Beckman Coulter,
Indianapolis, IN, USA). The prepared equimolar proportions (10 nM) of the samples were
pooled, and diluted to a 35 pM library containing 5% (v/v) PhiX control DNA (Illumina).
Subsequently, a 20 μL library was loaded into an iSeq100 v1 cartridge. The sequencing was
carried out using the iSeq100 system (Illumina) pair end read type and two reads of 151 bp
read length.

137



Foods 2023, 12, 1956

2.2.3. Metabarcoding Analysis

The sequencing reads from the 16S rRNA gene were analyzed using Silva NGS soft-
ware version 138.1, VSEARCH 2.17.0, SINA v1.2.10 for ARB SVN (revision 21008), and
BLASTn version 2.11.0+. Trimming of adapter sequences from short NGS read data was
performed using Genious Prime software. The amplicons were clustered based on the
sequence identity operational taxonomic unit (OTU) approach. Clustering Ward’s analysis
was applied using the PAleontological STatistics (PAST) Software version 4.11 package
(2022) at the genus levels in the seabass samples [17].

2.3. Isolation and Identification of Pseudomonas

Pseudomonas spp. isolation and identification were performed using the modified
conventional TS EN ISO 13720 standard [18]. First, 250 μL of the swab sample containing
each liquid medium was taken and placed in 2 mL of Pseudomonas Broth (Z699101
Merck, Darmstadt, Germany) and incubated at 22 ± 2 ◦C for 44 ± 4 h (Pre-enrichment).
Subsequently, 0.1 mL of the suspension in Pseudomonas Broth was taken and spread
onto Pseudomonas Agar (CM 559 Oxoid, Basingstoke, UK) containing Pseudomonas CFC
Selective Supplement (SR103 Oxoid). The plates were incubated at 22 ± 2 ◦C for 44 ± 4 h.
After incubation, suspected Pseudomonas spp. were transferred to Tryptic Soy Agar (CM
131, Oxoid, Basingstoke, UK) for purification. Biochemical tests such as Gram staining,
oxidase test, catalase test, and fluorescence properties with UV light (365 nm) were applied
to confirm Pseudomonas strains [9,18].

2.4. Determination of Antibiotic Susceptibility in Psychrotrophic Pseudomonas Strains

Pseudomonas strains were tested for antibiotic susceptibility using the agar disk dif-
fusion method on Mueller–Hinton agar (CM 337 Oxoid) [19]. The plates were incubated
at 22 ± 2 ◦C for 24 h. Eleven (11) different antibiotics were used: Piperacillin-tazobactam
(Oxoid-CT1616, 30–6 μg), gentamicin (Oxoid-CT0024, 10 μg), tobramycin (Oxoid-CT0056,
10 μg), amikacin (Oxoid-CT0107, 30 μg), doripenem (Oxoid-CT1880, 10 μg), meropenem
(Oxoid-CT0774, 10 μg), imipenem (Oxoid-CT0455, 10 μg), levofloxacin (Oxoid-CT1587,
5 μg), ciprofloxacin (Oxoid-CT0425, 5 μg), norfloxacin (Oxoid-CT0434, 10 μg) and tetra-
cycline (Oxoid-CT0054, 30 μg) according to the CLSI [14] from five preferred antibiotic
groups (penicillins, aminoglycosides, carbapenems, fluoroquinolones, and tetracyclines).

The E-test (Bioanalyse, Turkey) was applied to determine the Minimum Inhibitory
Concentration (MIC) of Pseudomonas strains that were found to be resistant to antibiotics in
the disc diffusion test. Results were evaluated according to the EUCAST [13] and CLSI [14]
breakpoint tables.

3. Results and Discussion

3.1. NGS and Metabarcoding Analysis Results

Modern high-throughput methods have substituted conventional culture-based mi-
crobiological techniques, increasing our understanding of fish microbial communities
throughout the production chain, from harvesting through storage distribution, until the
end of shelf life [20]. In this study, the alpha diversity of bacteria was estimated to deter-
mine the diversity within samples, and the Shannon species diversity index values were
determined using Silva NGS software (Table 1). This diversity index is a quantitative
measure for estimating the number of different species in a given environment and their
relative abundance [21]. This can be relevant for identifying the bacterial diversity in skin
seabass samples because skin mucus harbors a complex bacterial community [22].
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Table 1. Shannon species diversity index values * of seabass skin samples.

Company
Code

Sample
Name

Shannon
Index

Company
Code

Sample
Name

Shannon
Index

Company
Code

Sample
Name

Shannon
Index

A1

Fish_S1 7.02

E1

Fish_S33 7.03

E2

Fish_S65 6.73
Fish_S2 6.84 Fish_S34 6.83 Fish_S66 6.51
Fish_S3 7.25 Fish_S35 7.14 Fish_S67 6.88
Fish_S4 7.11 Fish_S36 6.93 Fish_S68 6.61
Fish_S5 7.10 Fish_S37 6.95 Fish_S69 6.78
Fish_S6 7.21 Fish_S38 6.58 Fish_S70 6.94
Fish_S7 6.99 Fish_S39 6.82 Fish_S71 6.66
Fish_S8 6.88 Fish_S40 6.58 Fish_S72 6.82

B1

Fish_S9 6.89

D2

Fish_S41 6.76

B2

Fish_S73 6.56
Fish_S10 7.14 Fish_S42 6.68 Fish_S74 6.29
Fish_S11 7.14 Fish_S43 6.88 Fish_S75 6.62
Fish_S12 7.00 Fish_S44 6.84 Fish_S76 6.44
Fish_S13 7.25 Fish_S45 6.92 Fish_S77 6.38
Fish_S14 6.66 Fish_S46 7.02 Fish_S78 6.52
Fish_S15 7.12 Fish_S47 6.65 Fish_S79 6.78
Fish_S16 6.91 Fish_S48 6.55 Fish_S80 6.52

C1

Fish_S17 6.86

C2

Fish_S49 6.82

E3

Fish_S81 6.83
Fish_S18 6.88 Fish_S50 6.33 Fish_S82 6.73
Fish_S19 6.87 Fish_S51 7.06 Fish_S83 6.80
Fish_S20 6.53 Fish_S52 6.30 Fish_S84 6.75
Fish_S21 6.92 Fish_S53 7.01 Fish_S85 6.69
Fish_S22 6.85 Fish_S54 6.79 Fish_S86 6.61
Fish_S23 7.13 Fish_S55 6.70 Fish_S87 7.00
Fish_S24 7.02 Fish_S56 6.84 Fish_S88 6.90

D1

Fish_S25 7.16

A2

Fish_S57 6.99

A3

Fish_S89 6.87
Fish_S26 6.82 Fish_S58 7.00 Fish_S90 7.08
Fish_S27 6.68 Fish_S59 6.98 Fish_S91 6.94
Fish_S28 6.16 Fish_S60 6.81 Fish_S92 6.69
Fish_S29 6.75 Fish_S61 6.65 Fish_S93 6.66
Fish_S30 6.95 Fish_S62 6.34 Fish_S94 6.61
Fish_S31 6.87 Fish_S63 6.87 Fish_S95 6.96
Fish_S32 6.52 Fish_S64 6.74 Fish_S96 6.89

* The higher the index values, the more diverse the species in the habitat.

Metabarcoding analysis of 189,207 sequences from 96 seabass skin samples led to
123,391 OTUs, 39,737 clustered sequences, and 164,870 classified sequences. The results
indicated that the phylum Proteobacteria was dominant in all seabass skin samples. The
skin microbiota samples also contained bacteria belonging to the phyla Firmicutes and
Bacteroidota (Figure 2). At the genus level, Pseudomonas was the dominant genus among
the 96 seabass swab samples. (Figure 3). Additionally, Shewanella, Acinetobacter, and
Flavobacterium were also among the most prevalent genera (Figure 3). Similar results
were reported from the Bodrum coast in seawater, Mugla [23]. The genus Pseudomonas
is considered to be an important fish pathogen as it comprises some (sub) species which
are opportunistic pathogens to humans [23]. Another study dedicated to examining the
microbiota of whole and filleted seabass [20] presented results similar to those we obtained.
Pseudomonas was dominant in seabass samples, based on the 16S rRNA metabarcoding
analysis, followed by the presence of Shewanella. Among animal food products, fish are
the most vulnerable to bacterial spoilage and Shewanella has previously been reported as a
main contributor in the microbiota of spoiled seafood, such as hake fillets [24]. Additionally,
Shewanella was the dominant genus in MAP-stored seabass fillets, but its relative abundance
declined dramatically towards the end of the products’ shelf life [19]. Acinetobacter are
abundant in aquatic environments and frequently isolated from the skin and gills of fresh
fish [25]. In a previous study, Acinetobacter were the dominant bacteria in seabass fillets [20]
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and rainbow trout samples [26]. However, Acinetobacter are not recognized as important
spoilage bacteria [27] as they cannot hydrolyze fish proteins and are thus, a weak producer
of biogenic amines, as well as a weak degrader of ATP-related compounds [28].

Figure 2. Distribution of bacterial communities in seabass swab samples at the phylum level.

140



Foods 2023, 12, 1956

Figure 3. Distribution of bacterial communities in seabass swab samples at the genus level.
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P. lundensis was identified by NGS analysis of all seabass samples. Similar to our
results, Elbehiry et al. [29] reported that, in red meat samples, P. lundensis was the dominant
species. Pseudomonads are highly opportunistic and may become a highly threatening
fish pathogen causing serious illness including ulcerative syndrome and hemorrhagic
septicemia [30]. Enterococcus were found in 15 seabass samples, of which samples S1, S4,
and S5 were sampled from the same fish farm. The other Enterococcus-containing samples
were S11, S34, S45, S53, S54, S57, S64, S65, S66, S67, S68, and S69 identified from four
different fish farms (D2 and C2 located in Mugla, A2 and E2 located in Izmir). Detection of
Enterococcus spp. in sea bass skin samples may indicate fecal contamination in seawater.

The highest Shannon diversity index in this study (7.25) was obtained for samples
S3 and S13, indicating that these samples had the highest diversity of skin microbiota. The
S28 sample contained the lowest species diversity with a value of 6.16 (Table 1). Ward’s
analysis demonstrated that two main clusters were present at the genus level (Figure 4).
The composition of the microbiota, however, did not cluster at the genus level. This might
be attributable to differences in the composition of the fish skin microbiomes between
individual fish from the same population and differences between the skin microbiome
and the surrounding water [6].

Foodborne pathogens such as Salmonella, Escherichia, and Mycobacterium genera were
not found in the samples. On the other hand, Vibrio (V.) ordalii was detected in three seabass
swab samples (numbers 65, 66, and 67) originating from E-2 fish farms in Izmir. Similarly,
many researchers have reported V. ordalii from seabass in the Aegean Sea [31,32], including
Izmir [33]. Bacterial infections most frequently detected in cultured seabass and gilthead
sea bream are caused by bacteria belonging to the family Vibrionaceae. Associated losses
have been reported with Vibrionaceae in many fish species, including seabass, sea bream,
and salmonid species etc. [34].

3.2. Temperature Measurement of Seabass Samples in Styrofoam Boxes Containing Ice

The lowest average temperature was 1.7 ◦C in the samples from the fish farm B2
located in Izmir, and the highest temperature was 3.4 ◦C in the samples from the fish
farms A3 (Izmir) and E2 (Izmir) (Table 2). The average and standard deviation of the inner
temperature of seabass samples were 2.58 ± 0.53 ◦C. In addition, the internal tempera-
ture values measured in all fish samples were below +4 ◦C. Similarly, a study reported
the internal temperature of iced styrofoam-packaged seabass from the Aegean Sea to be
4.15 ± 1.12 ◦C [35]. The extension of shelf life by chilling is essentially due to the reduction
in the growth rate and metabolic activity of spoilage microorganisms such as Pseudomonas
spp. [35] and Acinetobacter spp. Acinetobacter species have been found in great abundance in
fresh seabass at 12 ◦C [19] and fish fillets at 10 ◦C [36], and were the dominant species at the
end of the shelf life of rainbow trout stored aerobically at 4 ◦C [25]. Indeed, upon storage
the psychrophilic bacteria proliferated slowly and dominated the mesophilic load, as the
low temperature favored their growth [37]. Similar to our study, Syropoulou et al. [38]
reported that Pseudomonas spp. were found from the beginning of shelf life, whilst in
seabass products from Greece, Shewanella were detected at later storage stages.

3.3. Isolation of Psychrotrophic Pseudomonas spp. in Seabass Swab Samples using
Conventional Methods

In total, 46 seabass swab samples (48%) were positive for psychrotrophic Pseudomonas
strains isolated with the conventional ISO method [18] (Table 2). Pseudomonas strains were
isolated from four fish farms in Izmir, i.e., A2 (n = 6), E2 (n = 6), E3 (n = 6), and A3 (n = 5),
and farm C1 (n = 5) in Mugla. The cultivation-based method will detect live Pseudomonas
strains, which is an important characteristic when compared to NGS and metabarcoding
methods that are used in the detection of DNA fragments and DNA structures, as these do
not necessarily indicate the presence of living bacteria [39].
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Figure 4. Dendrogram based on Ward’s method of clustering.
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Table 2. Temperature of seabass samples and verification of viable psychrotrophic Pseudomonas
strains after Next Generation Sequencing analysis (NGS) using conventional methods [18].

Company Code and Fish
Farm Number

Temperature Measurement
of Seabass Samples (◦C)

Samples with DNA Fragments
from Pseudomonas

Number Samples with Viable
Pseudomonas Strains (out of NGS

Positive Samples)

1A1 2.3 8 3
A2 2.7 8 6
A3 3.4 8 4
2B1 2.7 8 1
B2 1.7 8 2

3C1 2.1 8 5
C2 2.3 8 4

4D1 3.2 8 4
D2 2.5 8 4
5E1 1.9 8 2
E2 3.4 8 6
E3 2.8 8 5

Totally Total x-Sx
2.58 ± 0.53 96 46

1 Fish Company A: A1–A3, three different fish farms of fish company A in Izmir Province; 2 Fish Company B:
B1–B2, two different fish farms of fish company B in Izmir Province; 3 Fish Company C: C1–C2, two different fish
farms of fish company C in Mugla Province; 4 Fish Company D: D1–D2, two different fish farms of fish company
D in Mugla Province; 5 Fish Company E: E1–E3, three different fish farms of fish company E in Izmir Province.

3.4. Antibiotic Susceptibility of Pseudomonas spp. Using Disc Diffusion

Susceptibility to 11 antibiotics was tested among 46 viable Pseudomonas spp. isolates.
Some of the strains (13/46; 28.3%) were found to be resistant to doripenem, according to
EUCAST [13] and CLSI [14] (Table 3).

Table 3. Clinical and Laboratory Standards Institute (CLSI) and the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) as assessed using the disc diffusion method of psychrotrophic
Pseudomonas strains (n = 46) [Resistant (“R”); Intermediate susceptibility (“I”) or Susceptible (“S”)].

Antibiotic Groups Name of Antibiotics

Distribution of Pseudomonas
Strains according to CLSI

Distribution of Pseudomonas Strains
According to EUCAST

R
(%)

I
(%)

S
(%)

R
(%)

S
(%)

Penicillins Piperacillin-tazobactam 30 μg - - 46
(100) - 46

(100)

Aminoglycosides
Gentamicin 10 μg - - 46

(100) n * n

Tobramycin 10 μg 2
(4.3) - 44

(95.7) n n

Amikacin 30 μg - - 46
(100) - 46

(100)

Carbapenems
Doripenem 10 μg 13

(28.3) - 33
(71.7)

13
(28.3)

33
(71.7)

Meropenem 10 μg 1
(2.3)

4
(8.6)

41
(89.1)

5
(10.9)

41
(89.1)

Imipenem 10 μg 6
(13)

2
(4.4)

38
(82.6)

6
(13)

40
(87)

Fluoroquinolones
Levofloxacin 5 μg - - 46

(100) - 46
(100)

Ciprofloxacin 5 μg - 1
(2.2)

45
(97.8)

1
(2.2)

45
(97.8)

Norfloxacin 10 μg - - 46
(100) n n

Tetracyclines Tetracycline 30 μg - - 46
(100) n n

* n: A breakpoint value of this antibiotic is not available in the CLSI standard.

Thirty (65.2%) Pseudomonas strains were susceptible to all antibiotics according to the
CLSI [14]. On the other hand, thirty-three (71.7%) Pseudomonas strains were susceptible to
all antibiotics according to the EUCAST [13]. All Pseudomonas strains from A1 (Izmir), B1
(Izmir), and E1 (Izmir) fish farms were susceptible to all antibiotics (Table 4).
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Sixteen (34.8%) Pseudomonas strains were resistant to more than one antibiotic based
on the CLSI [14]. Eight (17.4%) Pseudomonas strains were resistant to one antibiotic only,
including carbapenem (doripenem) and aminoglycoside group (tobramycin). Six Pseu-
domonas strains were resistant to doripenem, and two strains were resistant to tobramycin
based on the CLSI [14]. However, only five (10.9%) Pseudomonas strains were resistant
to two antibiotics, according to the CLSI [14]. All Pseudomonas strains from fish farms in
Izmir [(A2; n = 1) and (A3; n = 1)] and Mugla [(C1; n = 1) and (D1; n = 1)] were resistant to
doripenem and imipenem (carbapenem group). In addition, one strain originating from D2
fish farms (Mugla) was found to be MDR to doripenem, imipenem, and meropenem, all
included in the carbapenem group, based on the CLSI (Table 4).

Thirteen (28.3%) Pseudomonas strains were found to be resistant to several antibiotics
according to EUCAST [13], seven (13.4%) to only one antibiotic, including carbapenem
(doripenem) and fluoroquinolones (norfloxacin) group. Four Pseudomonas strains were
resistant to doripenem, and two strains to tobramycin according to the EUCAST stan-
dard [13]. Additionally, only two (4.3%) Pseudomonas strains isolated from Izmir (A3 and
B2) were resistant to two antibiotics, according to the EUCAST standard [13]. Moreover,
five Pseudomonas strains originating from Izmir (A2), and Mugla (C1, C2, D1, and D2)
fish farms were found to be MDR to doripenem, imipenem, and meropenem including
carbapenem group based on the EUCAST [13] (Table 4).

Pseudomonas spp. have been identified as primarily invasive or opportunistic pathogens
for many organisms and this genus has also grown in importance in terms of antimicro-
bial resistance [9]. Many researchers have evaluated the antimicrobial sensitivity of Pseu-
domonas species isolated from fish, and have reported them as MDR, based on their resistance
to ampicillin, cefotaxime, aztreonam, trimethoprim-sulfamethoxazole, nitrofurantoin and
other groups of antimicrobials [9,40]. Recently, Rezgui et al. [41] showed an abundance of
antibiotic-resistant bacteria isolated from the gills and intestinal tract of seabass and sea bream.
The antibiotic-resistant bacteria belong to several species of the genera Pseudomonas, Vibrio,
Aeromonas, and Enterobacterales. They were resistant to tetracycline and penicillin, which
are commonly used in treating infections in animals and humans. In another study, almost
all Pseudomonas strains were resistant to penicillins (ampicillin), macrolides (erythromycin,
clindamycin), sulfonamides (trimethoprim-sulphamethoxazole-), and chloramphenicol [9].
We report similar results, i.e., that the Pseudomonas strains were susceptible to penicillins
(piperacillin-tazobactam), aminoglycosides (amikacin and gentamycin), fluoroquinolones (lev-
ofloxacin, norfloxacin), and tetracyclines (tetracycline, ciprofloxacin) based on the CLSI [14].
Likewise, a study reported that enrofloxacin, oxytetracycline, and ciprofloxacin were found to
be effective antibiotics against fish disease agents such as Pseudomonas spp., Vibrio spp. and
Staphylococcus spp. in Turkey [42]. On the other hand, all P. fluorescence strains isolated from
fish were resistant to piperacillin, ceftazidime, and cefepime in Egypt [43]. In the present
study, psychrotrophic Pseudomonas strains were partially resistant (based on the EUCAST and
CLSI) to antibiotics commonly used in fish farms. This fact should be carefully addressed in
the context of the environmental spread of antibiotic resistance.

According to the CLSI, psychrotrophic Pseudomonas strains showed different resistance
patterns to doripenem (28.3%), imipenem (13%), tobramycin (4.3%), and meropenem
(2.3%). Similarly, Pseudomonas were resistant to doripenem (28.3%), imipenem (13%),
meropenem (10.9%) and ciprofloxacin (2.2%) based on the EUCAST. In total, Pseudomonas
strains resistant to nine antibiotics were isolated from nine different fish farms [A2 (n = 1),
A3 (n = 2), B2 (n = 2), C1 (n = 1), C2 (n = 1), D1 (n = 1), D2 (n = 1), E2 (n = 1), and E3
(n = 2)]. Pseudomonas strains were resistant to the same antibiotics (imipenem, meropenem,
and doripenem) (Table 4). Additionally, one Pseudomonas strain belonging to B2 (n = 1)
fish farm showed resistance to ciprofloxacin and doripenem based on the EUCAST [13].
Finally, five Pseudomonas strains resistant to three antibiotics were identified according
to the EUCAST [13]. These strains originated from five different fish farms: A2 (n = 1,
Izmir), C1(n = 1, Mugla), C2 (n = 1, Mugla), D1 (n = 1, Mugla), and D2 (n = 1, Mugla).
Fish diseases are limiting factors in fish production, causing high mortality, especially in
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hatcheries, which affects profit negatively [29]. Antibacterial therapy is often chosen as the
way to control bacterial disease outbreaks that pose economic challenges [43]. Additionally,
antibiotic resistance is one of the most significant challenges to human health and food
security [28]. Some studies are available on antibiotic susceptibility in human pathogenic
bacteria, including Pseudomonas spp. [44].

3.5. MICs of Psychrotrophic Pseudomonas spp.

Pseudomonas strains that had shown resistance to antibiotics in the disc diffusion assay
were selected for examination using the E-Test (gradient diffusion method) to determine
their MIC (Table 5). From the 13 strains that showed resistance to doripenem in the disc
diffusion test, two had an MIC exceeding the threshold ≥8 g/mL for antibiotic resistance
(12 and 125 g/mL; the latter isolate originated from farm A3 in İzmir). For imipenem,
three out of six isolates resistant according to disc-diffusion assay were confirmed as
resistant by E-test. The MIC of these three resistant strains was >32 μg/mL. All these
isolates originated from farms A3 (in Izmir), C1, and D1 (both in Mugla). Similarly, isolates
resistant to tobramycin, meropenem, or ciprofloxacin according to the disc diffusion assay,
were classified as susceptible based on the E-test MIC [13,14]. Only one Pseudomonas strain
from C1 fish farms (Sample no. 24) was resistant to doripenem and imipenem, as assessed
by MIC determination.

Table 5. The Minimum Inhibitory Concentrations (MIC), as assessed by E-Test, for four antimicrobial
agents against Pseudomonas strains isolated from sea bass samples.

Group Antimicrobial Tested
n = 22

MIC (μg/mL), n = 22
Resistant
Isolates,

n = 5

0.012–0.025 0.026–0.50 0.051–0.999 1–1.5 3 4 6 12 >32 125

Carbapenems
Doripenem 1 13 5 1 2 3 1 1 2
Meropenem 1 1 1 0
Imipenem 1 6 1 1 1 3 3

Aminoglycosides Tobramycin 2 2 1 1 0

Fluoroquinolones Ciprofloxacin 3 1 1 0

n = number of isolates; 1 = MIC ≥ 8 μg/mL indicates antimicrobial resistance according to CLSI and EUCAST;
2 = MIC ≥ 16 μg/mL indicates antimicrobial resistance according to CLSI; 3 = MIC ≥ 2 μg/mL indicates antimi-
crobial resistance according to EUCAST.

The different results obtained by the gradient diffusion (E-test) and the disc diffusion
methods for Enterobacterales and Pseudomonas aeruginosa strains are not unexpected since
the E-test generally performs better [45]. Despite the different outcomes from different
methods, our results are in line with reports on antimicrobial resistance in Pseudomonas and
Escherichia coli in general. The European Antimicrobial Resistance Surveillance Network
reported on samples from human patients in 2017, of which, 30.8% of the Pseudomonas
aeruginosa strains isolated were resistant to at least one of the antimicrobial groups under
regular surveillance (fluoroquinolones, aminoglycosides, and carbapenems) [46]. Moreover,
the European Centre for Disease Prevention and Control has shown significant increments
in the percentage of antibiotic-resistance among pathogenic bacteria, such as carbapenem-
resistance in Pseudomonas aeruginosa and Acinetobacter spp. in several countries in the
European region of concern [47].

With respect to fish, a study from Egypt reported that Pseudomonas aeruginosa and
E. coli strains were resistant to third-generation cephalosporin and last-resort carbapenems
isolated from Nile tilapia [41]. Interestingly, 29.7% of P. fluorescens strains isolated showed
MDR, especially to penicillin and cephalosporin groups [41].

4. Conclusions

Results from this study show that psychrotrophic Pseudomonas were the dominant
bacterial species in seabass skin samples from 12 selected fish farms in the Aegean Sea.
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Ninety-six fish were sampled by skin swab, and in all samples, NGS analysis indicated the
presence of Pseudomonas. Viable isolates were cultured from 46 of these samples. Testing
the isolates against 11 different antibiotics (five main groups), showed that all samples were
susceptible to piperacillin-tazobactam, gentamicin, amikacin, levofloxacin, norfloxacin,
and tetracycline. Based on the CLSI, the isolates from across the farms showed various
resistance patterns to the carbapenem group [doripenem (28.3%), imipenem (13%), and
meropenem (2.3%)] and aminoglycosides [tobramycin (4.3%)]. Using the EUCAST standard,
there was additional resistance to doripenem (28.3%), imipenem (13%), meropenem (2.3%),
and ciprofloxacin (2.2%). MDR was found among three Pseudomonas strains from Mugla
(D = 2) based on the CLSI and five Pseudomonas strains based on the EUCAST criteria (disc
diffusion method). Three farms with six isolates showed no antibiotic resistance based on
EUCAST and CLSI criteria.

This study has shown that resistance to a broad range of antibiotics prevails in Pseu-
domonas from the selected farms. As the farms were chosen without looking at their histories
of disease and antibiotic use, our results may indicate a representative situation for the
industry in the region. This should, however, be confirmed in a broader study, including
records of antibiotic use at the farm level.

The use of antibiotics is generally regarded as the main driver for developing resistance.
Exposure to antibiotics may be due to own use or external exposure. The industry uses
antibiotics for prophylactic and therapeutic treatments to keep farmed fish free of diseases.
Prudent use of antibiotics is therefore essential also for the aquaculture industry to minimize
antibiotic resistance and the spread of resistant bacteria or genes to the environment.
Ultimately, this will serve consumer protection and lead to a more efficient application of
antibiotics in human therapy.
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Abstract: Prion diseases are transmissible neurodegenerative disorders that affect humans and
ruminant species consumed by humans. Ruminant prion diseases include bovine spongiform
encephalopathy (BSE) in cattle, scrapie in sheep and goats and chronic wasting disease (CWD) in
cervids. In 1996, prions causing BSE were identified as the cause of a new prion disease in humans;
variant Creutzfeldt-Jakob disease (vCJD). This sparked a food safety crisis and unprecedented
protective measures to reduce human exposure to livestock prions. CWD continues to spread
in North America, and now affects free-ranging and/or farmed cervids in 30 US states and four
Canadian provinces. The recent discovery in Europe of previously unrecognized CWD strains
has further heightened concerns about CWD as a food pathogen. The escalating CWD prevalence
in enzootic areas and its appearance in a new species (reindeer) and new geographical locations,
increase human exposure and the risk of CWD strain adaptation to humans. No cases of human
prion disease caused by CWD have been recorded, and most experimental data suggest that the
zoonotic risk of CWD is very low. However, the understanding of these diseases is still incomplete
(e.g., origin, transmission properties and ecology), suggesting that precautionary measures should be
implemented to minimize human exposure.

Keywords: cervids; CWD; wildlife; zoonosis

1. Introduction

Zoonoses are human diseases caused by pathogens derived from natural vertebrate
animal reservoirs either directly or via intermediate animal hosts. It is estimated that of the
emerging infectious diseases in humans after 1940, at least 60% are zoonotic and that the
majority of these (>70%) are caused by pathogens originating in wildlife [1].

Prions are unique pathogens consisting of protein aggregates that cause incurable trans-
missible neurodegenerative diseases in humans and some other mammalian species [2].
These diseases (Tables 1 and 2) are, with three notable exceptions, very rare and, although
transmissible, not normally contagious. Rather, they occur naturally as sporadic and/or
genetic diseases, although outbreaks can occur under conditions created by humans
(e.g., recycling of prion infected feedstuff or iatrogenic) [3]. The exceptions are classi-
cal scrapie in sheep, chronic wasting disease (CWD) in deer, and camelid prion disease
in dromedary camels [4]. For these diseases, the infectious prions are present at high
titers in lymphoid organs [5–7] and detectable in bodily excretions, allowing horizontal
(nose-to-nose) or indirect transmission via contaminated environs [8]. These prion diseases,
therefore, pose particular problems, not only because infectious prions are abundantly
present in musculature and other edible tissues, thus entering the human food chain,
but also because the release of prions to the environment is building a transmission po-
tential over time, contributing to increased infection pressure for animals sharing these
habitats [9–11]. The latter problem is compounded by the extraordinary physiochemical
stability of prions, making prion-contaminated environs a long-term challenge [9,12,13].
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Table 1. Human prion diseases and their epidemiological profile.

Disease Mode of Occurrence References

Creutzfeldt-Jakob disease
Sporadic, sCJD Sporadic [14]

Sporadic fatal insomnia Sporadic [15]
Genetic CJD, gCJD Familial, PRNP mutations [16]

Iatrogenic CJD, iCJD Acquired, medical or surgical treatment [17]
Variant CJD, vCJD Acquired, foodborne zoonosis [18]

Kuru Acquired, cannibalism (disease eradicated) [19]

Gerstmann-Sträussler-Scheinker disease, GSS Familial, PRNP mutations [20]

Fatal familiar insomnia, FFI Familial, PRNP mutations [20]

Variable proteinase sensitive prionopathy VPSPr Sporadic [21]

Table 2. Animal prion diseases and their epidemiological profile.

Disease and Species of Occurrence Mode of Occurrence References

Scrapie in sheep and goats
Classical Contagious [22]

Atypical/Nor98 Sporadic [23]

Bovine spongiform encephalopathy in cattle,
BSE

Classical C-BSE Foodborne [24]
Atypical L-BSE Sporadic [25,26]
Atypical H-BSE Sporadic [25,27]

Chronic wasting disease in deer, CWD
Classical C-CWD Contagious [28]

Moose sporadic CWD, Mo-sCWD Sporadic [29]
Red deer sporadic CWD, Rd-sCWD Sporadic [30]

Camelid prion disease Contagious [4]

Transmissible mink encephalopathy TME Foodborne (BSE L-form) [31]

Transmissible feline encephalopathy FSE Foodborne (C-BSE) [32]

Natural transmission of CWD occurs most frequently between genetically susceptible
individuals of the same or a closely related species [33]. This is explained by the molecular
composition of prions and their peculiar way of propagation [34]. The normal cellular
prion protein (PrPC), encoded by the PRNP gene [35,36], is a cell surface protein expressed
in most tissues and at high levels in the central and peripheral nervous systems [37].
Its physiological functions are not fully understood [38–40]. Prions are multi-molecular
aggregates of a misfolded conformer (termed PrPSc) of PrPC [41,42]. In prion propagation,
PrPSc binds to PrPC and templates the misfolding of PrPC into the PrPSc conformational
state i.e., adding building blocks to the PrPSc aggregate. This process is most efficient
when the primary structures (amino acid sequence) of the interacting PrP molecules are
identical [43]. Even a single amino acid difference can impose a significant energy barrier
on the misfolding process, thus slowing or even blocking the molecular event that drives
prion disease pathogenesis and transmission dynamics [44]. This explains, for a large
part, the sometimes-potent genetic modulation of prion disease susceptibility observed
in scrapie [45–48] and CWD [49–52], which is governed by alteration of the PRNP gene
causing amino acid substitutions in the PrPC structure.

Conversion of PrPC to PrPSc was demonstrated in cell-free, in vitro assays almost
30 years ago [53]. Today, ultrasensitive methods are available for detection of PrP amyloid
seeding activity, which correlates strongly with prion infectivity [54–57]. The barrier to
transmission of prion disease between different species has been demonstrated in many
experimental studies and has also been observed in practical husbandry.

For instance, classical scrapie in sheep has been a problem in European sheep pro-
duction for about 250 years [58]. Scrapie-infected sheep were often co-housed with other
production animals, horses, and pets. Still, spillover to these species was never recorded,
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except for goats, which are susceptible [59,60]. Human exposure must have been common,
since scrapie was widely distributed, and no tests were available to remove infected animals
from consumption. In most regions, wildlife, such as red deer (Cervus elaphus), roe deer
(Capreolus capreolus) and other cervids, were probably also exposed by sharing grassland
with scrapie-infected sheep over the centuries. It thus seems likely that a spillover of scrapie
to cervids, resulting in CWD or a CWD-like disease (i.e., with subsequent horizontal trans-
mission), would have resulted in disease outbreaks that would not have gone unnoticed.
However, no such outbreaks have been recorded among European cervids, indicating a
barrier for transmission of prions between sheep and cervids.

In addition, transmission properties of prions can be modulated by structural ar-
rangements of the prion particle, implying that a PrP molecule with a given primary
structure can build up PrPSc aggregates with distinct features, such as altered transmission
properties [61,62].

Another important aspect of prion biology is that the above-mentioned model for prion
propagation may allow a spectrum of conformational states to be propagated in parallel.
This, “cloud of conformations” model, is one way of understanding prion adaptability and
plasticity [63]. Different prion structures in an isolate may compete in a structure-selection
process, i.e., those that most effectively misfold the available PrP substrate will dominate.
This may therefore vary between host tissues and between individuals and/or species
encoding different PrPs. In this way, the transmission of a prion to a new host species may
elicit adaptations that alter the characteristics of the original prion structure and thereby
also its characteristics, for instance concerning clinical symptoms (or lack thereof), prion
tissue distribution, and transmission capacity to other species [64–67].

Thus, a prion that appears harmless to humans in its original host may, via one or more
intermediate hosts, be altered so that its zoonotic potential is increased. Such alterations
in transmission properties and hence zoonotic potential of prion agents are difficult to
predict. Thus, the occurrence of prion diseases in humans and animals must be closely
monitored and measures that minimize the entry of prions into the human food web should
be continued.

2. Chronic Wasting Disease

2.1. Historical Background North America

During 1967–1979, a syndrome called chronic wasting disease was observed in 53 mule
deer (Odocoileus hemionus hemionus) and in one black-tailed deer (Odocoileus hemionus columbianus)
in captivity in Colorado, USA. The clinical signs appeared in adult animals and consisted
of altered behavior, progressive weight loss and death within two weeks to eight months
after onset of clinical signs. Diseased animals had specific CNS pathology suggesting
a spontaneously occurring form of transmissible spongiform encephalopathy (TSE), not
previously reported in deer species, and with an unknown origin [68].

2.2. Geographical Expansion, Increasing Exposure and Prevalence

A typical feature of CWD is that infected animals shed prions via saliva, feces, urine
and blood, and possibly also through nasal secretions, milk and semen, and oral exposure
is regarded as the main route of natural infection [69–71]. Susceptible hosts may be ex-
posed to CWD prions through physical contact with an infected animal, or indirectly via
contaminated food, water, and other environmental factors. In contrast to many infectious
diseases in wildlife, field and modeling data from North America have indicated that
CWD epizootics develop relatively slowly and that the disease remains at a low prevalence
and spatially localized for a decade or more after introduction [72]. Depending on man-
agement strategy and test regimes, this may explain why the disease is often identified
10–20 years after its introduction to a cervid population [73]. However, prevalence is
increasing with time after disease introduction, presumingly due to indirect transmission
through contaminated food, water and the environment [74].
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After the recognition of CWD in free-ranging mule deer and wapiti in 1981, a con-
tiguous area in north-eastern Colorado, south-eastern Wyoming and western Nebraska
was regarded as an enzootic region, in which CWD probably had been present for several
decades prior to its recognition [72]. The introduction of CWD to Toronto Zoo probably
took place via the import of infected animals from Denver Zoo, USA, and further spread
of the disease from Toronto Zoo remains a possibility, but no evidence for such spread
could be documented in a retrospective investigation of available material [75]. CWD
was also imported to South Korea via infected live cervids [76]. More recently, CWD has
been diagnosed in captive and free-ranging moose (A. a. shirasi) in the USA [77,78]. Since
2000, CWD has continued to spread and has been detected in many other foci in Northern
America. The disease now affects 30 states in the USA and four Canadian provinces, for a
detailed overview of CWD occurrence in North American wild and captive deer see [79].

2.3. CWD in Northern Europe

In North America, CWD has been observed in several deer species [80], including a
recent case in captive reindeer (Chronic Wasting Disease Alliance, 2018), but hitherto not
in free-ranging reindeer or caribou (Rangifer tarandus), despite overlapping habitats with
other cervid species known to be affected with CWD. Inoculation studies, however, have
indicated that two of three reindeer that were orally inoculated with brain homogenates
from white-tailed deer (WTD) with CWD were susceptible, developing clinical signs
17–18 months post inoculation (p.i.) and died within weeks of developing clinical signs. In
contrast, three reindeer inoculated in the same manner with brain homogenates from elk
did not develop clinical signs and were euthanized 22–61 months p.i. [81]. Although the
results could indicate that reindeer are less susceptible to elk derived CWD, the authors
argue that host PRNP genetics are the most likely explanation. The reindeer inoculated with
the elk isolate were heterozygous at codon 138 (S/N) whereas the two clinically affected
reindeer inoculated with the WTD isolate were homozygous 138SS. The one that remained
healthy after inoculation with the WTD isolate carried the 138S/N genotype, suggesting
that this polymorphism may be protective [81]. The 138S/N polymorphism appears to be
absent among Norwegian wild and semi-domesticated reindeer [49,82].

Norway hosts about 25,000 wild reindeer, distributed between 24 more or less sepa-
rated populations. In March 2016, a wild European tundra reindeer (R. t. tarandus) was
found moribund during a research field study in Nordfjella, Norway, when a reindeer flock
was approached by helicopter. The animal died and was necropsied. Except for muscle
hemorrhages, no other gross pathological findings were observed, but analysis of brain
tissue indicated CWD [83]. This represented the first naturally occurring CWD case outside
North America and the first case in a Rangifer subspecies. During a stamping out procedure
of the Nordfjella reindeer population, 19 animals tested positive for CWD. As a result of
increased surveillance of other wild reindeer populations, two cases have been diagnosed,
both in the Hardangervidda population. Hardangervidda is the largest national park in
Norway, hosting the largest remaining wild reindeer population in Western Europe, about
6000 to 9000 animals.

In addition to the wild reindeer, Norway hosts (2020) about 215,000 semi-domesticated
reindeer of the same sub-species, the Eurasian tundra reindeer [84]. Most of the semi-
domesticated reindeer in Norway is comprising a traditional cornerstone of the Sami people
and culture in Fennoscandia, whereas a non-Sami reindeer herding is conducted north of
the Nordfjella mountain region where CWD was first recognized. Although an exchange
of animals between the wild reindeer in Nordfjella and the adjacent semi-domesticated
reindeer has been observed, in particular bulls drifting north during the rut season, no
CWD-positive animals have been found in this or other herds of semi-domesticated reindeer
in Norway (about 57,000 animals tested, 2016–Jan. 2023). Semi-domesticated reindeer are
tagged by each owner and are typically gathered twice a year, for transition to the calving
ground and summer pasture regions in early spring, and again during late summer and
fall for other purposes, such as tagging calves, separation of herds, selecting animals for
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slaughter, and parasite treatment. During the gathering and handling, reindeer are in close
contact with their owners and family members, comprising the herding unit, the siida.
Animals for slaughter are driven by foot if feasible, or more commonly transported on
trucks to the slaughterhouse. The reindeer are subjected to veterinary inspection before and
after slaughter (i.e., ante mortem control and meat control). For 2020, 52,642 reindeer were
slaughtered, comprising 1,253 tons of meat, representing an economical value of about
100 million NOK [84].

2.4. CWD with Unusual Features in Moose and Red Deer in Northern Europe

In May 2016, two moose (Alces alces) were diagnosed with CWD in Selbu, not far
from Trondheim, and approximately 300 km north of Nordfjella where the first reindeer
case was located. Following increased surveillance of cervid populations and species in
Norway, CWD has been diagnosed in 11 moose in Norway, four in Sweden [85] and three
in Finland, in addition to three red deer (Cervus elaphus) in Norway (November 2022).
Data from the investigations of moose and red deer showed that, whereas reindeer with
CWD were 2.5–8 years old, CWD affected moose and red deer were 12–15 years old. In
reindeer, all CWD cases tested positive for PrPSc in lymphoid tissues, whereas in moose
and red deer, PrPSc deposits appeared to be confined to the CNS, and lymphoid tissues
were negative [29,30,85]. Further investigations have confirmed that North American CWD
strains differ from those observed in Europe, and that the European strains causing CWD
in reindeer, moose and red deer are all separate strains [79,86].

The CWD cases in moose and red deer were strikingly different from CWD as observed
in North America and from the outbreak in wild reindeer; in terms of age-category, organ
distribution of PrPSc, histopathology and epidemiology, with a seemingly sporadic appear-
ance. By analogy to the well-established dichotomy of “classical” vs. “atypical” scrapie and
BSE [87], scientists and governmental bodies in Northern Europe have arbitrarily adopted
the term “atypical” CWD to distinguish the newly discovered variants in European moose
and red deer, from the well-described contagious forms of CWD, reviewed in [88]. In
Table 2, we use the descriptive epidemiological terms “moose sporadic CWD” and “red
deer sporadic CWD”.

The expansion of CWD in North America and its appearance in Northern Europe
will inevitably increase human exposure. Further, CWD prions are more diverse and
adaptable than previously recognized. This diversity and adaptability are seen in both
North America and Europe [86,89–95], suggesting that inter-species transmission properties
and zoonotic potential may also be altered. The emerging dynamic character identifies
CWD as a worrisome animal prion disease deserving our close attention.

In the following paragraphs we will recapitulate epidemiological, in vitro, and bioas-
say data addressing the zoonotic potential of CWD.

3. Zoonotic Potential

3.1. Case Reports, Epidemiological Observations, and Active Surveillance

Prion diseases have long incubation periods; in humans reaching up to fifty years [19].
The long time from potential exposure to disease manifestation makes epidemiological
investigation of the zoonotic potential of animal prion disease difficult and retrospective. In
addition, disease phenotypes may deviate. Although recognized as a problem, phenotypic
diversity played an important role when establishing an association between variant
Creutzfeldt-Jakob disease (vCJD) and exposure to BSE infected meat. The vCJD cases
were unusually young (mean age around 30) as opposed to sporadic Creutzfeldt-Jakob
disease (sCJD), which has a mean age of onset around 60. The clinical symptoms and
disease duration also differed, and based on analyses of the PRNP gene, genetic prion
disease could be ruled out, rendering the newly discovered disease a “new variant” of
CJD [18]. The epidemic of vCJD peaked in 2000, affecting mainly UK citizens, but also
appearing in many other countries [96]. Molecular analysis of proteinase K resistant
PrP fragments from vCJD cases revealed a band pattern identical to that seen in cattle
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and rodents inoculated with material from BSE infected cattle [97]. Cases also presented
with unique neuropathological features, most notably the presence of multiple kuru-like
plaques, surrounded by vacuolization, clearly distinguishing the condition from sCJD [18].
In addition, the vCJD cases appeared in geographical areas that had been heavily affected
with BSE 10 years earlier.

What would have been the situation if vCJD had presented disease characteristics
similar or indistinguishable to sCJD; would it still have been recognized as a distinct
disease and linked to BSE? The answer is “probably not”, illustrating the importance of
diagnostic accuracy i.e., the ability to discriminate between similar disease pathologies and
varieties of prion agents. This has been explored for sCJD [14,98–100], genetic Creutzfeldt-
Jacob disease (gCJD) [16] and some animal prion diseases [101–103] and has resulted in
a growing catalogue of disease sub-types and agent varieties. Thus, criteria for detailed
active surveillance and diagnostics are to some extent available. Implementation of these
tools in routine diagnostics and surveillance is however technically demanding and costly.

For an extensive review of the global incidence of CJD and inherent challenges related
to diagnosis and surveillance see [104].

In 2006, Mawhinney and collaborators investigated the relative risk of contracting CJD
for residents in CWD-endemic areas in Colorado with those living in non-CWD endemic
areas [105]. The assumption was that people living in CWD-endemic areas were more
exposed to CWD since most of the venison was consumed locally. They investigated a
total of 65 CJD cases from 1979 through 2001 (of 506,335 deaths) and found no significant
difference in CJD occurrence between the groups. Nor did they observe any increase in
CJD rate in CWD affected areas, or in Colorado as a whole, concluding that CWD related
human prion disease must be rare or nonexistent in Colorado.

The scientific literature contains a few case reports of rapid neurodegenerative disease
in subjects with known exposure to CWD. Some of the cases have presented with unusual
clinicopathological features, such as young age, but detailed analysis has failed to associate
any of the cases to CWD [106,107]. Further, a cohort analysis (six years follow up) of
81 individuals attending a barbeque where CWD infected venison was unknowingly served,
did not observe any neurodegenerative disease that could be linked to the exposure [108]. In
conclusion, there is currently no epidemiological evidence of human prion disease caused
by CWD. The datasets are however limited, for instance concerning the clinicopathological
spectrum of potential human conditions caused by CWD, and the time of observations,
which needs to span many decades.

3.2. In Vitro Amplification Methods for Assessment of Transmission Barriers

Conformational conversion of PrPC, seeded by the presence of preexisting PrPSc

molecules, was demonstrated in cell-free in vitro systems, using purified components
already in 1994 [53] and soon the barrier to transmission of prions between species was
elegantly explored and demonstrated by this method [109]. In the protocol, PrPC and
PrPSc were mixed under denaturing conditions, with an excess of PrPSc roughly 50-fold
over PrPC. Prior to incubation at 37 ◦C for two days, samples were sonicated [109]. Soto
and collaborators developed this further by using fresh brain homogenates as a PrPC

source and by including repeated short bursts of intense sonication during the incubation,
which dramatically sped up the conversion process [57]. The new method, designated
protein misfolding cyclic amplification (PMCA) was highly sensitive and mimicked in vivo
prion propagation, with de novo generation of infective prions, inter-species transmission
potential and prion strain features [56]. This method has been used to detect and quantify
prions in bodily fluids of infected animals with extreme sensitivity [110].

As an alternative to sonication, mechanical disruption of PrPSc aggregates can suc-
cessfully be achieved by vigorous shaking, so-called quaking, used in quaking-induced
conversion (QuIC) assays [111], which use recombinant PrP (recPrP) as substrate for the
conversion reaction. QuIC assays were shown to have a sensitivity matching that of mouse
bioassays (see below) [112]. Both PMCA and QuIC assays depend on handling of individ-
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ual test-tubes for analysis of reaction products with western blot (WB) and are therefore
less suited for high-throughput screening.

Another method known as amyloid seeding assay (ASA) also involved shaking and
recPrP, but with the addition of Thioflavin T (ThT) that intercalates with misfolded PrP, and
allows high-throughput multi-well readouts of fluorescence [113]. A modified, real-time
version of the QuIC assay (RT-QuIC), using ThT as with ASA, but less prone to false
positive signals, has been developed [114] and is today the most widely used method for
ultrasensitive detection of PrP seeding activity, together with, and/or combined with the
original PMCA method.

RT-QuIC and PMCA have been used to detect trace levels of amyloid seeding activity
in tissues and body fluids of deer with pre-clinical or clinical CWD, such as saliva [115–117],
urine [118], feces [119,120] and blood [121]. For a detailed comparative analysis of CWD
prion detection by conventional, bioassay and amplification methods see [122]. The main
advantage of the RT-QuIC method is that a standardized “universal” recombinant PrP
substrate, for instance recombinant bank vole (Myodes glareolus) PrP, can be used to test
amyloid seeding activity in tissues from a variety of different species, which makes the
method well-suited for screening purposes [123]. It is also a benefit that the generated
product contains no prion infectivity, which constitutes a laboratory health and safety issue.
Conversely, the product generated with PMCA is infectious and the reaction depends on
species and sequence specific PrPC brain homogenate as substrate, which matches the
incoming prion seed. This makes the PMCA method less suited for screening of samples of
unknown origin but more feasible for the analysis of prion strain features and for estimating
within- and inter-species transmission potential of prions [69].

Early in vitro evidence of a strong molecular barrier for transmission of CWD to
humans came from a study using cell-free conversion. It was demonstrated that CWD
isolates from elk, white-tailed deer and mule deer could convert human and bovine PrP, but
were more than 10-fold less efficient than cervid PrP substrates, while conversion of sheep
PrP was intermediate [124]. Furthermore, PMCA experiments with brain homogenates
from Tg1536 mice overexpressing human PrP (MM129 genotype), gave no conversion
when seeded with mule deer CWD or material from infected Tg1536 mice. Conversion
of human PrP required several rounds of strain adaptation in PMCA or serial passage in
transgenic mice [125], demonstrating that in vitro or in vivo adaptation of a prion strain
can alter its transmission properties independent of the PrP primary structure.

To identify structural differences between human and deer PrP that impede conversion
and cross-species transmission, Kurt and co-workers [126] cloned and expressed chimeric
human and elk PrP, in which specific amino acids in the human PrP were substituted with
those of the elk structure. They used cell lysates of transfected cells as substrate for PMCA.
They did not observe any conversion of huPrP but achieved very efficient conversion
with some of the hu-elk chimeric PrP substrates, results which fitted well with inoculation
experiments of Tg-Hu mice and Tg-Hu-Elk chimeric mice (see below).

Further experiments with PMCA [127] have showed that CWD isolates from WTD,
elk and reindeer experimentally inoculated with WTD isolate were capable of converting
huPrP substrates covering the 129MM, MV and VV genotypes, although with varying
efficiency. Recently, CWD isolates from six cervid species; WTD, mule deer, and elk from
North America, and reindeer, red deer, and moose from Norway, were compared with the
PMCA method for their inter-species transmission potential [79]. Some conversion of huPrP
129M and 129V was observed with North American CWD isolates, but no conversion was
observed with any of the Norwegian isolates, suggesting that the Norwegian isolates might
have a somewhat lower zoonotic potential. Conversely, the Norwegian reindeer isolate
effectively converted sheep, bovine and hamster PrP, thus displaying a potential capacity
to cross species barriers, comparable to that of CWD isolates from WTD. Interestingly, the
Norwegian reindeer isolate had previously been shown to transmit poorly to bank vole,
compared with North American CWD isolates [86].
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3.3. Transmission of CWD to Transgenic Mice Expressing Human PrP

Natural occurrence of CWD has been recorded in several cervid species including
white-tailed deer, mule deer, Rocky Mountain elk, moose, and reindeer. In addition, CWD
has been experimentally transmitted to laboratory rodents and either intracerebrally and/or
orally to sheep [128], cattle [129], pigs [130], cats [131], ferrets [132] and to squirrel mon-
keys [133]. Although this species spectrum may indicate a cause for concern, transmission
of CWD between cervids is facilitated by cervid specific structural features of the prion pro-
tein [134–136], lowering the transmission barrier. Thus, transmission of CWD to non-cervid
species, has been relatively inefficient, for instance compared with BSE.

Transgenic mice, engineered to express human PrP (huPrP, “humanized mice”) have
been used to assess the human barrier for transmission of CWD (Table 3). To optimize
transmission success, mouse lines that overexpress huPrP are often used. Moreover, mouse
lines known to be sensitive to human prion isolates or the zoonotic BSE agent are used and
infectivity of CWD isolates is demonstrated by inoculation in mice expressing cervid PrP
(“cervidized” mice) or bank voles. In an elegant study, mice were engineered to express
a human-elk chimeric PrP, in which four amino acids were substituted in huPrP, creating
a loop sequence (aa165–177) identical to the elk PrP sequence. In contrast to huPrP mice,
the chimeric (huPrPelk165−177) mice proved susceptible to CWD isolates, but they were
concurrently less sensitive toward human CJD prions than their huPrP counterparts [134].
This study pinpointed important structural elements contributing to the barrier for CWD
transmission to humans.

Table 3. Chronic wasting disease transmission experiments with transgenic mice expressing Human
PrP (“humanized mice”).

CWD Source huPrP, 129MV Readouts Reference

North
America Europe Clinical

signs

Brain
pathology,
IHC, PrPSc

WB PrPRes Other RT-QuIC PMCA Serial
passage

Elk NA Tg40,1X,129M
Tg1, 2X, 129M

Neg. (0/29)
Neg.

(0/22)
NA Neg. PTA Neg. NA NA NA [137]

Elk, MD 1,
WTD 2 NA Tg440, 2X Neg.

(0/67)

Neg.
(selected

mice
tested)

NA NA NA NA NA [138]

MD NA

Tg152, 2X
129VV

Tg45, 4X
129MM

Tg35, 6X,
129MM

Neg.
(0/41) Neg. Neg. PTA Neg. NA NA NA [139]

WTD NA
HuMM129, 1X
HuMV129, 1X
HuVV129, 1X

Neg.
(0/72) NA NA

IDEXX
Spleen,
Neg.

NA NA NA [140]

Elk and
MD NA

Tg(huPrP) 1-2X
Tg(huPrPelk166−174)

Neg. (0/12)
Pos. (7/8

Elk CWD),
(3/4 MD

CWD)

Neg.
Pos.

Neg.
Pos.

PTA Neg.
Pos. NA NA NA [126]

Elk, WTD,
MD NA

Tg66, 8-16X
129M

TgRM, 2-4X
129M

4/52
suspicious

0/45
Neg. Neg. PTA Neg. Inconclusive NA NA [141]

One
reindeer,

two moose

Tg35 2X, 129VV,
Tg152c 6X

129MM

0/19 RD
CWD

0/39 MO
CWD

Neg. Neg. NA NA NA NA [142]

WTD,
Wisc-1,
116AG
isolates

NA Tg650, 6X,
129MM

Myoclonus,
variable

CNS signs
in 93.8%

1/5,
remaining

animals
NA

1/20 NA

7/18 Pos.
Brain

8/18 Neg.
brain

3/18 Incon-
clusive

NA

2nd
passage to
Tg650 mice

5/10 Pos.
Bank vole
4/9 Pos.

[143]

1 Mule deer, 2 White-tailed deer.
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In prion bioassays, the primary clinical readout is progressive neurological disease.
The prion disease diagnosis is then according to conventional methods confirmed by brain
pathology and immunohistochemistry (IHC) detection of PrPSc, often combined with
WB analysis.

A challenge inherent to mouse bioassays is the short lifespan of mice (around 2.5 years)
compared with the extended incubation periods frequently seen in primary transmissions
of prion isolates. When primary diagnostic results are inconclusive and/or negative,
other, more sensitive methods are available to test for subclinical transmission and/or
asymptomatic carrier status. This is important not only to detect minute levels of PrPSc, but
also because prion infectivity titers do not always correlate with conventional diagnostic
markers i.e., prion replication can occur without recognizable pathology and without
proteinase resistant PrPSc accumulations [144]. As evident from Table 3, only two of the
CWD transmission studies using huPrP mice have reported data with the aforementioned
highly sensitive in vitro conversion methods or from serial passage experiments.

Race and co-workers [141] found that Tg66 and TgRM mice, overexpressing huPrP
8–16-fold and four-fold, respectively, did not develop typical or terminal prion disease
after more than 700 days post inoculation with three different CWD isolates. They did
not observe PrPSc deposits in IHC or PrPRes fragments in WB, hallmarks of prion disease.
They did, however, observe 18 clinically suspect mice of the 108 inoculated. All mice were
analyzed with RT-QuIC for detection of PrP amyloid seeding activity. In four mice from the
Tg66 group, results were inconclusive, reaching slightly above detection limit of the assay,
suggesting that the observed clinical abnormalities could be early signs of prion disease.
Race and co-workers discuss whether the RT-QuIC data could be false positive caused by
residual inoculum or by the abnormally high PrP expression levels in the Tg66 mouse line,
potentially causing spontaneous PrP amyloids/aggregates, detectable with the RT-QuIC
method. The low number of uninoculated control mice tested was insufficient to rule out
the latter possibility.

Another method for increasing prion detection sensitivity is by precipitating misfolded
PrP with sodium phosphotungstic acid (PTA) prior to analysis by WB. PTA-enhancement
has been shown to increase detection sensitivity for CWD approximately 100-fold com-
pared with crude extracts [145]. In experiments with CWD inoculated huPrP mice, PTA-
enhancement has not resulted in PrPRes detection.

In a recently published report, Tg650 mice, overexpressing huPrP (129MM) approxi-
mately six-fold, developed unusual clinical signs with progressive myoclonus (involuntary
twitching of a muscle or group of muscles) after inoculation with two CWD isolates (Wisc-1,
116AG) from white-tailed deer [143]. Despite alarming neurological signs in many inocu-
lated mice, histopathological analysis of the brain did not indicate TSE-pathology, whereas
IHC analysis was performed in six animals, of which one (#328), displayed pericellular,
granular PrP deposits, in the brain. Western blot analysis of brain material from this animal
was negative for PrPRes. Only one of the nine mice analyzed with WB was weakly positive,
with an unusual two-band PrPRes profile at 12 kDa and 7–8 kDa. Brain material from all
mice was analyzed with a modified RT-QuIC protocol with enhanced sensitivity. With
this protocol, all mice inoculated with the 116AG isolate were negative. The apparent
disconnection between clinical signs and highly sensitive prion diagnostic markers sug-
gests that the clinical signs could stem from a hard-to-detect prion agent. Unfortunately,
secondary transmissions, which would provide a test for prion infectivity in these mice,
were not reported. Among the Wisc-1 inoculated mice, a majority tested positive with
RT-QuIC, although results also showed some inconsistencies, which was attributed to very
low seeding activity. One such case was mouse #327 which had terminal illness but very
low/inconsistent seeding activity in the brain. Interestingly, this mouse showed high seed-
ing activity in feces, which was also detectable in 50% of the inoculated mice, suggesting
that prion infectivity could be shed from some of the inoculated animals.

Transmission of sonicated fecal homogenate from mouse #327 to Tg650 mice and bank
vole produced different results. In clinically ill Tg650 mice, no PrPRes could be detected in
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brain homogenates and RT-QuIC analysis of the animals was not reported. In bank voles,
six out of nine developed clinical symptoms. Three voles were tested for RT-QuIC seeding
activity in brain and they were all positive and one (#3430) was also positive in spinal cord.
Western blot analysis of brain and spinal cord homogenates from this animal revealed a
typical three banding PrPRes profile, dramatically different from that observed in the Wisc-1
inoculated Tg650 mice. Interestingly, the PrPRes profile in the bank vole #3430 resembled
that of the original WTD Wisc-1 isolate, but not the PrPRes signature seen in bank voles
inoculated with the WTD Wisc-1 isolate (first or second transmission).

This study [143] stands out in several ways from other investigations of CWD in
humanized mice. Most strikingly, the high incidence of profound, albeit unusual, clinical
signs among inoculated mice. Next, the lack of coherence between clinical signs and
conventional and ultrasensitive diagnostic markers of prion disease, suggestive of toxicity
driven by an easily misdiagnosed “stealth prion” evading most diagnostic modalities. The
observation of seeding activity and prion infectivity in feces is also remarkable. Whether
this is a phenomenon specific to the Tg650 mouse line or CWD strain, or a more widespread
and previously overlooked feature of huPrP mice inoculated with CWD prions must be
investigated. If the latter is shown to be the case, it will impact our understanding of the
zoonotic potential of CWD, as interpreted from mouse bioassays.

Still, it can be argued from an epidemiological perspective that the traditional readout
from primary prion bioassays, namely clinical neurological signs, and diagnosis of bona
fide prion disease by conventional methods, provides the most relevant and informative
analysis of the cross-species transmission potential for a prion. It is evident from Table 3,
that primary transmission of a variety of CWD isolates to several huPrP mouse lines,
overexpressing huPrP, has been uniformly negative. Although sub-passage and further use
of ultrasensitive diagnostic tools, involving extra neural tissues, may identify aspects that
can have been missed in earlier studies, the overall conclusion from mouse bioassays is
that the human barrier for CWD transmission is very strong.

Finally, as seen in Table 3 only one of the published reports has used prion isolates
from Europe [142]. Material from one reindeer and two moose CWD cases, all from Norway,
were inoculated in huPrP Tg35 and Tg152c mice, covering 129 genotypes MM and VV.
All inoculated mice remained healthy, and no signs of prion disease could be detected,
suggesting that the human transmission barrier for these novel CWD strains is robust.

A potential weakness of the traditional Tg mouse lines, overexpressing huPrP, is that
these do not precisely recapitulate tissue and organ-specific expression profiles of Prnp [146].
Many of the models have relatively low expression of Prnp in peripheral tissues, which
may be important for studies of inter-species transmission potential, lymphotrophism
and pathogenesis of experimental prion disease, arguing that further refinement of mouse
models, for instance with gene-targeting could be beneficial [146].

3.4. Transmission of CWD to Non-Human Primates

The history of using nonhuman primates as models for human prion disease and in risk
assessments has recently been comprehensively reviewed [147] and will therefore not be re-
capitulated in detail here. It is well established that the Squirrel monkey (Saimiri sciureus) is
susceptible to both oral and intracerebral inoculation with different CWD isolates [133,148,149].
Indeed, the squirrel monkey is a permissive host to many prion agents such as kuru, vCJD,
sCJD, Gerstmann-Sträussler-Scheinker disease (GSS), BSE, transmissible mink encephalopa-
thy (TME) and sheep scrapie with relatively short incubation periods from 20 months to
46 months after intracerebral inoculation [150–152]. In contrast to the efficient transmission
in squirrel monkeys, transmission experiments with cynomolgus macaques (Macaca fas-
cicularis) have shown these to be less susceptible to animal prions, including CWD [153].
Macaques are evolutionary closer to humans [154] and considered a more precise animal
model for human prion disease, although Macaque and Squirrel monkey PrPs are equally
distant from human PrP [155].
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Macaques have been shown to be susceptible to intracerebral inoculation of vCJD,
atypical L-type BSE (L-BSE) and classical BSE (C-BSE) with incubation periods of two to
three years and to sCJD with incubation period of around five years [156–158]. Classical
scrapie was evident in a macaque after a 10-year incubation period, following a high-dose
intracerebral inoculation of a classical scrapie isolate [159], illustrating the importance of
very long and costly observation periods in this type of study.

In 2018, Race and co-workers [153], summarized a large study with oral and intrac-
erebral inoculation of macaques with CWD prions. Some animals had been observed for
up to 13 years after inoculation, without evidence of prion disease. The RT-QuIC assay
was used to test brain, brain stem and spinal cord tissue for amyloid seeding activity, but
results were similar between CWD inoculated and uninoculated animals. They observed
some irregularities in the brain PrP-staining pattern of both inoculated and uninoculated
animals and in two of the inoculated macaques PrP deposits that could potentially be
disease-associated were observed. However, no histopathological or WB evidence of prion
disease could be detected in these animals and tests with RT-QuIC were negative. Thus,
the authors found no evidence of transmission of CWD to macaque.

In another, ongoing and unpublished study of CWD transmission to macaque that
included oral infection with muscle tissue from cervids, preliminary congress interim re-
ports and presentations have suggested that CWD has been transmitted to some macaques,
albeit with atypical and subclinical disease manifestations. In tissues from some animals, a
low level of PrP converting activity was observed with RT-QuIC and PMCA assays and
sub-passage in mice overexpressing elk PrP (TgElk) or deer PrP (Tg1536) gave low attack
rates, but subsequent passage from 2nd passage in mice, to bank voles resulted in 100%
attack rates and appearance of typical prion disease pathology. Interestingly, infectivity
was found also in the gastrointestinal tract [160]. These findings indicate that the species
barrier to humans is not absolute, and it is likely that it can be crossed (Schätzl, personal
communication).

Full comparative analysis of the two apparently contradicting macaque investiga-
tions must await publication of the latter, still ongoing investigation. However, both
studies clearly demonstrate that the barrier for transmission of CWD to macaque is very
strong, but probably not absolute, which is in accordance with data from transgenic mice
and in vitro experiments. Differences between studies could be related to differences in
CWD inocula i.e., strain differences and infective doses as well as differences among the
recipient macaques.

4. Discussion

We have summarized available epidemiological, in vitro and bioassay derived data
concerning the zoonotic potential of CWD. We have identified only one report in which
CWD strains recently identified in Northern Europe have been analyzed for their zoonotic
potential, by inoculation in huPrP mice [142] and one study exploring this by in vitro
methods [79]. Since CWD strains identified in Northern Europe clearly are different from
strains from North America, further experiments are needed (and ongoing) to map this out
in further detail.

Data from recent bioassays in mice and macaques suggest that conventional readouts
for prion disease should be strengthened by ultra-sensitive RT-QuIC and PMCA assays
in combination with serial passage to analyze for prion infectivity. The phenomenon of
unusual/atypical clinicopathological disease presentation and proteinase sensitive prion
strains, evading traditional PrPSc/PrPRes detection, is still incompletely understood, in-
cluding its real-life epidemiological relevance. For instance, are the rare observations of
abnormal PrP deposits in peripheral tissues in healthy individuals merely rarities reflecting
the ultrasensitive methods used, or representations of phenomena directly relevant to
surveillance programs and risk assessments? We know that prion agents can adapt and
change characteristics when propagated within the host or in a new host according to
mechanisms that are poorly understood.
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Controlling a transmissible and potentially zoonotic disease in wild cervid populations
is complicated, and many disease characteristics, such as long incubation time, no antibody
production (i.e., no immunity), pathogen robustness in the environment and many other
factors are further challenges to surveillance strategies. Furthermore, most of the affected
cervid populations are in remote areas with restricted availability and infrastructure. To-
day, the management of these cervid populations in Fennoscandia is based on hunting,
with a private motivation for preparing and consuming the game. During the culling of
the affected reindeer population in Nordfjella, where CWD was first diagnosed, hunted
carcasses were held in arrest until CWD test results were available. This practice, however,
is very time consuming and costly, and may be evaluated against the precautionary prin-
ciples. Thus, the appearance of CWD in wild cervids in Fennoscandia necessitates new
management practices, for Norway and for the European Union.

A major goal for the management of CWD in Norway has been to prevent the disease
from entering the semi-domesticated reindeer herds [161]. The non-Sami reindeer herding
is conducted north of and in close proximity to Nordfjella, and exchange of animals between
wild and semi-domesticated herds have been observed, opening for the possibility that
infected wild reindeer may already have had contact with reindeer herding. However,
about 14,000 semi-domesticated reindeer from these herds (Jan. 2023) have been tested
with no CWD-positive animals detected [162].

It is important to keep in mind that also semi-domesticated reindeer are free-ranging
year around just as much as the wild reindeer, and only gathered and handled a couple of
times during the year. Despite being routinely inspected and herded, it is challenging to
address disease among free-ranging animals in remote high mountain pastures, and fallen
stock is quickly scavenged and decomposed making it difficult to address cause of death.

Exposure of people through consumption is very similar whether it is a wild, hunted
reindeer or a semi-domesticated, slaughtered reindeer. Reindeer herders are probably
consuming more reindeer meat than the general consumer. In addition, their work involves
close contact with reindeer during gathering and handling of animals, but also through
periods of supplementary feeding which is becoming increasingly common. Although the
chance of CWD eradication may be greater in a semi-domesticated reindeer herd than in
the wild populations, an appearance of CWD in reindeer herding will necessitate dramatic
measures which may have a major impact on the herd size and structure, the use of pastures,
collaboration between herders, the economy, as well as the social, traditional, and cultural
aspects associated with reindeer herding.

5. Conclusions

No cases of human prion disease caused by CWD have been reported and most
experimental data suggest that the zoonotic potential of CWD is very low. Based on the
current knowledge and identified knowledge gaps regarding the zoonotic potential of the
new CWD strains in Fennoscandia, it is good advice to keep human and animal exposure
to prions to an absolute minimum and closely monitor and restrict CWD and other animal
prion diseases to prevent these agents from entering the human food chain.
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Abbreviations

ASA Amyloid seeding assay is a method by which recombinant prion protein is polymerized into amyloid fibrils in the
presence of partly purified prion preparations. The newly generated fibrils that can be detected with dyes like
Thioflavin T.

BSE Bovine spongiform encephalopathy is a prion disease of cattle caused by prion-contaminated meat and bone meal.
CJD General abbreviation of Creutzfeldt-Jakob disease in humans
sCJD Sporadic Creutzfeldt-Jakob disease, caused by spontaneous conversion of PrPC into PrPSc or by somatic mutation in

PRNP which is the gene encoding PrP.
sFI Sporadic form of fatal insomnia. Extremely rare sporadic form of the inherited familial fatal insomnia
FFI Inherited prion disease caused by germ-line mutation in PRNP.
gCJD Inherited form of Creutzfeldt-Jakob disease, caused by germ-line mutation in PRNP.
iCJD Creutzfeldt-Jakob disease, caused by infection with prion-contaminated tissue grafts or medical preparations.
vCJD Variant Creutzfeldt-Jakob disease, caused by BSE-contaminated feedstuff
CM Cynomolgus macaques, Macaca fascicularis, Old World monkey used in experimental transmission studies of prion

diseases, to test for zoonotic potential
CWD Chronic Wasting disease, is an infectious prion disease affecting cervid species
FSE Feline spongiform encephalopathy is prion disease of fields caused by intake of BSE-contaminated feedstuff
GSS Gerstmann-Straussler-Sheinker syndrome is a human prion disease caused by germ-line mutations in PRNP
IHC Immunohistochemistry is a commonly used method for selective identification of proteins in biological tissues by use

of antibodies that binds specifically to the proteins of interest.
Mo-sCWD Moose sporadic CWD is a prion disease recently identified in Fennoscandia (Norway, Sweden, and Finland). The

disease has an apparently sporadic occurrence, affecting old animals, and prions appear confined to the central
nervoussystem i.e., not detectable in peripheral lymphoid tissues. Our understanding of this disease, including its
epidemiology and potential to infect other species is still incomplete and an area of intense investigation.

PMCA Protein misfolding cyclic amplification is a method whereby in vitro nucleation-dependent conversion of PrPC into
PrPSc is accelerated by use of periodic fragmentation of PrPSc fibrils by intense bursts of ultrasonic waves, followed
by incubation, allowing new PrPSc fibrils to form, amplifying the original signal. The PMCA method is used for
ultrasensitive detection of prions in tissue samples of environmental samples, and for investigation of many aspects
of prions.

PRNP The gene encoding the prion protein
PrP General abbreviation of the prion protein
PrPC The physiological cellular prion protein
PrPRes A misfolded and proteinase K resistant protein core of the prion protein detected in gel-electrophoresis and protein

immunoblots (western blots)
PrPSc An abnormal, pathogenic, and infectious conformer of the prion protein, isolated from patients with prion disease
recPrP Recombinant prion protein, produced in bacteria
huPrP Human prion protein
PTA Phosphotungstic acid is used to precipitate and thus concentrate prions from tissue preparations to enhance

detection sensitivity
QuIC Quake induced conversion is a method for sensitive detection of misfolded PrP by in vitro conversion of an excess of

recombinant PrP in the presence of a tissue derived seed, for instance from an animal suspected to be prion infected.
While the PMCA method uses ultrasound to break apart PrP fibrils, the QuIC method achieves this by vigorous
shaking (quaking).

Rd-sCWD Red deer sporadic CWD is a prion disease observed in three red deer in Norway with what appears to be sporadic
occurrence. Prions appear confined to the central nervous system i.e., not detectable in peripheral lymphoid tissues.
Our understanding of this disease, including its epidemiology and potential to infect other species is still incomplete
and an area of intense investigation.

RT-QuIC Real-time quake induced conversion is a modified and improved variant of the QuIC method, allowing real-time
detection of newly formed PrP aggregates with fluorescence detection of thioflavin T. The RT-QuIC method allows
ultrasensitive detection of misfolded PrP in tissue samples, lymph, and environmental samples.

SM Squirrel monkey, Saimiri sciureus, New World monkey, used in experimental transmission studies of prion diseases,
to test for zoonotic potential.

ThT Thioflavin T is a fluorescent dye which binds to proteins rich in beta-sheet structures, such as amyloid. Upon binding,
the dye displays an enhanced fluorescence and emits at about 480 nm after excitation at 450 nm. ThT is widely used
for detection of amyloid protein aggregates in tissues and in vitro, for instance with the RT-QuIC method.

TSE Transmissible spongiform encephalopathy is a previously used term for the group of neurodegenerative diseases
today known as prion diseases
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WB Western blot, a commonly used method for analysis of proteins, separated with electrophoresis and
transferred to membranes for specific detection with antibodies raised against the protein(s) of interest.
The term Western stems from a lab-jargon following a method for detection DNA, named after its inventor
Edwin Southern. Similar detection of RNA is called Northern blot.

WTD White-tailed deer, Odocoileus virginianus.
Zoonosis An infectious disease that can be transmitted between animals and humans
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Abstract: Listeria monocytogenes is an important foodborne zoonotic bacterium. It is a heterogeneous
species that can be classified into lineages, serogroups, clonal complexes, and sequence types. Only
scarce information exists on the properties of L. monocytogenes from game and game meat. We
characterised 75 L. monocytogenes isolates from various game sources found in Finland between 2012
and 2020. The genetic diversity, presence of virulence and antimicrobial genes were studied with
whole genome sequencing. Most (89%) of the isolates belonged to phylogenetic lineage (Lin) II
and serogroup (SG) IIa. SGs IVb (8%) and IIb (3%) of Lin I were sporadically identified. In total,
18 clonal complexes and 21 sequence types (STs) were obtained. The most frequent STs were ST451
(21%), ST585 (12%) and ST37 (11%) found in different sample types between 2012 and 2020. We
observed 10 clusters, formed by closely related isolates with 0–10 allelic differences. Most (79%)
of the virulence genes were found in all of the L. monocytogenes isolates. Only fosX and lin were
found out of 46 antimicrobial resistance genes. Our results demonstrate that potentially virulent
and antimicrobial-sensitive L. monocytogenes isolates associated with human listeriosis are commonly
found in hunted game and game meat in Finland.

Keywords: Listeria monocytogenes; game; whole genome sequencing; sequence type; virulence;
antimicrobial resistance

1. Introduction

Listeria monocytogenes has emerged over recent decades as an important foodborne
pathogen responsible for numerous outbreaks [1]. L. monocytogenes is responsible for liste-
riosis, a disease affecting both humans and animals. Foodborne listeriosis typically causes a
self-limited gastroenteritis among healthy people [2]. However, invasive infection leading
to hospitalisation and even death may occur, especially among immunocompromised peo-
ple [1]. Invasive listeriosis may also lead to abortion in pregnant women. The severity of
listeriosis depends, inter alia, on the virulence of the bacterial strain [2]. Invasive listeriosis,
in particular, requires antimicrobial treatment. Listeriosis had the highest proportion of
hospitalised cases of all zoonoses in 2020 in the EU [3].

L. monocytogenes is a ubiquitous bacterium that can survive in a variety of environments
and grow at low temperatures, e.g., in cold-stored foods [4]. Soil and decaying organic
material are important sources of L. monocytogenes, and mammals and birds can spread this
pathogen through faecal shedding [5]. L. monocytogenes-contaminated food is an important
source attributed to human infections [6]. The consumption of contaminated food has been
linked to both epidemic and sporadic listeriosis. Poor hygiene practices and inadequate
sanitation procedures in the food processing industry can lead to listeriosis outbreaks [4,7].

Foods 2022, 11, 3679. https://doi.org/10.3390/foods11223679 https://www.mdpi.com/journal/foods
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L. monocytogenes has sporadically been found in game animals and on game car-
casses [8–11]. Detection rates of L. monocytogenes in deer and wild boar faeces have been
low, varying between 0 and 6% [12]. However, this pathogen is more frequently present in
the tonsils than in faeces [12–15]. In Spain, L. monocytogenes was detected in 44% and 41%
of deer and wild boar tonsils, respectively [12]. Recently, L. monocytogenes was detected in
5% of deer carcasses in Austria using an antigen test [16] and in 12% of deer carcasses in
Finland using a polymerase chain reaction (PCR) [17]. This relatively high prevalence of
L. monocytogenes on deer carcasses shows the importance of observing hygiene practices
during hunting and slaughtering.

L. monocytogenes is a very heterogeneous species, which can be divided into at least
14 serotypes based on variation in the somatic (O) and flagellar (H) antigens [18,19]. Over
95% of the human and food strains are linked to four (1/2a, 1/2b, 1/2c, and 4b) serotypes.
Genetically, L. monocytogenes can be divided into four phylogenetic lineages (Lin), six
serogroups (SGs), multiple clonal complexes (CCs), and sequence types (STs) [2,5]. Most
clinical strains found in humans belong to Lin I (SGs IIb and IVb) and II (SG IIa) [20],
whereas food strains more frequently belong to SG IIa [21,22].

Whole genome sequencing (WGS)—an accurate method with a high resolution—is
currently becoming the method of choice for characterising L. monocytogenes isolates [20]. It
has emerged as a powerful tool for outbreak investigations and is increasingly also used
for the surveillance and monitoring of listeriosis [23]. Investigating the diversity of L.
monocytogenes isolates from game and game meat will provide valuable information on the
significance of game in the meat production chain and in human infections.

Studies on the genetic relationships between L. monocytogenes isolates from game
sources remain scarce. Game and game meat may play an important role in the L. monocyto-
genes infection cycle. The aim of our study was to use WGS to investigate the diversity and
genetic relationships between L. monocytogenes isolates from hunted game and game meat
in Finland. Furthermore, we studied the presence of important virulence and resistance
genes obtained from the WGS data.

2. Materials and Methods

2.1. Listeria Monocytogenes Isolates

L. monocytogenes has been detected in hunted game and game meat in Finland between
2012 and 2020, especially in deer and mallard meat (Table 1). We characterised a total of
75 L. monocytogenes isolates from various game sources in this study (Table 1). One isolate
per positive sample from the earlier studies was characterised. The sampling plan and time
frame differed between the earlier studies (Table 1). Moose, deer, and wild boar samples
were collected from wild hunted animals and game bird samples from game birds that
were farmed for hunting. Deer and mallard meat samples were collected from a small
meat processing plant. L. monocytogenes isolates were found after PCR screening in our
microbiological laboratory at the Department of Food Hygiene and Environmental Health
of the Faculty of Veterinary Medicine, University of Helsinki, in Helsinki, Finland. PCR
screening and isolation of the isolates have been described in earlier studies [17,24].

Table 1. Isolation rates of Listeria monocytogenes from hunted game and game meat in Finland between
2012 and 2020.

Scheme 2012 Sampling Year Number of Samples Positive Samples Reference

Moose carcass 2012–2014 100 5 (5%) [17]
Deer carcass 2013–2015 100 5 (5%) [17]
Deer meat 2019–2020 50 9 (18%) Not published

Wild boar organ 2016 130 40 (31%) [25]
Pheasant faeces 2013–2014 101 9 (9%) [24]

Teal faeces 2013 30 1 (3%) [24]
Mallard faeces 2013–2014 110 15 (14%) [24]
Mallard meat 2016 100 13 (13%) [24]
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2.2. Whole Genome Sequencing (WGS)

DNA of L. monocytogenes isolates was purified from overnight enrichment at 37 ◦C
in tryptic soya broth using PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbaden,
CA, USA) according to the manufacturer’s protocol. DNA quality was measured with a
NanoDrop™ spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA) and DNA
quantity with a Qubit fluorometer (ThermoFisher Scientific). WGS was performed on
the Illumina platform by CeGaT (Center for Genomics and Transcriptomics, Tübingen,
Germany). Illumina DNA Prep library preparation kit and NovaSeq6000 were used to
generate 100 bp paired end reads. The short raw reads were assembled de novo using a
Unicycler v0.4.8 assembler available on the PATRIC 3.6.12 platform (https://www.patricbrc.
org/app/Assembly, accessed on 11 November 2022).

2.3. Characterisation of Listeria Monocytogenes Isolates

Species identification was confirmed in silico from the assemblies with KmerFinder
v3.2 and SpeciesFinder v2.0 [26] available on the CGE (Center for Genomic Epidemiology)
platform (http://www.genomicepidemiology.org/services/, accessed on 11 November
2022). In silico typing using 7-gene multi-locus sequence typing (MLST) [27] was performed
on the CGE and BIGSdb-Lm (https://bigsdb.pasteur.fr/listeria/, accessed on 11 November
2022) platforms. STs obtained through the 7-gene MLST were grouped into CCs and
phylogenetic Lin [27].

Assembled sequence data of 55 L. monocytogenes isolates were genotyped with core
genome MLST (cgMLST) based on 1748 genes [28] using the open-source tool available on
the BIGSdb-Lm platform. The nearest cgMLST profile (CT) from the database was recorded.
Additionally, cgMLST targeting 1701 genes was performed using Ridom SeqSphere+ soft-
ware v7.7.5 (Ridom GmbH, Muenster, Germany) [29] and the results were visualised with
a minimum spanning tree (MST). Isolates forming a cluster (CL) displayed a maximum
of 10 allelic differences from each other. The CLs were shaded in grey, and the number of
allelic differences between the isolates was indicated on the connecting lines. Using the
default parameters in the Ridom software, (1) STs, (2) PCR serogroups (SGs), (3) virulence
genes and (4) antimicrobial resistance genes were also determined. Presence of the viru-
lence genes was additionally studied with the VirulenceFinder 2.0 available on the CGE
platform and on the Virulence Factor Database (VFDB) [30] (http://www.mgc.ac.cn/VFs/,
accessed on 11 November 2022). In total, the presence of 33 virulence genes and 46 AMR
genes among the 55 L. monocytogenes isolates was recorded.

3. Results

In total, 75 L. monocytogenes isolates from 75 hunted game and game meat samples—
isolated in Finland between 2012 and 2020—were serotyped and characterised by seven-
gene MLST (Table 2). Most (89%) of the isolates belonged to serotype 1/2a and were found
in all sample types. Serotypes 4b and 2b were identified among 8% and 3% of the isolates,
respectively. L. monocytogenes 4b was found on deer carcasses (n = 3), wild boar organs
(n = 2) and in pheasant faeces (n = 1) (Table 2). L. monocytogenes 2b was only found in
mallard faeces.

Based on the seven-gene MLST, 75 L. monocytogenes isolates from hunted game and
game meat samples (n = 75) were classified into Lin I and II, 18 CCs and 21 STs (Table 3).
Most of the isolates (89%) belonged to Lin II, including all serotype 1/2a isolates. Lin
I included isolates of serotypes 1/2b and 4b. ST451 (16/75) was the most frequent ST
followed by ST585 (9/75) and ST37 (8/75). These STs were found from different sample
types between 2012 and 2020 (Table 3). ST451 and ST37 have frequently been identified in
human listeriosis during recent years in Finland (Table 3). In total, 8 out of 21 STs found in
game have been identified in cases of human listeriosis in Finland between 2016 and 2021.
Most (17/75) of the isolates from wild boars hunted in 2016 belonged to several (11/21) STs
(Figure 1). L. monocytogenes isolates were also frequently found from mallard faeces (15/75)
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and mallard meat (13/75) (Table 2). These samples were contaminated with less (5/75) STs
compared with wild boar organs.

Table 2. Serotypes and sequence type (STs) using 7-gene multi-locus sequence typing (MLST) of 75
Listeria monocytogenes isolates obtained from hunted game and game meat in Finland between 2012
and 2022.

Source Isolation Year Number of Isolates Serotype MLST

Moose carcass 2012–2013 5 1/2a ST7, 29, 37, 451
Deer carcass 2013–2014 5 1/2a (2), 4b (3) ST4, 18, 315, 412
Deer meat 2019 9 1/2a ST8, 11, 155

Mallard faeces 2013–2014 15 1/2a (13), 1/2b (2) ST11, 37, 224, 391, 585
Mallard meat 2016 13 1/2a ST8, 18, 412, 451, 585

Teal faeces 2013 1 1/2a ST37
Pheasant faeces 2013–2014 9 1/2a (8), 4b (1) ST1, 7, 20, 37, 585
Wild boar faeces 2020 1 1/2a ST451
Wild boar organ 2016 17 1/2a (15), 4b (2) ST1, 7, 8, 18, 20, 21, 37, 91, 399, 451, 573

Table 3. Characteristics of 75 Listeria monocytogenes isolates from hunted game and game meat from
Finland between 2012 and 2020.

MLST Finland b Clonal
Complex

Lineage Serotype Number of
Isolates

Source (Isolation Year)

ST1 a 2016, 2017 CC1 I 4b 3 Pheasant faeces (2013), Wild boar organ
(2016)

ST4 CC4 I 4b 1 Deer carcass (2014)

ST7 2018–2021 CC7 II 1/2a 4
Moose carcass (2012), Pheasant faeces

(2013),
Wild boar organ (2016)

ST8
2017–2018,
2020–2021 CC8 II 1/2a 3

Mallard meat (2016), Wild boar organ
(2016),

Deer meat (2019)
ST11 CC11 II 1/2a 1 Deer meat (2019)

ST18 2016 CC18 II 1/2a 5 Deer carcass (2013), Wild boar organ (2016),
Mallard meat (2019)

ST20 CC20 II 1/2a 3 Pheasant faeces (2013), Wild boar organ
(2016)

ST21 CC21 II 1/2a 2 Wild boar organ (2016)
ST29 CC29 II 1/2a 1 Moose carcass (2013)

ST37 2016, 2018–2020 CC37 II 1/2a 8
Moose carcass (2013), Teal faeces (2013),

Mallard faeces (2013–2014), Pheasant faeces
(2013–2014)

Wild boar organ (2016)
ST91 2021 CC14 II 1/2a 1 Wild boar organ (2019)

ST155 2020 CC155 II 1/2a 3 Deer meat (2019)
ST224 CC224 I 1/2b 2 Mallard faeces (2013)
ST249 CC315 I 4b 2 Deer carcass (2013)
ST391 CC89 II 1/2a 2 Mallard faeces (2013)
ST399 CC14 II 1/2a 1 Wild boar organ (2016)
ST400 CC11 II 1/2a 2 Mallard faeces (2013)
ST412 CC412 II 1/2a 5 Deer carcass (2013), Mallard meat (2019)

ST451 2017–2021 CC11 II 1/2a 16

Moose carcass (2012), Mallard faeces
(2013–2014),

Mallard meat (2016), Wild boar organ
(2016),

Deer meat (2019), Wild boar faeces (2020)
ST573 CC573 II 1/2a 1 Wild boar organ (2016)
ST585 ST585 II 1/2a 9 Pheasant faeces (2013–2014), Mallard faeces

(2013–2014), Mallard meat (2016)
a Sequence types in bold have recently been published in other European countries [31–33]. b Reporting year of
the most common sequence types found in human listeriosis in Finland during 2016–2021.

A subset of 55 out of 75 L. monocytogenes isolates were characterised with cgMLST
based on 1748 genes. In total, 35 CTs among 21 STs were obtained using the BIGSdb-Lm
platform (Table 4). Overall, 10 CTs (CT5208, 11797, 20896, 20939, 25365, 26674, 26763,
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28125, 28250, and 28251) included more than one L. monocytogenes isolate. In total, 10 CLs
(CL1, 8, 18, 155, 412, 451a, 451b, 451c, 451d, and 585) formed by closely related genotypes
were obtained with the cgMLST based on 1701 genes using the Ridom software (Table 4).
Isolates belonging to the same CL showed an allelic difference between 0 and 10 (Figure 2).
All CLs obtained by Ridom software had their own CT obtained from the BIGSSdb-Lm
platform (Table 4). Most (9/10) of the CLs included isolates of SG IIa. CL1 included two
undistinguishable isolates of SG IVb, both found from wild boar organs. Five CLs (CL1, 18,
155, 412 and 451c) included very closely related isolates, each with 0 to 5 allelic differences
(Figure 2). Each of these CLs included L. monocytogenes isolates found from one source
during the same year (Table 4). CL18 and CL412 were formed by isolates from mallard
meat and CL155 and CL451c from deer meat. The other CLs (CL8, 451a, 451b, 451d and
585) were formed by closely related isolates (0 to 10 allele differences) found from different
sources between 2012 and 2019 (Table 4).

Table 4. Distribution of different serogroups (SGs), MLST (STs) and cgMLST (CTs) profiles, clusters
(CLs) and virulence profiles (VPs) among 55 Listeria monocytogenes isolates from hunted game and
game meat between 2012 and 2020 in Finland.

ST a SG CT b CL c VP d No. Source Year

1 IVb 1430 2c 1 Pheasant Faeces 2013
1 IVb 25365 1 2c 2 Wild boar Organ 2016
4 IVb 27292 1d 1 Deer Carcass 2014
7 IIa 21218 2a 1 Wild boar Organ 2016
7 IIa 22874 1e 1 Moose Carcass 2012
8 IIa 19030 2a 1 Wild boar Organ 2016
8 IIa 28125 8 1e 2 Mallard, Deer Meat 2016, 2019

11 IIa 30149 1b 1 Deer Meat 2019
18 IIa 26674 18 1a 3 Mallard Meat 2016
18 IIa 28197 1a 1 Wild boar Organ 2016
20 IIa 21358 1a 1 Wild boar Organ 2016
20 IIa 26681 0 1 Pheasant Faeces 2013
21 IIa 9841 2a 1 Wild boar Organ 2016
21 IIa 25363 2a 1 Wild boar Organ 2016
29 IIa 23920 1e 1 Moose Carcass 2013
37 IIa 22893 1e 1 Teal Faeces 2013
37 IIa 28230 1e 1 Pheasant Faeces 2014
37 IIa 30787 2a 1 Wild boar Organ 2016
91 IIa 20232 1a 1 Wild boar Organ 2016

155 IIa 26763 155 0 3 Deer Meat 2019
224 IIb 8887 1c 1 Mallard Faeces 2013
249 IVb 20958 1d 1 Deer Carcass 2013
391 IIa 29935 0 1 Mallard Meat 2013
399 IIa 22031 2b 1 Wild boar Organ 2016
400 IIa 28173 1b 1 Mallard Meat 2013
412 IIa 8287 3b 1 Deer Carcass 2013
412 IIa 20896 412 2d 4 Mallard Meat 2016
451 IIa 24184 0 1 Deer Meat 2019
451 IIa 11793 0 1 Wild boar Faeces 2020
451 IIa 5208 451a 1a 3 Mallard, wild boar Meat, organ 2016
451 IIa 11797 451b 0,1a 2 Moose, wild boar Carcass, organ 2012, 2016
451 IIa 20939 451c 0 3 Deer Meat 2019
451 IIa 28250 451d 0,1a 4 Mallard, wild boar Faeces, organ 2014, 2016
573 IIa 1569 2a 1 Wild boar Faeces 2016
585 IIa 28251 585 1e,2a,3a 4 Mallard Faeces, meat 2013, 2016

a ST based on 7-gene MLST using the BIGSdb-Lm platform and Ridom software. b Nearest CT based on cgMLST
(1748 target genes) using the BIGSdb-Lm platform. c CL based cgMLST (1708 target genes) using the Ridom
software. d VPs using the Ridom software and CGE platform.
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Figure 1. Sequence types (ST), which include at least three Listeria monocytogenes isolates, found in
hunted game and game meat in Finland between 2012 and 2020.

Figure 2. Minimum spanning tree of 55 Listeria monocytogenes isolates from hunted game and game
meat in Finland during 2012–2020. The tree was calculated in Ridom SeqSphere+ with 1708 core
genome multi-locus sequence typing (MLST) targets and 7-gene MLST targets (pairwise ignoring
missing values, logarithmic scale). Nodes are coloured according to sequence type. Number of allelic
differences between the isolates are indicated on the connecting lines. Clusters are shaded in grey
and a cluster distance threshold of maximum10 was used according to Ruppitsch et al. [29].

We studied the presence of 33 virulence genes available in the Ridom software [34]
among the 55 L. monocytogenes isolates. Most (26/33) of the genes were detected in all
isolates. Seven virulence genes (act, ami, aut, inlF, inlJ, lapB and vip) were not present in
all isolates. We designed 12 virulence profiles (VPs) based on these genes (Table 5). All
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virulence genes (VP0) were detected in 12 (22%) L. monocytogenes isolates, all belonging to
SG IIa. The most frequently missing genes were ami and vip, which were missing in 42%
and 38% of L. monocytogenes isolates, respectively. The VP did not correlate with ST, but
isolates belonging to the same cluster mostly (66%) had the same VP (Table 4).

Table 5. Virulence profiles detected among 55 Listeria monocytogenes isolates.

Virulence
Profile

Number of
Isolates

Sequence Types
Missing Virulence Genes (=1)

act ami aut inlF inlJ lapB vip

VP0 12 ST20,155,391,451 0 0 0 0 0 0 0
VP1a 13 ST18,20,91,451 0 1 0 0 0 0 0
VP1b 2 ST11,400 0 0 0 1 0 0 0
VP1c 1 ST224 0 0 0 0 1 0 0
VP1d 2 ST4,249 a 0 0 1 0 0 0 0
VP1e 7 ST7,8,29,37, 585 0 0 0 0 0 0 1
VP2a 7 ST7,8,21,37,573,585 0 1 0 0 0 0 1
VP2b 1 ST399 0 1 0 1 0 0 0
VP2c 3 ST1 0 0 1 0 1 0 0
VP2d 4 ST412 0 0 0 0 0 1 1
VP3a 2 ST585 0 1 0 0 1 0 1
VP3b 1 ST412 1 0 0 0 0 1 1

a Isolates with sequence types in bold belong to serogroup IVb.

We studied the presence of 46 AMR genes available in the Ridom software. Only the
fosX and lin genes were detected in all 55 L. monocytogenes isolates.

4. Discussion

L. monocytogenes is a common finding in hunted game and game meat in Finland. Most
of the L. monocytogenes isolates originating from game belonged to serotype 1/2a (SG IIa,
Lin II) but serotype 4b (SG IVb, Lin I) was also found. L. monocytogenes strains belonging to
SG IIa/Lin II and SG IVb/Lin I are responsible for the largest share of listeriosis [20,35,36].
However, SG IVb is more frequently associated with human diseases and outbreaks than
SG IIa, which is more often identified among isolates found in animal, environmental and
food samples [6,18,21]. Recently, L. monocytogenes IIa and IVb were found in deer and wild
boar tonsils in Spain [12]. Serotyping and serogrouping provide useful information about
L. monocytogenes isolates found in epidemiological studies, surveys and during monitoring.

Very little is known about the genetic diversity of L. monocytogenes isolates from game
origin [12]. We found several CCs and STs in hunted game and game meat from Finland
showing a large genetic diversity among the L. monocytogenes isolates studied. This was
expected because L. monocytogenes isolates were found from various sources and locations
during a ten-year period [17,24,25]. All CCs identified among our hunted game and game
meat isolates from Finland have recently been identified among various environmental
and animal sources in Europe [5]. In our data, the most common CC was CC11 (25%),
which included three STs: ST11, ST400 and ST451. CC11 is also a prevalent clonal type
found in Europe [23,31]. Most (67%) of the STs found in our study have also been found
in Europe from various sources [23,31,32]. Several (7/21) STs found in game in our study
have been associated with human listeriosis in Finland (https://thl.fi/en/web/infectious-
diseases-and-vaccinations accessed on 11 November 2022). ST451 (21%) was the most
frequently found ST in our study, as it was found in different sample types between 2012
and 2020. This type has also been reported in human listeriosis in Finland yearly between
2017 and 2021. ST451 is a common universal ST found in humans, animals, foods, and the
environment in Europe [23,31,32,37]. To obtain more accurate information about the link
between human and game isolates, STs based on the core or whole genome (cgMLST or
wgMLST) should be used instead of seven-gene MLST.

Wild boar organs were contaminated with several L. monocytogenes isolates of different
STs. This is very understandable because the isolates originated from wild boars hunted in
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various geographical locations in Finland [25]. Fewer STs were found in isolates from deer
and mallard meat than from wild boar. Deer and mallard meat were processed in one meat
processing plant each, which may explain the limited genetic diversity among the meat
isolates. Interestingly, only 4 STs were identified among 13 L. monocytogenes SG IIa isolates
from mallard faeces. The hunted mallards were reared and fed in a natural pond before
being hunted, which could be a common contamination source for the mallards [24]. L.
monocytogenes is relatively commonly found in various environments, and L. monocytogenes-
contaminated soil and water are therefore important L. monocytogenes sources [5,38]. ST18,
ST20, ST37, ST91 and ST451, identified among our game isolates, are reportedly common
STs among isolates from environmental samples in Finland [37] and Latvia [31].

We identified some CLs of L. monocytogenes isolates with 0 to 10 allelic differences
among the hunted game and game meat isolates using cgMLST, which is the method capa-
ble of differentiating related strains from unrelated ones [39]. Very closely related isolates,
with a maximum of five allelic differences, were found in five CLs, and they originated from
the same source and year, which could explain the high genetic similarity and may indicate
a common source of contamination. Three very closely related L. monocytogenes isolates—
forming CL18—were isolated from mallard meat originated from various mallards sampled
on the same day in the same game meat processing plant, indicating a cross-contamination
during processing. In CL412, four very closely related isolates from mallards were sampled
on two different days in the same plant, indicating a plant contamination possibly due to
inadequate cleaning. Deer meat isolates also formed two clusters—CL155 and CL451c—
both with three very closely related isolates. The isolates in CL155 and CL451c were from
deer meat samples cut on different days in the same plant. Cross-contamination during
meat cutting occurs easily if working hygiene is poor. L. monocytogenes can easily persist in
the plant, and thorough cleaning of the meat processing plant after each working day is
therefore very important.

L. monocytogenes has shown heterogeneity in its virulence [35,40]. Virulence factors are
essential for adapting L. monocytogenes to spread optimally within the environment [35].
The virulence of L. monocytogenes is encoded by a wide range of virulence genes [2]. In our
study, most (79%) of the 33 studied virulence genes were present in all 55 L. monocytogenes
isolates of game origin in Finland. The actA gene located on the Listeria pathogenicity
island (LIPI-1) was missing in only one isolate (a deer carcass isolate). LIP-I is composed
of important virulence genes (including actA, hly, mpl, plcA, plcB, prf A and orf X) and is
necessary for intracellular survival and spread from cell to cell [35]. LPI-1 is typically
present in all L. monocytogenes strains [2,41]. This actA-negative deer carcass isolate (with
VP3b, SG IIa and ST412) also missed the lapB (coding for an adhesion protein) and vip
(coding for an invasion protein) genes, indicating a reduced virulence in this isolate. The
most frequently missing virulence gene ami, which is coding an autolysin protein for
adherence, was not found in 42% of the isolates. However, the meaning of ami in the
virulence remains unclear. The invasion gene aut was missing only in the isolates belonging
to SG IVb. All SG IVb isolates (with ST1, ST4 and ST249) were aut-negative. The three SG
IVb isolates belonging to ST1 were also inlJ-negative. The aut gene codes for an autolysin
protein needed for invasion and the inlJ for an internalin protein needed for adherence [35].
How the absence of these two genes affects the virulence of L. monocytogenes IVb isolates
needs to be further studied. Typically, ST1 (CC1) and ST4 (CC4) have been associated with
clinical cases more often than other STs [35,41].

AMR is a serious public health issue due to increasing resistance. There is also a trend
of increasing AMR among L. monocytogenes strains of animal and food origin. Resistance,
e.g., to penicillin, ampicillin, gentamycin, streptomycin, tetracycline, and trimethoprim-
sulfamethoxazole has been reported [42,43]. However, in our study, only the fosX and lin
genes were detected. These two genes were present in all 55 L. monocytogenes isolates. Earlier
studies have shown fosX and lin to be present in nearly all L. monocytogenes isolates [42].
This can be explained by native resistance to fosfomycin and lincosamides reported in
L. monocytogenes strains [34,43]. Our results indicate that L. monocytogenes of game and
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game meat origin found in Finland are so far sensitive to antimicrobials. One explanation
may be that hunted game in Finland have no access to feed contaminated with resistant L.
monocytogenes strains.

5. Conclusions

In this study, we analysed the sequence data of L. monocytogenes isolates of game
origin using tools available on open-source platforms and Ridom software. Our study
demonstrates that game meat is contaminated with various STs associated with human
listeriosis. All L. monocytogenes isolates were potentially pathogenic, carrying most im-
portant virulence genes. No acquired AMR genes were found, indicating that all isolates
were sensitive to most of the important antimicrobials used to treat listeriosis. Some of the
isolates from mallard and deer meat belonged to CLs that were formed by very closely
related isolates, indicating common contamination sources. Contaminated game meat may
pose a public health problem, and game meat should therefore be handled and stored
correctly.
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Abstract: The wild boar is an abundant game species with high reproduction rates. The management
of the wild boar population by hunting contributes to the meat supply and can help to avoid a
spillover of transmissible animal diseases to domestic pigs, thus compromising food security. By the
same token, wild boar can carry foodborne zoonotic pathogens, impacting food safety. We reviewed
literature from 2012–2022 on biological hazards, which are considered in European Union legislation
and in international standards on animal health. We identified 15 viral, 10 bacterial, and 5 parasitic
agents and selected those nine bacteria that are zoonotic and can be transmitted to humans via food.
The prevalence of Campylobacter, Listeria monocytogenes, Salmonella, Shiga toxin-producing E. coli,
and Yersinia enterocolitica on muscle surfaces or in muscle tissues of wild boar varied from 0 to ca.
70%. One experimental study reported the transmission and survival of Mycobacterium on wild boar
meat. Brucella, Coxiella burnetii, Listeria monocytogenes, and Mycobacteria have been isolated from the
liver and spleen. For Brucella, studies stressed the occupational exposure risk, but no indication of
meat-borne transmission was evident. Furthermore, the transmission of C. burnetii is most likely via
vectors (i.e., ticks). In the absence of more detailed data for the European Union, it is advisable to
focus on the efficacy of current game meat inspection and food safety management systems.

Keywords: wildlife; game meat; Salmonella; Listeria; Campylobacter; Yersinia; mycobacteria; verotox-
inogenic E. coli; Brucella; Staphylococcus aureus

1. Introduction

During the last decade, numbers of wild ungulates, in particular wild boars, have
been rising significantly worldwide, generating environmental, economic, public health,
and social concerns. Wild boar is the most widespread species due to its high adaptability
and fertility rate, and its spread has been facilitated by climate change, the abandonment
of rural areas, reforestation, a lack of predators, animal introductions, and supplementary
feeding for hunting purposes [1–4]. The high density of this expanding species is causing,
in particular, in Europe, not only relevant damages to agriculture and ecosystems and an
increase in road accidents but also increases the risk of transmission of pathogens from wild
boar to humans, livestock, and domestic animals [5,6]. The synanthropic behavior of wild
boars is an important co-factor in creating disease-transmission scenarios [7]. Furthermore,
the attention being paid to wild boar population control is leading to an increase in the
availability of game meat. Additionally, the market has to face different harvesting practices,
the wider distribution of this product, and, simultaneously, guarantee its safety aspects. In
this context, it is of the utmost importance to understand the epidemiological situation and
the major hazards due to the consumption of such meat.

Indeed, it has been highlighted by several authors how wild boar could act as a
reservoir, playing an important role in the maintenance, circulation, and diffusion of certain
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pathogens for humans and animals [8–12]. In particular, the same authors focused their
attention on the most relevant bacterial food hazards that: cause disease to wild boar and
can be present in the meat (e.g., Brucella spp., Mycobacterium tuberculosis complex); are
harbored in the gut or other tissues and then transferred to the meat during processing
(e.g., Salmonella spp., Campylobacter spp., Escherichia coli, Yersinia enterocolitica); contaminate
the carcass due to their presence on animal skin and in the environment (e.g., Listeria spp.,
Staphylococcus aureus).

In a framework of global health, it is essential to consider not only zoonotic diseases
but also animal diseases with an impact on food security. The aim of this review is to
give an overview of publications from the period 2012–2022 on the presence of biological
hazards in the wild boar population. In particular, foodborne zoonotic bacteria commonly
reported in meat from domestic animals will be the focus, and their presence in wild boars
will be reviewed.

2. Materials and Methods

A list of infectious agents was compiled, combining zoonotic agents included in
compulsory monitoring in the European Union (Directive 2003/99/EC List A) [13], zoonotic
agents monitored according to the epidemiological situation (Directive 2003/99/EC List
B) [13], swine and multiple species diseases, infections, and infestations listed by the
World Organisation for Animal Health (OIE), and the most common agents responsible for
foodborne outbreaks reported from the European Food Safety Authority (EFSA) during the
period 2015–2020 and in the EU Rapid Alert System for Food and Feed (RASFF).

For each agent on the list, a literature search was conducted on SCOPUS using the
name of the selected pathogen or the related disease combined with the search string:
“wild” AND “boar” OR “feral AND pig” OR “warthog”. During the literature search,
biological hazards that do not concern wild boars were excluded. The search was then
adjusted for (i) the time period 2012–2022, (ii) document type as article or review, and
(iii) English as the selected language. Papers about the prevalence and control strategy of
selected diseases were considered, whereas articles reporting solely detection methods were
included only if relevant for the interpretation of results. Although our work focuses on the
relevance of wild boar (meat) in the European Union, we included references from other
countries in view of imports of wild boar meat from third countries in the EU; similarly,
studies on feral pigs and warthogs were included.

We also report the number of publications per agent and year as a proxy for the rele-
vance of the agent and the interest and effort of the scientific community in this topic [14].
From this long list of biological hazards specifically addressed in national legislation or by
international organizations, we selected those with evidence that they are actually trans-
mitted via the handling, processing, and consumption of porcine meat and meat products.

3. Results

3.1. Overview of Biological Hazards in Wild Boar and Their Impact on Food Safety and Security

The array of biological agents addressed in EU legislation and international organi-
zations such as the OIE is displayed in Table 1. Information on zoonotic potential and
mode of transmission was taken from OIE, EFSA, and ECDC documentation. Notably,
not all agents are zoonotic, and not all zoonotic agents are transmitted by meat. Among
the pre-selected (i.e., taken from EU and OIE documents) infectious agents, no scientific
literature was retrieved for two viruses and one bacterial genus. A clear increase (i.e., more
than one doubling) in the average number of publications per year in the period 2017–2022
compared with that from 2012–2017 was noted for the viral diseases African swine fever,
West Nile fever, and Japan encephalitis; the bacterium Listeria; and the parasite genera
Cryptosporidium, Cysticercus, and Echinococcus.
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Table 1. Agents or diseases of wild boar covered in the literature survey (2012–2022), their coverage
in legislation, and the number of pertinent publications.
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African Swine Fever V n y 499 58 441 11.6 73.5 6.3
Aujeszky’s Disease V n y 108 43 65 8.6 10.8 1.3

CSF V n y 158 54 104 10.8 17.3 1.6
Foot and Mouth Disease V n y 35 13 22 2.6 3.7 1.4
Porcine Respiratory and
Reproductive Syndrome V n y 62 27 35 5.4 5.8 1.1

West Nile Fever V n y 17 4 13 0.8 2.2 2.7
Hepatitis A V y f 0 0 0
Influenza V y f 0 0 0

Japan Encephalitis V y y 21 6 15 1.2 2.5 2.1
Rabies V y f y 19 6 13 1.2 2.2 1.8

Paratuberculosis B n y 9 7 2 1.4 0.3 0.2
Bacillus anthracis B y y 3 2 1 0.4 0.2 0.4

Borrelia B y f 30 9 21 1.8 3.5 1.9
Brucella B y m y 95 36 59 7.2 9.8 1.4

Campylobacter B y m 22 7 15 1.4 2.5 1.8
Clostridium B y f (C. botulinum) 0 0 0
Francisella B y y 12 6 6 1.2 1.0 0.8
Leptospira B y f 55 17 36 3.4 6.0 1.8

Listeria B y m 12 3 9 0.6 1.5 2.5
Q-Fever B y y 23 7 16 1.4 2.7 1.9

Salmonella B y m 80 25 55 5.0 9.2 1.8
St. aureus B y * 27 10 17 2.0 2.8 1.4

Tuberculosis B y m (M. bovis),
f (others) 214 97 117 19.4 19.5 1.0

Verotoxinogenic E. coli B y m 27 10 17 2.0 2.8 1.4
Yersinia B y f 40 13 27 2.6 4.5 1.7

Cryptosporidium P y f 18 5 13 1.0 2.2 2.2
Cysticercus P y f y 9 2 7 0.4 1.2 2.9

Echinococcus P y m y 47 12 35 2.4 5.8 2.4
Toxoplasma P y f 90 35 55 7.0 9.2 1.3
Trichinella P y m y 167 67 100 13.4 16.7 1.2

V = virus; B = bacterium; P = parasite; f = facultative, according to the epidemiological situation; m = mandatory;
* = multi-resistant St. aureus.

For a detailed review of the occurrence and significance of biological hazards, we
focused on bacteria since these are the main causative agents for foodborne diseases
reported in the EU [15].

3.2. Occurrence and Prevalence of Selected Zoonotic Bacteria in Wild Boar
3.2.1. Brucella

Brucella (B.) are gram-negative, nonsporeforming, aerobic, short-rod bacteria that
include several pathogenic species. In the EU, monitoring of brucellosis is compulsory
(Directive 2003/99/EC List A) [13]. In ruminants, swine, and dogs, infection with the agents
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causes diseases of the reproductive system, e.g., abortion or epididymitis. Symptomless
carriers can excrete the pathogen, e.g., via milk. Small ruminants with mastitis caused by
Brucella-melitensis can excrete the pathogen via milk. Ingestion of raw milk, inhalation, or
close contact with infected animals or parts thereof (e.g., when dressing hunted wild game)
can lead to human infections. These may resemble a feverish flu, whereas more severe
courses involve splenomegaly and splenic or hepatic abscesses. In 2021, cattle livestock
in 21 EU member states was officially free from brucellosis (B. abortus, B. melitensis, and B.
suis), and as regards small ruminant livestock, 20 member states were officially free from
the pathogen. In 2021, 162 human cases were reported, two of them foodborne. In 2020,
there were also 2 cases linked to the consumption of sheep meat products, with B. melitensis
being the causative species [15]. In the EU rapid alert system for food and feed (RASFF),
no notification of the presence of Brucella in food was found.

As regards wild boar and Brucella, 96 documents were retrieved. Those reporting
prevalence data were included in Table 2 (seropositivity) and Table 3 (DNA or viable
bacteria). With respect to serological testing, the cross-reactivity with the Yersinia ente-
rocolitica O9 antigen is a well-known issue. More recent methods may overcome this
problem [16]. Some authors present seroprevalences corrected for cross-reactivity [17].
When tissues/organs of the animal were tested by bacteriological culturing, or PCR, blood,
lymphatic organs, genital organs, and fetuses were examined. There was no study on
Brucella in muscle tissue or commonly consumed organs, e.g., liver, from wild boar. When
Brucella species and biovars are explicitly reported, it is mainly B. suis biovar 2.

While no documented cases of meat-borne brucellosis could be retrieved, several cases
of brucellosis in humans hunting wild boar and dressing wild boar carcasses have been pub-
lished; most reports are from the USA [18–21], but also from France [22] and Australia [23].
In two cases, neurological disorders [18,23] were reported, and in one case, arterial and
venous thromboses were reported [20], which are otherwise rarely observed [24]. Similarly,
dogs frequently in contact with wild boar are at risk of seropositivity to Brucella [25–27].

Table 2. Prevalence of Brucella spp. antibodies in wild boars (2012–2022), by country and continent.

Prevalence/Frequency Species Matrix Country Comment Ref.

15.6% (15/96) B. spp. Sera Italy (Tuscany) serology [28]

5.74% (16/287) B. spp. Sera Italy (Tuscany) RBT, CFT [29]

5.1% (22/434)
13.5% (58/434) B. spp. Sera Italy (Campania) RBT

ELISA [30]

0.53% (2/374) B. spp. Sera Italy (Tuscany) RBT, CFT [31]

6.2% (35/570) B. spp. Sera Italy (Sardinina) ELISA [32]

15% (19/126) B. suis Sera Italy (Central) serology [33]

59.3% (121/204) B. spp. Sera Spain
(Extremadura) ELISA [34]

9.4% (45/480) B. suis biovar 2 Sera Serbia RBT, ELISA [35]

1.3% (42/3230) B. spp. Sera Croatia RBT; CFT; ELISA [36]

6.4% (131/2057) B. spp. Sera Netherlands ELISA [37]

0% (0/286) B. suis Blood Sweden ELISA [38]

9% (8/87) B. spp. Blood Finland

RBT, ELISA;
visceral organs from 5 seropos.
animals available, in 4 of which

B. suis biovar 2 was detected

[39]

13.3% (139/1044) B. suis Sera Latvia RBT, CFT, ELISA, data corrected
for O9-cross-reactivity [17]
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Table 2. Cont.

Prevalence/Frequency Species Matrix Country Comment Ref.

0% (0/100) B. spp. Sera South Africa Warthog [40]

12.5% (1/8) B. spp. Sera Kenya Warthog; Antibody-ELISA [41]

0% (0/86) B. spp. Sera Brazil Agglutination, 2MET [42]

0% (0/61) B. spp. Sera Brazil
(Santa Catarina) [43]

0.49% (1/205) B. spp. Blood Brazil Feral pigs; serology (BAPA,
FPT) [44]

0% (0/15) B. spp. Blood Colombia Feral pigs [45]

2.2% (1/46) B. spp. Blood Guam Feral pigs; FPT [46]

0.7% (2/282) B. abortus Sera USA (Oklahoma) BAPA, RIV, FPT [47]

2.95% (7/238) B. suis Sera Australia (NSW) RBT, CFT [48]

9.6% (8/83) B. suis Blood Australia
(Queensland) RBT, CFT [49]

0% (0/303) B. spp. Sera Finland RBT [50]

54.9% (641/1168) B. spp. Sera Belgium ELISA [51]

BAPA = Buffered Acidified Plate Antigen, CFT = Complement Fixation Test, RBT = Rose-Bengal-Test,
RIV = Rivanol Agglutination, 2MET = 2-Mercapto-Ethanol.

Table 3. Prevalence of Brucella spp. (viable bacteria or DNA) in wild boar (2012–2022), by country
and continent.

Prevalence/Frequency Species Matrix Country Comment Ref.

12.5% (1/8) B. spp. Sera Kenya Warthog; PCR [41]

1.4% (4/287)
1.7% (5/287)

2.2%
0% (0/287)

B. suis biovar 2

Lymph nodes
epididymides
fetuses pooled
livers, spleens

Italy (Tuscany) DNA [29]

0.83% (2/240) B. spp. Inner organs Denmark culture [52]

3.8% (7/180)
10.5% (19/180) B. spp. Tonsils Netherlands

culture
PCR; confirmed as B.

suis biovar 2
[37]

22% (19/87) B. suis Feces USA (Georgia) Feral pigs, PCR [53]

1.3% (5/389) B. suis biovar 2 Retropharyngeal
lymph nodes Italy culture [54]

3.7% (7/188) B. suis biovar 2 Reproductive
organs

Spain
(Extremadura) culture, PCR [34]

0% (0/238) B. spp. Blood Australia (NSW) culture [48]

3.2.2. Campylobacter

Campylobacter is a genus of gram-negative, nonsporeforming, microaerophilic, motile
spiral-shaped bacteria, with C. jejuni and C. coli as the main species involved in Campy-
lobacteriosis. The principal symptoms of Campylobacter infections are diarrhea, abdominal
pain, fever, headache, nausea, and vomiting. The disease is usually self-limiting, and death
is rare except in severe cases in elderly people, very young children, or immunocompro-
mised patients [55]. In 2021, campylobacteriosis was the zoonosis with the highest number
of human cases reported in the EU, with 127,840 cases of illness and 10,469 hospitalizations.
With respect to foodborne outbreaks, it was the fourth most frequently reported agent with
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249 outbreaks, 1051 cases, and 134 hospitalizations [15]. Campylobacter is common in food
animals such as poultry, pigs, and cattle, and the main transmission route is via meat and
meat products, as well as raw milk and milk products.

Twenty-two articles have been published from 2012 to 2022 regarding the prevalence
of Campylobacter in wild boars, five of which were excluded as not relevant. The main matrix
considered for the isolation of Campylobacter is feces, as reported in Table 4. The references
highlighted the role of wild boars as a possible source of Campylobacter infection due to the
prevalence of Campylobacter spp. in feces samples, albeit in a variable range from 12.5% [56]
to 66% [57]. Several species have been isolated from fecal samples in varying prevalence
ranges, e.g., C. lanienae from 1.2% [56] to 69% [58], C. hyointestinalis from 0.8% [59] to
22.1% [60], C. coli from 0.8% [56] to 16.3% [58], and C. jejuni from 0% [61] to 4.1% [58] of
samples. As suggested by [59], the degree of urbanization of some areas populated by
wild boars could have a relationship with the detection frequency of some Campylobacter
species; in particular, C. lanienae was more frequently isolated in low urbanizations areas,
suggesting that this pathogen could be interconnected with the kind of diet available.

During the period considered, only two studies were conducted on carcasses, and
they presented similar results, with a prevalence of Campylobacter spp. of 11.1% [62] and
16.7% [63]. Peruzy et al. [64] investigated the presence of Campylobacter in wild boar meat
samples, but the pathogen was not detected.

To date, the EU has set food processing hygiene criteria for Campylobacter only for
poultry [65].

Table 4. Prevalence of Campylobacter spp. in wild boar (2012–2022) feces or on carcasses or meat.

Prevalence/Frequency Species Matrix Country Comment Ref.

51.8% (29/56) Campylobacter spp. Feces Italy [63]

50% (38/76)
40.8% (31/76)

Campylobacter spp.
C. lanienae Feces Italy

Campylobacter spp. with levels
up to 103 CFU/g was detected

in 39.5% animals
[66]

66% (188/287) Campylobacter spp. Feces Spain One isolate was identified as C.
jejuni [57]

60.8% (79/130)
46.2% (60/130)
16.9% (22/130)

0.8% (1/130)
0% (0/130)

Campylobacter spp.
C. lanienae

C. coli
C. hyointestinalis

C. jejuni

Feces Spain

4% WB had both C. lanienae and
C. coli, and 1% had both C.

lanienae and C. hyointestinalis.
All the isolates were resistant to
at least one antimicrobial agent

considered

[59]

38.9% (49/126)
69.4% (34/49)
16.3% (8/49)
4.1% (2/49)

Campylobacter spp.
C. lanienae

C. coli
C. jejuni

Feces Spain [58]

19.51% (8/41)
4.88% (2/41)

0% (0/41)

Campylobacter spp.
C. coli

C. jejuni
Feces Spain [61]

43.8% (53/121)
25.6% (31/121)
17.4% (21/121)
0.8% (1/121)

Campylobacter spp.
C. lanienae

C. hyointestinalis
C. jejuni

Feces Japan

Five (16%) and 6 (29%) isolates
of C. lanienae and C.

hyointestinalis, respectively,
were resistant to enrofloxacin

[67]

22.1% (71/321) C. hyointestinalis Feces Japan [60]

12.5% (31/248)
9.7% (25/248)
1.2% (3/248)
0.8% (2/248)

Campylobacter spp.
C. hyointestinalis

C. lanienae
C. coli

Feces Japan [56]
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Table 4. Cont.

Prevalence/Frequency Species Matrix Country Comment Ref.

3.5% (13/370)
1.6% (6/370)

C. coli
C. jejuni Feces USA C. coli was significantly more

frequent in female feral pigs [68]

0% (0/87) C. jejuni Feces USA [53]

16.7% (5/30) Campylobacter spp. Carcass Italy [63]

11.1% (4/36) Campylobacter spp. Carcass Italy [62]

0% (0/28) Campylobacter spp. Meat Italy [64]

WB = wild boars.

3.2.3. Coxiella burnetii—Q-Fever

Coxiella burnetii is a gram-positive short-rod bacterium that grows aerobically within
but also outside of host cells. It can form spores and persist under dry and acidic conditions.
The bacterium is not only excreted via effluents, but several tick species can act as vectors
for the pathogen. Infection of humans can occur via contact with effluents, ingestion of
contaminated food, and inhalation of aerosolized pathogens, but also by tick bites. Infection
causes a feverish disease (Q-fever) with pneumonia, followed by affections of the heart,
liver, and spleen. In the EU, human cases are notifiable. Data indicate that the number of
human cases as well as prevalence in animals is declining. However, monitoring of farm
and wild animals is not harmonized in the EU [15]. At least 347 of the 460 confirmed human
cases of Q-fever in 2021 were acquired within the EU, and the pathogen was prevalent in
5.2%, 5.9%, and 16.5% of samples from cattle, goats, and sheep, respectively. Since not all
member states submitted data, the reported percentages are not necessarily representative
of the EU [15]. Studies conducted on C. burnetii and wild boar can be grouped into three
categories: (i) those on ticks collected from wild boars or from hunters or dogs in frequent
contact with wild boars; (ii) those on serum or spleen samples from wild boar; and (iii)
studies on the genetic diversity of C. burnetii.

Within Europe, studies originated in Spain and Italy (Table 5). DNA from C. burnetii
was detected in 1.9% of spleen samples [69], and antibodies were found in 5.5% of serum
samples [70] from wild boar in Spain. In studies from Italy, the pathogen was not recovered
from wild boar samples but from ticks feeding on wild boars (0.5%; [71]) and from dogs
in contact with wild boars (5.1%; [72]). Wild boar is not a specific or primary host for the
pathogen [73], but since the agent is occasionally detected in tissues from wild boar, hunters
and consumers handling and processing wild boar (meat) are both occupationally and
dietary exposed. Similarly, hunters and dogs often in contact with wild boars are at risk of
exposure to tick-borne pathogens, among them C. burnetii [71].

Table 5. Presence of Coxiella burnetii or antibodies in wild boar or in vectors associated with wild
boar, according to country and continent, 2012–2022.

Prevalence/Frequency Matrix Country Comment Ref.

0% (0/100) Spleen Italy (Central) PCR [73]

0% (0/93)
0% (0/176)

Spleen
Ticks Italy PCR [74]

5.1% (6/117) Blood of dogs Italy (Central) PCR [72]

0.48% (2/411) Ticks Italy (South) Ticks collected from
hunters and dogs [71]

0% (0/40)
feeding ticks
0% (0/489)

questing ticks

Ticks Spain
(Northwest) PCR [75]

189



Foods 2023, 12, 1689

Table 5. Cont.

Prevalence/Frequency Matrix Country Comment Ref.

5.5% (4/73) Serum Spain
(Northwest) antibodies [70]

1.9% (9/484) Spleen Spain (North) PCR [69]

0% (0/2256)
0% (0/167)

Ticks
Spleen Spain Near to Barcelona, a

highly populated area [76]

0% (0/8) Serum Kenya antibodies Serology
(ELISA) [41]

0% (0/67) Blood Brazil [77]

5% (4/79) Ticks Thailand PCR [78]

18.3% (19/104) Serum of dogs Australia Queensland [79]

No notifications regarding the presence of C. burnetii in foods were listed in the EU
rapid alarm system (RASFF).

3.2.4. Listeria monocytogenes

Listeriosis is a zoonotic disease caused by Listeria monocytogenes, a gram-positive,
nonsporeforming, facultatively anaerobic bacterium. Foodborne listeriosis is one of the
most severe diseases, causing septicemia, neurologic disorders, and reproductive disorders.
Pregnant women, elderly people, and individuals with weakened immune systems are at
risk for severe courses of the disease. Listeria is a ubiquitous microorganism that thrives in
soil, water, vegetables, and the digestive tracts of animals. It can survive and proliferate in
different environmental conditions since it is tolerating a wide range of pH and tempera-
tures [80]. The main transmission route of Listeria is through the ingestion of contaminated
food [15].

Twelve studies have been found from 2012 to 2022 regarding the presence of Listeria
spp. in wild boar carcasses, meat, and related products, two of which were excluded
as not relevant (Table 6). Listeria monocytogenes was detected by many authors in tonsil
samples, highlighting this organ as the preferred matrix for the presence and detection of
Listeria [63,81,82]. Fredriksson-Ahomaa et al. [39] found L. monocytogenes in 48% of spleen
and kidney samples from wild boars. Almost all isolates belonged to serotype 2a, except
for two isolates identified as serotype 4b. The presence of Listeria in tonsils and in visceral
organs underlines the necessity of particular attention during handling and evisceration of
wild boar carcasses.

Regarding the presence of Listeria in wild boar meat products, Roila et al. [83] did not
detect the pathogen in wild boar salami, whereas Lucchini et al. [84] isolated Listeria spp.
in 65% of cured game meat sausages. Three species were identified: L. monocytogenes, 24%;
L. innocua, 32% and L. welshimeri, 8%. Counts of L. monocytogenes were, however, always
below the legal limit of 100 cfu/g set by Regulation (EC) 2073/2005 [65].

In the years 2020–2022, 340 notifications regarding the presence of L. monocytogenes in
foods were listed in the EU rapid alarm system RASFF, of which 82 implicated meat and
meat products; there was no explicit mention of game meat or wild boar meat in particular.
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Table 6. Presence of Listeria sp. in wild boar, 2012–2022.

Prevalence/Frequency Species Matrix Country Comment Ref.

0. 35% (1/287) L. monocytogenes Rectal swabs Italy

L.m. serogroup IVb,
serovar 4b; resistant to
cefoxitin, cefotaxime

and nalidixic acid

[85]

68.5% (37/54)
35.3% (18/51)
26.7% (8/30)

0% (0/30)

Listeria spp.
L. monocytogenes

Listeria spp.
L. monocytogenes

tonsils
tonsils
Carcass
Carcass

Italy

prevalence influenced
by animal age and

environmental
temperature

[63]

48% (63/130) L. monocytogenes Spleen and
kidneys Finland [39]

24.5%
(12/49) L. monocytogenes

Liver or tonsils or
feces or intestinal

lymph nodes,
caecum content

Germany
Positive in at least one of

the different matrices
studied

[81]

14.3% (7/49) L. monocytogenes Tonsils Germany [81]

2% (1/49) L. monocytogenes

Liver and
intestinal lymph

nodes and caecum
content and feces

Germany

The same animal
resulted positive for L.m.

in all the matrices
analyzed

[81]

51.8% (14/27)
40.7% (11/27)

0% (0/27)

Listeria spp.
L. monocytogenes
L. monocytogenes

Tonsils
Tonsils
Feces

Spain [82]

37.3% (28/75)
0% (0/75)

Listeria spp.
L. monocytogenes Feces Japan [67]

0% (0/72) L. monocytogenes Carcass Italy [86]

65% (24/37)
24% (9/37)

32% (12/37)
8% (3/37)

Listeria spp.
L. monocytogenes

L. innocua
L. welshimeri

Game meat cured
sausages Italy L.m. < 10 cfu/g [84]

0% (0/40) L. monocytogenes Wild boar salami Italy [83]

3.2.5. Mycobacterium tuberculosis Complex

Mycobacterium tuberculosis complex is a group of mycobacteria that include M. tuberculo-
sis, the major cause of human tuberculosis (TB), and other genetically related species that
affect livestock and wild animals but are also implicated in human disease [87,88]. Among
these species, in the last decade, M. bovis [89–115], M. caprae [89,104,111,116,117], and M.
microti [118–124] have been frequently reported from wild boar, feral pigs, and warthogs in
different countries.

The MTC bacteria can cause localized granulomas (primary complex) after enter-
ing the host through the respiratory or digestive tract, and when the organism´s im-
mune system cannot contain it (which can be the case in the elderly, children, and in
people with compromised immune systems), it may be followed by primary or secondary-
reactivated TB. Meningitis, extrapulmonary granulomas, miliary tuberculosis, and other
disseminated/generalized forms are only a few examples of the various manifestations,
along with a variety of clinical symptoms [125]. M. bovis is usually transmitted through
oral ingestion, and therefore the extrapulmonary lesions in humans are more frequent
than for M. tuberculosis [126]. In wild boar, the main primary complex is usually located
in the submandibular and retropharyngeal lymph nodes, where the MTC is most fre-
quently isolated [89,98,105,117,122,127,128]. Lesions were also reported in the tonsils, lung,
mediastinal lymph nodes, spleen, liver, and kidney [106,117,127,128]. The lesion in the
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lymph nodes is characterized by caseous or necrotic-calcified tubercles that are defined as
tuberculosis-like lesions (TBLL), as other mycobacteria different from MTC (e.g., M. avium
subsp. hominissuis) could cause the same lesion [119,129–131]. M. bovis and M. caprae could
also be detected (isolated/PCR) in lymph nodes without visible lesions [94,105,128,131].
Wild boar is reported for MTC shedding through the oral, nasal, and fecal routes [132], and
therefore animal aggregation areas could result in contaminated water and soil and the
maintenance of the infection in wildlife and livestock [118,133,134].

In addition, 214 studies regarding MTC and non-MTC in wild Suidae species have been
found in the literature over the considered period, but only 35 were related to prevalence
studies of MTC and were therefore considered. These studies were performed both by serol-
ogy (Table 7) and by isolation or direct identification of mycobacteria in organs and tissues
(Table 8). The prevalence of MTC varies between countries and between regions/counties
inside each nation (e.g., Spain), but also due to the investigated matrix and the diagnostic
methods adopted [94,98,135]. In this context, some studies were performed to define the
sensitivity of different diagnostic tools on sera and on organs and tissues [94,96,119,136].
The serological prevalence of MTC in wild boar is generally conducted over multi-year stud-
ies and ranged from 87.7% in Montes de Toledo and Doñana National Park (Spain) [132] to
near 0% in the USA [137]. The prevalence of MTC isolation in tissue and organs, consider-
ing studies conducted on more than 100 subjects, ranges from 64.2% for M. microti in the
Lombardia region (Italy) [123] to 1.1% for M. bovis in the Basque Country (Spain) [89].

The presence of MTC in wild boar is still recognized as one of the main barriers to the
eradication of the disease in livestock and, subsequently, in humans, particularly when
extensive pastoral systems are implemented and there is an interface between farmed
and wild animals [93,100,101,104,111,133,138,139]. Although the disease is notifiable in
many countries (such as Europe and the United States), its control in wild boar is primarily
restricted to standard visual game meat inspection, which is thought to be insufficient to
find primary complex and small lesions [117], especially as post-mortem inspection could
be carried out also by trained hunters [EC Regulation 853/2004 [140]]. Even the cultural
method for bacterial isolation is less effective than other diagnostic tools (e.g., screening
PCR directly performed on target tissues, such as head lymph nodes, even when no TBLL
are detected) [94,136]. Another topic to be considered is the free movement of wildlife
that could spread the disease in different geographic areas. The identification and long-
term monitoring of the genotype/spoligotype existing in a territory may aid in specific
surveillance plans and control actions [100,141].

Despite the role of wild boar as a reservoir for MTC and the possible transmission
through food [11], wild boar meat and meat products as a source for human infection are
reported only by Clausi et al. [142]. In this study, PCR tests revealed the presence of MTC
DNA on the carcass surface of wild boar without TBLL, but no Mycobacterium spp. could be
isolated. Clausi et al. [142] added lymph nodes with active TBLL (M. bovis) to meat batter
during sausage processing. Although live bacteria could be isolated only at day 23 after
the contamination of the sausages (neither before nor after), bacterial DNA was detected
(PCR) throughout the entire study period (end of sampling at day 41). When M. bovis
(105 CFU/g) was directly added during sausage manufacturing, it was isolated for up to
22 days of ripening. When meat surfaces were experimentally contaminated with M. bovis,
the bacterium could be recovered after frozen storage for over 5 months [142]. The role of
wild boar meat and derived raw meat products could therefore be further investigated,
even if other authors consider meat a negligible source of human infection [117].
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Table 7. Seroprevalence of MTC in wild boar, feral pigs, and warthogs, 2012–2022.

Prevalence/Frequency Species Country Area Comment Ref.

16.7% (5/30) MTC Malaysia Selangor

Sampling in 2019–2020
Test used: bovine purified

protein derivative
(bPPD)-based indirect

in-house ELISA

[127]

17% (326/1902) MTC Spain Basque Country

Sampling in 2010–2016
Test used: in house validated

enzyme-linked
immunosorbent assay

(ELISA)

[143]

10.6% (46/434) MTC Italy Campania Region

Sampling in 2012–2017
Test Used: Indirect ELISA

INgezim Tuberculosis DR kit
based on recombinant M.

bovis protein (MPB83)

[92]

2.4% (16/278) MTC Portugal Several Counties
Sampling in 2006–2013
Test used: bPPD-based
indirect in-house ELISA

[95]

49.0% (49/100) M. bovis South Africa

uMhkuze Nature
Reserve in Kwa-Zulu

Natal, Marloth Park on
the southern border of

Kruger National Park in
Mpumalanga

Sampling in 2013–2015
Test used: Indirect PPD ELISA

and TB ELISA-VK®
[96]

87.7% (36/41) MTC Spain Montes de Toledo and
Doñana National Park

Sampling in 2011–2013
Test used: bPPD-based

indirect in-house ELISA
Prevalence was obtained

adding the number of animals
with lesions at necroscopy to

the number of positive
serological samples

[132]

0.0003% (1/2735) MTC USA National survey
Sampling in 2007–2015
Test used: bPPD-based

indirect ELISA
[137]

2.4% (18/743) MTC Switzerland Geneva, Mittelland, Jura,
Thurgau, Tessin

Sampling in 2008–2013
Test used: bPPD-based
indirect in-house ELISA

[109]

5.9% (123/2080) MTC France 58 Departments

Sampling in
2000–2004/2009–2010

Test used: bPPD-based
indirect ELISA

[144]

2.1%
(22/1057) MTC Spain Asturias and Galicia

Sampling in 2010–2012
Test used: bPPD-based

indirect ELISA
[111]

67.7% (87/130) MTC Spain Andalusia Sampling in 2006–2010
Test used: MPB83-ELISA [115]
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Table 8. Prevalence of Mycobacterium spp. in wild boar, feral pigs and warthog organs and tissues,
2012–2022.

Prevalence/Frequency Species Country Area Comment Ref.

37.7% (29/77) M. bovis Brasil Rio Grande do Sul

Sampling in 2013–2019
Test used: DNA extraction from
lungs, lymph nodes, liver, spleen

and kidney followed by PCR

[91]

1.1%
(10/894) MTC Spain Basque County

Sampling in 2010–2019
Test used: isolation from lymph
nodes followed by real time PCR
and spoligotyping of the isolates
Positive cultures were detected
only form head lymph nodes

[89]

2.8% (5/176) MTC
(mainly M. microti) Switzerland Canton of Ticino

Sampling in 2017–2018
Test used: isolation from lymph
nodes + direct PCR followed by
MALDI-TOF MS identification

High prevalence of N-MTC
identification (57.4%)

[119]

38.2% (21/55) M. caprae Poland Bieszczady
Mountains region

Sampling in 2011–2017
Test used: isolation form lymph

nodes followed by PCR and
spoligotyping of the isolates

[116]

76.7% (946/1235) Mycobacterium spp. Spain Doñana National
Park

Sampling in 2006–2018
Test used: Visual inspection for

TBLL
[133]

1.6%
(8/495)
Culture

4.4% (17/386)
PCR

M. bovis France Aquitaine, Côte
d’Or and Corsica

Sampling 2014–2016
Test used: isolation or direct PCR
form lymph nodes followed by

spoligotyping of the isolates

[94]

47.1%
(16/34) M. bovis South Africa Greater Kruger

National Park

Sampling in 2015
Test used: Intradermal Tuberculin
Test (ITT) on captured warthog.
Lymph nodes bacterial culture
followed by PCR identification

[97]

2.4%
(180/7634) M. bovis France National scale (11

at-risk areas)

Sampling in 2011–2017
Test used: Lymph nodes bacterial

culture followed by PCR
identification

Detected in 7 of the 11 at-risk
areas

[98]

37.0%
(25/67) M. bovis South Africa

uMhkuze Nature
Reserve in

Kwa-Zulu Natal,
Marloth Park on

the southern
border of Kruger
National Park in

Mpumalanga

Sampling in 2013–2015
Test used: Lymph nodes bacterial

culture followed by PCR
identification

[96]
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Table 8. Cont.

Prevalence/Frequency Species Country Area Comment Ref.

6.8% (19/280) Mycobacterium spp. Italy Sicily

Sampling in 2004–2014
Test used: Visual inspection for

TBLL.
Tissue samples with TBLs were

cultures followed by PCR
identification.

M. bovis was isolated from one
sample

[100]

16.2% (647/3963) Mycobacterium spp. Portugal Idanha-a-Nova

Sampling in 2006–2016
Test used: Visual inspection for
tuberculosis-like lesions (TBLL).

Considered positive when at least
in one organ or lymph node

showed TBLs

[129]

4.3% (329/7729) MTC Spain Castilla y León

Sampling in 2011–2015
Test used: Lymph nodes bacterial

culture followed by PCR
identification

[134]

2.5% (3/118) M. bovis South Korea Gyeonggi Province

Sampling in 2011–2015
Test used: Lymph nodes and lung
bacterial culture followed by PCR

identification

[102]

38.3%
(16/41) M. bovis Portugal Castelo Branco

Sampling in 2009–2013
Test used: first screening by
visual inspection for TBLL

(41/192 had lesions).
Tissue samples with TBLs were

cultures followed by PCR
identification.

[105]

18.2%
(8/44) Mycobacterium spp. Slovenia Different areas

Sampling in 2010–2013
Test used: Lymph nodes and liver
bacterial culture followed by PCR

identification.
No MTC were isolated

[130]

13.5%
(36/267) M. caprae Hungary South-Western

Hungary

Sampling in 2008–2013
Test used: bacterial culture

followed by PCR identification.
[117]

33.9%
(18/58) M. bovis Spain Sevilla province

Sampling in 2012–2013
Test used: Lymph nodes bacterial

culture followed by PCR
identification and spoligotyping.

The study was performed on wild
boar piglets

[108]

0%
(0/9) M. bovis Brasil Pantanal area

Test used: bacterial culture of
unspecified feral pigs´ tissues
followed by PCR identification

[145]

25.2%
(61/242) PCR

21.5%
(52/242)

RPFL

MTC Italy Lombardia Region

Sampling in 2002–2003
Test used: Lymph nodes histology,

bacterial culture, PCR, RFLP
M. microti in 52 samples and M.

bovis in 2 samples by RFLS

[123]
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Table 8. Cont.

Prevalence/Frequency Species Country Area Comment Ref.

8.5% (51/602) PCR

5.8%
(35/602) RFPL

M. microti Italy Lombardia Region

Sampling in 2006
Test used: Lymph nodes histology,

bacterial culture, direct PCR,
direct RFLP

[123]

7.5%
(23/307) Culture

64.2%
(197/307)

PCR

55.0%
(169/307)

RFPL

M. microti Italy Lombardia Region

Sampling in 2007–2011 (only wild
boar with TBLL)

Test used: Lymph nodes histology,
bacterial culture, direct PCR,

direct RFLP

[123]

59%
(1512/2562) Mycobacterium spp. Spain Ciudad Real

province

Sampling in 2008–2012
Test used: Visual inspection for

TBLL in lymph nodes and organs.

Generalised TBLs were detected
in 51% of the subjects

[146]

2.59%
(33/1275) MTC Spain Asturias and

Galicia

Sampling in 2008–2012
Test used: lymph nodes and

organs culture followed by PCR
identification and spoligotyping

of the isolates
Number of M. bovis isolates = 19

and M. caprae isolates = 14

[111]

3.64% (6/165) MTC
Switzerland

and
Liechtenstein

Geneva,
Thurgovia, Saint

Gall, Grisons,
Tessin,

Liechtenstein

Sampling in 2009–2011
Test used: lymph nodes and tonsil

culture followed by PCR
identification and spoligotyping

of the isolates

[124]

37.3%
(293/785) M. bovis New Zealand Different areas

Sampling in 1997–2007
Test used: Lymph nodes culture
followed by PCR identification

[114]

88.9%
(16/18) M. bovis Spain Andalusia

Sampling in 2006–2010
Test used: Culture of pool

homogenate of lymph nodes and
lungs followed by PCR and
spoligotyping of the isolates

[115]

13.3%
(2/15) M. bovis Italy

Test used: Culture and PCR of
swab samples on muscle surface

of wild boar without TBLL
[142]

8.7 R0 Mycobacterium spp. Spain and
Portugal 29 sites

Metadata analyses from
2010–2019.

Test used: gross pathology and
culture

Reproduction number (R0)
defined considering prevalence in
the host species, MTC excretion in
infected host species, abundance
of the host species, transmission

rate to host species

[138]
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3.2.6. Salmonella

Salmonellosis is an enteric infection caused by species of the Salmonella genus other
than Salmonella Typhi and Salmonella Paratyphi. Salmonellae are gram-negative bacteria
belonging to the Enterobacteriaceae family. They are motile, nonsporeforming, aerobic,
or facultatively anaerobic. The transmission of this infection occurs principally by the
fecal-oral route: the ingestion of contaminated food or water, contact with infected animals,
feces or contaminated environments. The main symptoms of salmonellosis are diarrhea,
abdominal cramps, vomiting, and fever. The severity and course of the disease are related
to the serotype, the number of microorganisms ingested, and the individual’s immune
system [147]. Salmonella spp. is widely spread for its ability to infect several animal species
and survive in different environmental conditions with a wide range of temperatures
(2–54 ◦C) and pH values (3.7–9.4) [148].

Salmonellosis is a public health issue, and it was the second zoonosis reported in the
EU in 2021, with 60,050 confirmed human cases, 11,785 hospitalisations, and 71 fatalities [15].
The Salmonella genus consists of two species: Salmonella bongori and Salmonella enterica, the
latter divided into six subspecies and several serotypes [149]. The main Salmonella serovars
implicated in human infections in 2020 and 2021 were S. Enteritidis, S. Typhimurium,
monophasic S. Typhimurium (1,4, [5],12:i:-), S. Infantis, and S. Derby [15,150].

Overall, 80 articles regarding Salmonella in wild boars have been found in the literature
from 2012 to 2022, seven of which are reviews [10,11,150–155], and 28 articles were not
considered relevant for this study. The prevalence of Salmonella in the wild boar population
has been studied through the analysis of different matrices. Some authors investigated
the seroprevalence from blood serum, diaphragm, or muscle samples, achieving different
percentages: 1.27% (141/1103) [156], 3.6% (14/393) [157], 4.3% (4/94) [158], 5% (1/20) [159],
17% (21/126) [160], 19.3% (52/269) [161], 38% (69/181) [39], and 66.5% (255/383) [162].
Testing of serum samples can reveal the presence of antibodies against Salmonella spp. in
wild boars but not the presence of the microorganism on carcass surfaces or meat. The
prevalence of Salmonella spp. in other matrices such as feces, spleen, kidney, submandibular
lymph nodes, ileocecal lymph nodes, mesenteric lymph nodes, and tonsils is reported in
Table 9, which shows that feces are the main investigated samples with a prevalence range
of 0% to 43%. As shown in Table 10, the prevalence of Salmonella spp. in wild boar carcasses
is between 0% and 2.5%, while in meat samples it ranges from 0% to 35.7%. This wide
variability could be due to different geographic sampling areas, sampling methods, and
the hygienic level of process procedures and the environment. The presence of Salmonella
in wild boar cured meat products was investigated only by Roila et al. [83] in wild boar
salami. Salmonella enterica serovar typhimurium and Salmonella enterica serovar Rissen were
found in different batches of meat batter and salami after 7 days of curing, but in the final
product after 60 days of aging, Salmonella spp. were not detected. However, it was not
possible to specify if wild boar had been the source of Salmonella since the salami were
made with 50% wild boar meat and 50% pork meat.
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Table 9. Prevalence of Salmonella spp. in wild boar, feces, lymphatic tissues, and inner organs,
2012–2022.

Prevalence/Frequency Species Matrix Country Comment Ref.

3.1% (13/425)
0.2% (1/425)

Salmonella spp.
Salmonella spp.

Feces
Mesenteric lymph

nodes
Serbia S. Enteritidis was the main

serotype identified [163]

3.1% (4/130) S. enterica Feces Spain
Serotype identified were

monophasic S. Typhimurium, S.
Bardo, S. Enteritidis

[59]

35.6% (32/90)
17.8% (16/90)

Salmonella spp.
Salmonella spp.

Feces
Lymph nodes Italy

46.7% (42/90) animals were
positive in feces or lymph

nodes, of which 11.9% (5/42)
were positive at the same time
in both matrices. S. Abony, S.

Newport, S. Agona, S. Derby, S.
Hermannswerder, S. Saintpaul,

S. Elomrane, S. salamae were
identified

[164]

7.8% (5/64)
4.7% (3/64)

Salmonella spp.
Salmonella spp.

Mesenteric lymph
nodes Carcass Italy

Sampling from game-handling
establishment, game collection

point and slaughterhouse
[165]

6% (260/4335) Salmonella spp. Liver Italy

Sampling in 2013–2017.
Isolated strains belonged to all

six Salmonella enterica
subspecies and the main

serotype was S. Enteritidis

[166]

4.18% (12/287) Salmonella spp. Liver or spleen or
rectal swab Italy

S. diarizonae, S. houtenae, S.
Newport, S. Kottbus, S. London,

S. Infantis, S. Rubislaw were
identified.

[85]

2.4% (13/552) Salmonella spp. Feces Germany S. Enteritidis, S. Typhimurium,
S. Stanleyville, were identified [167]

5% (6/130) Salmonella spp. Spleen and kidney Finland [39]

0% (0/115) Salmonella spp. Feces Denmark [52]

15.9% (30/189)

3.2% (6/189)

Salmonella spp.

Salmonella spp.

Mesenteric lymph
nodes
Feces

Italy Three animals were positive in
both samples [168]

18.69% (40/214)

5.06% (21/415)

2.98% (25/838)

Salmonella spp.

Salmonella spp.

Salmonella spp.

Tonsils

Submandibular
lymph nodes

Feces

Spain

Sampling in 2010–2015
From 148 wild boars the 3

matrices were collected in the
same animals and 27.02%

(40/148) of them were positive
to Salmonella spp. (31/148

tonsils, 12/148 lymph nodes,
2/148 feces) but none of them

were positive in the three
samples simultaneously

[169]

7% (4/57)
3.5% (2/57)

S. enterica
S. enterica

Feces
Mesenteric lymph

glands

Italy S. Thompson and S. Braenderup
were identified [63]

43.9% (194/442) Salmonella spp. Feces USA
Sampling from 2013 to 2015.

Main serovars identified were S.
Montevideo, S. Newport and S. Give

[170]
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Table 9. Cont.

Prevalence/Frequency Species Matrix Country Comment Ref.

5% (1/21) Salmonella spp. Feces Portugal [171]

5.1% (9/175)

1.8% (1/56)

1.1% (1/88)

Salmonella spp.

Salmonella spp.

Salmonella spp.

Tonsils

Ileocaecal lymph
nodes
Feces

Sweden S. enterica and S. diarizonae were
identified [172]

33.3% (1/3)
33.3% (1/3)

Salmonella spp.
Salmonella spp.

Tonsils
Tongue Argentina

Tonsils carried both S.
Gaminara and S. Newport,

while only S. Gaminara were
isolated from tongue

[173]

5% 2/40 S. enterica Feces Spain
Salmonella enterica serotype
Anatum and Corvallis were

isolated
[61]

7.4% (9/121) Salmonella spp. Feces Japan

S. enterica subsp. enterica
serovar Agona (3), S. Narashino
(2), S. Enteritidis (1), S. Havana

(1), S. Infantis (1), and S.
Thompson (1) were obtained

[67]

0.3% (1/333) Salmonella spp. Feces Spain

One animal was positive in both
carcass and feces samples.
S. Bardo, S. Montevideo, S.

arizonae III (16:i,v:1,5,7) and S.
Typhimurium were identified

[57]

10.8% (54/499) Salmonella spp. Feces Italy

S. enterica subsp. salamae II, S.
enterica subsp. diarizonae III b, S.
enterica subsp. houtenae IV and
S. Fischerhuette were the most

common isolated

[162]

24.82% (326/1313) Salmonella spp. Feces Italy

Sampling from 2007 to 2010
S. enterica subsp. enterica was

the main serovar isolated
(79.5%)

[174]

15.4% (33/214) Salmonella spp. Feces Spain [175]

Table 10. Prevalence of Salmonella spp. in wild boar meat and carcasses, 2012–2022.

Prevalence/Frequency Species Matrix Country Comment Ref.

2.7% (1/36)
0% (0/36)

Salmonella spp.
Salmonella spp.

Meat
Carcass Italy [62]

35.7% (10/28) Salmonella spp. Meat Italy

S. Veneziana, S. Kasenyi, S.
Coeln, S. Manhattan, S.

Thompson and S.
Stanleyville were identified

[64]

2.5% (3/121) Salmonella spp. Carcass Italy
Two S. Stanleyville and one

S. Typhimurium were
identified

[176]

1.1% (1/90) Salmonella spp. Carcass Italy [164]

0% (0/37) Salmonella spp. Meat Italy Meat cut sampled were fillet
and legquarter [177]
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Table 10. Cont.

Prevalence/Frequency Species Matrix Country Comment Ref.

31.82% (7/22) Salmonella spp. Meat Italy
S. Stanleyville, monophasic S.

Typhimurium, and S.
Kasenyi were identified

[178]

0% (0/30) S. enterica Carcass Italy [63]

0% (0/128) Salmonella spp. Meat Japan [179]

1.4% (3/210)
1.9% (4/210)

Salmonella spp.
Salmonella spp.

Skin
Carcass Serbia [180]

4.55% (1/22) Salmonella spp. Meat Italy Meat cut sampled was
Longissimus dorsi muscle [181]

1.2% (4/333) Salmonella spp. Carcass Spain
One animal was positive in

both carcass and feces
samples

[57]

0% (0/72) Salmonella spp. Carcass Italy [86]

In order to reduce the risk of infection, it is recommended to pay particular attention
to the skinning and evisceration processes, maintain the cool chain, have a good hygienic
level during meat cutting, and to cook the final product.

3.2.7. Staphylococcus aureus

Staphylococcus aureus is a gram-positive, spherical, nonsporeforming, coagulase-positive,
aerobic or anaerobic, facultative, halophilic bacterium with the tendency to aggregate in
“grape-like” clusters. The usual habitat of this commensal microorganism is the skin and
nose of healthy humans and animals, but in some cases, it could lead to a wide range of
clinical infections such as bacteremia, endocarditis, pneumonia, infections of the skin and
soft tissues, mastitis, and bone and joint infections [182,183]. Some S. aureus strains may
develop resistance to beta-lactam antibiotics, which are widely used to treat infections,
and these strains are termed methicillin-resistant Staphylococcus aureus (MRSA). MRSA
used to be associated mainly with hospital-related infections, but recently this strain has
been found also in people without any contact with hospitals and, in companion animals,
livestock, and wild animals [184]. There is an increasing interest in understanding the role
of wild boars as possible reservoirs of S. aureus and MRSA in particular. About this topic, it
has been found in 27 articles from 2012 to 2022, 14 of which were relevant for this study.
The majority of studies performed nasal swabs for the detection of S. aureus, with a variable
prevalence as shown in Table 11. Sousa et al. [185] considered both oral and nasal swabs,
with a prevalence of S. aureus of 33%. Both studies from Porrero et al. [186,187] considered
skin and nasal swabs; in the first study, they found 0.86% of animals positive for MRSA, of
which 62.5% were detected from skin swabs and 37.5% from nasal swabs, and only one
wild boar was positive in both the skin and nasal samples. Instead, Porrero et al. [187]
noticed a higher percentage of positives for S. aureus in the nasal sample rather than in skin
swabs, but without skin swabs, 18.25% of positives for wild boars would not have been
detected. Only Traversa et al. [188] considered lymph nodes for the detection of S. aureus
in wild boar and revealed a prevalence of 3.2%. No studies on the presence of S. aureus in
carcasses, raw meat, or processed meat were retrieved in our literature survey.
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Table 11. Prevalence of MRSA on wild boar mucosal membranes and in lymphatic organs, 2012–2022.

Prevalence/Frequency Species Matrix Country Comment Ref.

36.9% (41/111) S. aureus Nasal swab Germany MRSA were not detected [189]

33% (30/90) S. aureus Oral and nasal
swab Portugal

7 isolates showed resistance
to at least one of the

antibiotics tested; 1 MRSA
CC398 (spa-type t899) was

identified

[185]

32.2% (57/177) S. aureus Nasal swab Portugal

Isolates were resistant to all
antimicrobials tested, except

of trimethoprim-
sulfamethoxazole and

vancomycin

[190]

17.8% (66/371)
13.7% (51/371)
1.96% (1/51)

CoPS
S. aureus
MRSA

Nasal swab Spain

74.5% isolates were
susceptible to all the

antimicrobials analyzed,
19.6% were resistant to

penicillin and 9.8% were
resistant to streptomycin

[191]

17.67% (126/713) MSSA Skin and/or
nasal swabs Spain [187]

6.8% (8/117) S. aureus Nasal swabs Germany No antibiotic resistance was
detected [192]

3.2% (23/697) S. aureus Lymph nodes Italy MRSA were not detected [188]

0.87% (5/577) MRSA Nasal swab Germany [167]

0.86% (7/817) MRSA Skin and nasal
swabs Spain

8 isolates were identified
from 7 positive animals: 3

from nasal swabs and 5
from skin swabs. One

animal was MRSA positive
for both skin and nasal

swabs

[186]

0% (0/90) MRSA Nasal swab Spain [193]

0% (0/439) MRSA Nasal swab Germany [194]

0% (0/244) MRSA Nasal swab Denmark [52]

MRSA: methicillin-resistant Staphylococcus aureus; MSSA: methicillin-susceptible Staphylococcus aureus (MSSA);
CoPS: coagulase positive Staphylococcus.

3.2.8. Verotoxinogenic/Shigatoxinogenic E. coli

Verotoxinogenic/Shigatoxinogenic E. coli (VTEC/STEC) form a group of pathogenic
E. coli (gram-positive short-rods) that elaborate Shiga-like toxins together with other vir-
ulence factors. Infections in humans can range from bloody diarrhea to life threatening
coagulopathy and renal failure/hemolytic-uremic syndrome. Originally associated with
the presence of the O157 antigen, a number of strains with other O-serotypes have been
identified as STEC. It has been proposed to use stx-gene typing to assess the pathogenicity
of STEC (EFSA 2020). In particular, E. coli with genes encoding for the stx-2 gene and the
virulence factor intimin (eae) are associated with severe courses of the disease [15]. In 2021,
6084 confirmed cases were reported in the EU, with 901 hospitalizations and 18 fatalities.
From the 5 strong evidence outbreaks, 3 were attributable to meat or meat products [15]. In
many animal species, asymptomatic STEC carriers are the rule. In particular, ruminants
do not show symptoms since they lack vascular receptors for the Shiga-toxins [195]. A
survey of notifications in the RASFF revealed no cases of wild boar meat contamination
with STEC.
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As regards wild boar, the literature search retrieved 27 documents. The definitions for
pathogenic E. coli were not consistent between the studies. In 12 studies, the prevalence
of STEC was reported, ranging from 0 to 28.3% (Table 12). Data on meat were reported
in merely four studies, with a prevalence ranging from 0 to nearly 43% (Table 13). A
more detailed view of other isolates with pathogenic potential and antimicrobial resistance
described in the studies is outside the scope of our review. E.g., one study reported the
isolation of STEC from wild boars with the additional feature of producing enterotoxins
(sta1 and stb genes), causing oedema disease [196].

Three studies reported the transmission of STEC from the feces of wild boar to fresh
produce [197,198] or to recreational waters [199]. Although not the primary focus of this
review, the studies highlight indirect transmission routes of pathogenic bacteria to humans.

Table 12. Prevalence of Shiga toxin-forming E. coli in wild boar, fecal samples, lymphatic organs,
2012–2022.

Prevalence/Frequency Species Matrix Country Comment Ref.

14% (8/56) STEC (stx2) Feces Portugal Culture and PCR,
WGS [200]

6.9% (37/536) STEC Feces Germany Culture, PCR [167]

1.9% (9/474) STEC O157 Feces Japan Culture, PCR [201]

6.5% (13/200) STEC Feces Italy
(Tuscany) Culture, PCR [202]

1.2% (3/248) STEC Feces Japan Culture, PCR [56]

28.3% (43/152) STEC Feces Poland
Culture, PCR;

includes STEC and
AE-STEC

[203]

4.8% (1/21) STEC Feces Portugal Culture, PCR [204]

3.33% (3/90) STEC Feces Spain Culture, PCR [205]

3.4% (4/117) E. coli O157 Feces Spain Culture [206]

0% (0/88) E. coli O157:H7 Tonsils, lymph
nodes, feces Finland Culture, PCR [172]

0% (0/121) STEC O157, O26 Feces Japan Culture, PCR [67]

0% (0/301) STEC O157 Feces Spain Culture, PCR [57]

Table 13. Prevalence of Shiga toxin-forming E. coli in wild boar meat and carcasses.

Prevalence/Frequency Species Matrix Country Comment Ref.

42.9% (12/28) STEC (stx1+
stx2+eae) Meat (foreleg) Italy (Campania) Culture, PCR

(27/28 eae positive) [64]

0% (0/128) STEC Meat Japan Culture [179]

0% (0/310) STEC O157 Meat Spain Culture, PCR [57]

5.3% (3/57) STEC Meat and meat
products Spain Culture, PCR [207]

3.2.9. Yersinia

The Enterobacteriaceae family includes the food-borne pathogen Yersinia enterocolitica,
responsible for yersiniosis in humans, a gastrointestinal disease that could simulate appen-
dicitis and can cause mesenteric lymphadenitis, reactive arthritis, erythema nodosum, and
conjunctivitis [208,209]. The disease appears to be widespread, with ca. 6800 cases in Eu-
rope in 2020 and 100,000 illnesses every year in the USA [EFSA, 2022; CDC, 2016] [15,210].
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The epidemiological situation could be even more severe, as the role of biotype 1A in
human infection and disease symptoms (considered non-pathogenic compared to biotypes
1B, 2, 3, 4 and 5) is still debated and therefore underestimated [211].

Ready-to-eat foods are the major sources of human infection, especially as Y. enteroco-
litica can resist cold environments and even replicate at refrigeration temperatures [211].
Animals, especially pigs, are considered the main reservoir of the bacteria, which could
be found mainly in the intestine and tonsils [212]. Nevertheless, the outbreaks reported
in 2021 are related to prepared dishes and ready-to-eat vegetables [15], and no reports are
available on wild boar meat as an outbreak source.

The database research retrieved 39 studies regarding Y. enterocolitica in wild boars and
feral pigs between 2012–2022. The articles that reported studies on the prevalence of the
microorganism in animal tissue, feces, or carcasses/muscles of wild boars were 21. Only
two articles describe the prevalence of antibodies against Y. enterocolitica in animal blood
samples. Papers on Yersinia pseudotuberculosis were not considered. Most of the studies
were conducted in Europe (19 out of 21), especially in Italy (10 articles). Samples of different
matrices were considered: eight studies on fecal samples, nine on organs different from
muscles, four on carcass surfaces (external or internal), and four in muscles (Table 14).

The seroprevalence in wild boar was above 50% (in Finland and the Czech Republic),
proving that the microorganism is widespread in this species. Fecal material is consid-
ered the main source of contamination of the carcass and, ultimately, of the meat. This
contamination could happen during hunting (the precision of the shot), evisceration, or
carcass processing and cutting [176,180]. Fecal sample positivity for Y. enterocolitica ranges
from 0% (different Italian regions) to 74% (Japan). Thus, as for other genus belonging to
the Enterobacteriaceae family, the fecal shedding could be intermittent [213]. Regarding
organs and tissues that could harbour the microorganism in Suidae, the prevalence of the
microorganism in the tonsils of wild boar ranges from 14% (Sweden) to 64% (Campania
Region, Italy), with a higher percentage than in lymph nodes (ranging from 0% to 4.4%).
The presence of the pathogen in such tissues could be considered during carcass processing
to avoid the spread of the microorganism to the meat. Nonetheless, in wild boar, in contrast
to the domestic pig, the head is removed during carcass dressing at cervical vertebrae level,
thus the laryngeal and pharyngeal area is removed from the carcass at an early stage of the
processing chain.

The presence of Y. enterocolitica on carcass surfaces ranges from 0% to 85.7%. Such a
wide range could be due to different sampling methods and areas, but also to differences
in the hygienic level of the process. The same might hold true for muscles, where the
prevalence ranges from 0% to 71%. The wide range of prevalence denotes that, although
wild boar can harbour microorganisms in the intestines and tonsils, the procedures to
obtain the meat are relevant to prevent contamination of muscles. In this perspective, the
training of the personnel, the presence of suitable structure and equipment, the correct
hygienic procedure implementation, and standard sanitation operating procedures are of
paramount importance.

Another important aspect that emerged from the literature survey is that the bio-
type most frequently observed in wild boar is 1A, the least pathogenic but also the most
underrated of the Y. enterocolitica biotypes.
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Table 14. Prevalence of Yersinia enterocolitica in wild boar, feral pigs and warthog.

Prevalence/Frequency Country Area Matrix Comment Ref.

0% (0/107) Italy Valle d’Aosta
Region Feces Sampling in 2015–2018

Test used: PCR [214]

85.7% (12/36)

Italy Campania
Region

Carcass Sampling in 2019
Test used: bacterial isolation and

SYBR green PCR-assay for ystA and
ystB genes. 12 animals carried ystB
gene, and 3 animals both ystA and

ystB genes

[62]64.3% (9/36) Tonsils

71.4% (10//36) Muscle

0.01% (1/110) Tunisia

Ariana, Bizerte,
Manouba,

Nabeul and
Siliana

Feces
Sampling in 2018–2020

Test used: bacterial isolation and
biochemical identification

[215]

0% (0/64) Italy
Parma and

Bologna
province

Carcass and
Mesenteric

lymph nodes

Sampling in 2020
Test used: bacterial isolation and

biochemical identification
[165]

2.6% (126/4890) Italy Liguria Region Liver

Sampling in 2013–2018
Test used: bacterial isolation,

Serotyping and Real Time PCR for
virulence genes.

Biotype 1A was the most isolated
(92.9%), then biotype 1B (6.3%) and 2

(0.8%)

[216]

18.8% (54/287) Italy Tuscany
Region Rectal swab

Sampling in 2018–2020
Test used: bacterial isolation,

biochemical identification. and Real
Time PCR for virulence Genes.

Identification of gene ystA in 14 out
of 54 isolates, inv in 13, ail in 12, ystB

in 10 and virF in 8

[85]

56.4% (102/181)
Finland

12 out of 19
regions

Blood Sampling in 2016
Test used: seroprevalence ELISA test. [39]

16.9% (22/130) Spleen and
kidneys

Test used: Organs: real-time PCR
based on SYBRGreen for ail gene

6.2% (19/305) Italy
Parma and
Piacenza
provinces

Feces Sampling in 2017–2019
Test used: bacterial isolation,

biochemical identification, and Real
Time PCR for virulence Genes.

All isolates belonged to biotype 1A

[217]
3.3% (10/305) Mesenteric

lymph nodes

74.1% (40/54) Japan Not specified Feces

Sampling in 2014–2016
Test used: bacterial isolation,
biochemical identification.

Prevalence is reported for Yersinia
spp.

97.4% of the Y. enterocolitica isolates
belonged to biotype 1A

[218]

13.6% (3/22) Italy Campania
region Muscle

Sampling in 2017
Test used: bacterial isolation,

biochemical identification, and Real
Time PCR for virulence Genes.

All isolates present only ystB gene

[178]
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Table 14. Cont.

Prevalence/Frequency Country Area Matrix Comment Ref.

6.7% (6/90)
Sweden

13 counties in
southern
Sweden

Feces Sampling in 2014–2016
Test used: bacterial isolation, and

Real Time PCR for ail gene
[219]14.0% (19/136) Tonsils

4.4% (4/90) Mesenteric
lymph nodes

25.3% (110/434) Poland 12 out of 16
Polish regions Rectal swab

Sampling in 2013–2014
Test used: bacterial isolation, and

multiplex PCR for ail, ystA and ystB
genes.

92.5% of the isolates belong to
biotype 1A

[220]

0% (0/42) Italy Tuscany
Region Muscle

Sampling in 2013–2014
Test used: bacterial isolation, and

biochemical identification
[181]

65.9% (89/135) Czech Republic Moravian
Regions Blood Sampling in 2013–2014

Test used: ELISA [221]

55.5% (11/20) Poland North-East
Poland

Swab samples
from tonsils

area,
peritoneum

and perineum

Sampling in 2013
Test used: bacterial isolation, and

biochemical identification biotyping,
serotyping and molecular

characterisation.
90.5% of the isolates belong to

biotype 1A

[222]

33.3% (24/72) Spain Basque
Country Tonsils

Sampling in 2001–2012
Test used: bacterial isolation,

biochemical identification, and
molecular characterization

[223]

15.3% (17/111) Germany Lower saxony Tonsils

Sampling in 2013–2014
Test used: bacterial isolation,

MALDI-TOF identification, Real Time
PCR for virulence Genes.

89.55% of the isolates belong to
biotype 1A

[224]

20.5% (18/88) Sweden Central
Sweden

Feces and
Ileocecal

lymph nodes
and

tonsils

Sampling in 2010–2011
Test used: bacterial isolation, and

multiplex PCR for ail gene
[219]

27.3% (18/66) Spain Basque
Country Tonsils

Sampling in 2010–2012
Test used: bacterial isolation, and

biochemical identification and direct
real time PCR with new enrichment

protocol

[225]

0% (0/3) Argentina San Luis city Tonsils and
tongue

Sampling in 2008–2012
Test used: bacterial isolation and

biochemical identification
[173]

14.8% (34/230) Italy Viterbo
Province Muscle

Sampling in 2012–2013
Test used: bacterial isolation, and

multiplex PCR for ail gene
[157]
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Table 14. Cont.

Prevalence/Frequency Country Area Matrix Comment Ref.

4.2% (3/72) Italy

Upper Susa
valley

Piedmont
Region

Carcass

Sampling in
Test used: bacterial isolation,

biochemical identification and
molecular characterisation for inv, ail

and yst genes.
ail and yst genes were not detected

[86]

4. Conclusions

The increasing popularity of meat from wild game is observed in many countries.
Diseases in wildlife have often been seen as an issue or spill-over or spill-back of infection
agents from farm animals, and exposure of humans and animals in frequent and close
contact with wild animals has been studied to some extent. Additionally, while the presence
of antibodies against a specific pathogen may be useful for epidemiological purposes, its
value for the assessment of meat safety is primarily that the given pathogen must be
considered a potential hazard. Similarly, the presence of pathogens in the feces and even in
the lymph nodes of the digestive tract mainly indicates that the host organism can keep the
pathogen under control. Similar to farm animals, it can be expected that stress, but also the
dressing procedures after killing, can cause the spread of the pathogen on/in edible organs.
Since these scenarios do not result in any typical lesion, the routine ante- and post-mortem
examinations [226] will not give an indication of the presence of a certain pathogen, and
minimizing the spread of the agent is a matter of good hygienic practice. However, if
serological or other testing has demonstrated the presence of a certain pathogen in wildlife
in a certain region, it would be wise to adopt hygienic precautions (i.e., no admittance
of carcasses with “gut shots” in the food chain; or disinfecting knives after cutting in the
tonsillar area).

For five (Campylobacter, Listeria monocytogenes, Salmonella, Shiga toxin-forming E. coli,
and Yersinia enterocolitica) of the nine agents we reviewed, one or more studies dealt with
the presence of the pathogen on muscle surfaces or muscle tissues of wild boar, with
prevalences ranging from 0 to ca. 70%. One experimental study was retrieved on the
transmission and survival of Mycobacterium on wild boar meat. As regards edible inner
organs, the liver and spleen have been examined for the presence of Brucella, Coxiella
burnetii, Listeria monocytogenes, and Mycobacteria, and the latter four agents have actually
been recovered, albeit with varying percentages. For Brucella, human case reports and
epidemiological studies in (hunting) dogs stressed the occupational exposure risk, but no
indication of meat-borne transmission to humans was evidenced. Similarly, the mode of
transmission of C. burnetii is more likely via vectors (i.e., ticks). In most studies, animals
without specific histories or pathologies had been examined.

In essence, the literature we reviewed confirmed that food-borne pathogenic bacteria
present in meat from domestic animals [15] and implicated in food-borne disease can also
be found in wild boars, with varying prevalence and regional differences. It is unclear
to what extent such differences are biased by sampling and analytical procedures. In the
absence of more detailed data for the European Union, it might be advisable to focus on
the efficacy of current game meat inspection [226] and handling practices [140] to minimize
introduction in the game meat chain. Similarly, the implementation of HACCP-based food
safety management systems [227] needs to be stressed.

With respect to the placing on the market of meat from wild hunted game, European
Union legislation distinguishes an “approved” chain (i.e., the hunted game specimens
are collected, post-mortem inspected, and processed in approved establishments) from an
unapproved chain, which is largely subject to national regulation (for primary products,
i.e., the eviscerated carcass, see Recital 10 and Article 1 of EC Regulation 852/2004 [228];
for processed or unprocessed products, see Recital 11 and Article 1 of EC Regulation
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853/2004 [140]). This unapproved chain represents the supply of small quantities of wild
game or wild game meat directly from the hunter to the final consumer or to local retail
establishments directly supplying the final consumer [140].

Currently, there is no uniform way in which this unapproved sector is regulated in
the member states; there is even no consistent definition of “small quantities of wild game
or wild game meat” [140]. Admittedly, all national legislation has a common baseline
represented by EC Regulation 178/2002 (in particular, Articles 14, 16–19; “safe food”,
traceability, identification of hazards, and management of risks) [229,230]. An in-depth and
comprehensive consideration of said regulation should, in fact, be sufficient to warrant
food safety. European Union member states have chosen different approaches [231,232],
but there are no real metrics to assess how the systems actually perform in managing the
consumers´ risk posed by the presence of foodborne pathogens in game meat.

Author Contributions: Conceptualization, C.A., P.P. and D.R.; methodology, C.A. and P.P.; validation,
C.A., C.N.-N. and P.P.; formal analysis, C.A. and D.R.; investigation, C.A., P.P. and D.R.; data curation,
C.A.; writing—original draft preparation, C.A., P.P., C.N.-N. and D.R.; writing—review and editing,
C.A., P.P. and D.R.; supervision, P.P. and D.R.; funding acquisition, P.P. All authors have read and
agreed to the published version of the manuscript.

Funding: Open access funding by the University of Veterinary Medicine Vienna.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Italian Ministry of University and Research—P.O.N. Research and Innovation
2014–2020 (CCI 2014IT16M2OP005), Action IV.5. Project title: Game meat green safety.

Conflicts of Interest: The author, Clara Noé-Nordberg, was employed by the company Esterhazy
Betriebe GmbH. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Bieber, C.; Ruf, T. Population Dynamics in Wild Boar Sus scrofa: Ecology, Elasticity of Growth Rate and Implications for the
Management of Pulsed Resource Consumers: Population Dynamics in Wild Boar. J. Appl. Ecol. 2005, 42, 1203–1213. [CrossRef]

2. Keuling, O.; Baubet, E.; Duscher, A.; Ebert, C.; Fischer, C.; Monaco, A.; Podgórski, T.; Prevot, C.; Ronnenberg, K.; Sodeikat,
G.; et al. Mortality Rates of Wild Boar Sus scrofa L. in Central Europe. Eur. J. Wildl. Res. 2013, 59, 805–814. [CrossRef]
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Abstract: Insects play a key role in European agroecosystems. Insects provide important ecosystem
services and make a significant contribution to the food chain, sustainable agriculture, the farm-
to-fork (F2F) strategy, and the European Green Deal. Edible insects are regarded as a sustainable
alternative to livestock, but their microbiological safety for consumers has not yet been fully clarified.
The aim of this article is to describe the role of edible insects in the F2F approach, to discuss the latest
veterinary guidelines concerning consumption of insect-based foods, and to analyze the biological,
chemical, and physical hazards associated with edible insect farming and processing. Five groups
of biological risk factors, ten groups of chemical risk factors, and thirteen groups of physical risks
factors have been identified and divided into sub-groups. The presented risk maps can facilitate
identification of potential threats, such as foodborne pathogens in various insect species and insect-
based foods. Ensuring safety of insect-based foods, including effective control of foodborne diseases,
will be a significant milestone on the path to maintaining a sustainable food chain in line with the F2F
strategy and EU policies. Edible insects constitute a new category of farmed animals and a novel link
in the food chain, but their production poses the same problems and challenges that are encountered
in conventional livestock rearing and meat production.

Keywords: foodborne pathogens; entomophagy; biosecurity; microbiological safety; risk analysis;
food chain

1. Introduction

Insects (class Insecta) are ubiquitous in the world [1], and they come into direct contact
with humans [2,3]. Social attitudes toward insects vary. In some countries, insects are
regarded as ectoparasites and pests. However, in some cultures and ethnic groups, insects,
as a source of protein and other nutrients, have been a part of the human and livestock diet
for many centuries [4]. Many insect species are also used in traditional medicine around
the world [5]. Insects are used in production of vaccines and protein preparations [6]. In
2004, extracts from Lucilia sericata larvae became the first insect-based treatment for chronic
wounds that has been approved for use in the United States [7]. The venom of the Samsum
ant (Pseudomyrmex sp.) has numerous medicinal properties. This powerful antioxidant has
been shown to reduce inflammation, relieve pain, inhibit tumor growth, protect the liver,
and aid hepatitis treatment [8,9]. Insects are also farmed animals [10]. Honey bees (Apis
mellifera) have been exploited for honey for many millennia, whereas domestic silk moths
(Bombyx mori) and Chinese oak silk moths (Antheraea pernyi) have long been reared for silk.
Insects are also in human and animal diets.

Entomophagy, namely the practice of eating insects, continues to attract the interest
of researchers, ecologists, and consumers as a potential solution to feeding the world’s
growing population in the coming decades [11,12]. In recent years, insects have emerged as
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one of the most innovative substrates in human and animal nutrition [13,14]. According to
many scientists, edible insects are a major milestone in efforts aiming to diversify protein
sources and guarantee global food security [15]. Edible insects are most widely consumed
in subtropical and tropical regions, but entomophagy is not highly popular in Western
culture [11]. Global insect consumption is difficult to estimate, but, according to the
literature, around 2000 insect species are consumed in more than 80 countries [16,17]. The
most widely consumed insects belong to the orders Coleoptera (31% of global consumption),
Diptera (2%), Hemiptera (10%), Hymenoptera (14%), Isoptera (3%), Lepidoptera (18%),
Odonata (3%), and Orthoptera (13%) [18]. Around 1500 species of wild and farmed
edible insects are eaten in Africa [19]. Nearly 96 tons of edible insects are consumed in
the Democratic Republic of Congo each year, and, in Kinshasa alone, an average family
consumes around 300 caterpillars per week [20]. Latin America is the second largest market
of edible insects, and entomophagy is most popular in Brazil, Ecuador, Colombia, Mexico,
Peru, and Venezuela [21]. The Asian insect market is highly innovative [22]. In Asia,
insects are not only popular substrates in food and feed production but are also used in
the pharmaceutical industry [22]. Until recently, edible insects had not been regarded as a
major food source in Europe. A breakthrough came on 20 December 2017, when a list of
novel foods, including insects, was introduced by Commission Implementing Regulation
(EU) 2017/2470 [23].

All arguments in favor and against entomophagy should be considered to promote
introduction of long-term sustainable solutions on the European food market. Safety of
edible insects should also be thoroughly analyzed before these products are authorized
for human, companion animal, and livestock consumption. Numerous guidelines have
been developed to ensure that edible insects are reared under safe conditions and can
be safely used in food and feed production [24–26]. Despite the fact that most species of
edible insects are harvested without proper biosecurity from the natural environment [27],
farmed insects have to meet additional food safety standards and guidelines, including
control of foodborne pathogens [28–30]. For this reason, microbiological safety of edible
insects has to be thoroughly researched before they are approved for mass production.
The optimal parameters for insect rearing, processing, and storage have already been
described in the relevant regulations, but many edible insect species have not been tested
for microbiological safety. Edible insects can be a source of biological hazards, including
bacteria that cause foodborne diseases, and insect-based foods can become contaminated
in all stages of production, delivery, and consumption. Other biological risks associated
with insect farming, such as use of organic side-streams and food wastes in insect nutrition,
are often disregarded.

The aim of this article was to: (i) discuss the role of edible insects in the farm-to-fork
(F2F) strategy, (ii) present current veterinary guidelines relating to safe use of edible insects
in food and feed production, and (iii) analyze biological, chemical, and physical risk factors
in edible insect farming.

2. Edible Insects in the Farm-to-Fork Strategy

According to the Food and Agriculture Organization (FAO) of the United Nations,
daily protein consumption per capita will reach around 54 g in 2030 and 57 g in 2050 [31].
Daily protein consumption per capita increased from 39 g in 1961 to 52 g in 2011. The
global protein supply will have to increase by 76% to cater to the growing demand [32]. The
rapid increase in protein demand can be attributed not only to global population growth
but also to higher daily protein intake. It is estimated that around 30% of the world’s
land surface is used for cultivation of crops, whereas 7% of land is used for livestock
production [11,33]. According to many researchers, livestock production has a significant
impact on the environment by contributing to soil degradation, global warming, loss of
biodiversity, greenhouse gas emissions, and air and water pollution [34]. These problems
accentuate the need for a more sustainable approach to agricultural production. Many
countries have committed to become carbon-neutral by 2050 as part of the European Green
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Deal and the F2F strategy. According to the United Nations (UN), the global population
will reach 8.5 billion in 2030 and 9.7 billion in 2050, which implies that the transition to
carbon neutrality will be a highly challenging process [35]. Rapid population growth will
increase demand for food, but it will also decrease availability of land for agricultural
production [33,36]. Livestock production is one of the most rapidly growing agricultural
sectors, and increased demand for animal-based products will also drive demand for feed.
However, availability of feedstuffs on the global market could be compromised in the cur-
rent geopolitical climate. Complete and balanced diets are essential for maintaining animal
health and performance. Livestock diets should be characterized by high protein content
(Hermetia illucens and Tenebrio molitor meal contains 40–60% protein), high palatability and
digestibility (H. illucens and T. molitor meal digestibility has been estimated at 91–95%),
an optimal amino acid profile (H. illucens and T. molitor meal contains more threonine,
valine, isoleucine, leucine, and lysine than fish meal), and fatty acid profile [37–39]. Feeds
should be free of antinutritional factors and pathogens, and they should be thoroughly
tested to eliminate health risks for animals and ensure food chain safety [40]. High-quality
ingredients should be used in feed production to maximize livestock performance. At
present, fish meal and soybean meal are the main sources of protein in animal diets [41,42].
Fish meal is produced mainly from fish species that have high bone and fat content and
are not suitable for direct human consumption. Fish meal is an excellent source of protein,
minerals, and vitamins; it has a favorable composition of amino acids and fatty acids and
is highly digestible [40,42]. However, overfishing, the environmental impact of fisheries,
and legal regulations have reduced profits in the fish meal industry and have decreased
the supply of fish meal for feed production [43–45]. Genetically modified (GM) soybeans
dominate on the global market, and they are one of the leading sources of protein in food
and feed production [41,46]. At present, soybean production meets the current demand
for protein. In 2014, GM soybeans were cultivated on 82% of land under soybeans and
on 50% of land under genetically engineered crops worldwide. According to estimates,
93–95% of soybean meal on the global market comes from GM plants [47–51]. As a result,
industrial livestock production, particularly in Europe and North America, is highly de-
pendent on feeds containing GM soybeans [3]. In Europe, soybean yields are low due to
the harsh climate, and the EU is the world’s second largest importer of feed protein. The
EU imported 26 million tons of soybean meal and 15.9 million tons of soybeans in 2019 [47].
Innovative feed ingredients of comparable quality and profitability are being sought as
part of the European Green Deal to minimize the EU’s dependence on soybean imports.
Various alternative protein sources have been considered, including distiller-dried grains
with solubles, rapeseed meal, and legume seeds (lupin seeds and fava beans). However,
these ingredients must be tested for protein content, nutritional value, and presence of
antinutritional factors to ensure high productivity and profitability. To maintain continuity
of feed production, feed ingredients characterized by uniform quality and composition
should be available on the market.

In recent years, insects have emerged as a viable alternative in food and feed produc-
tion. According to research, edible insects can replace or supplement other high-protein
feed components. The experiences of cultures that practice entomophagy suggest that in-
sect farming has considerable potential for improving food security and that edible insects
can be farmed on an industrial scale. Research shows that H. illucens, Musca domestica,
T. molitor, and fish proteins have similar amino acid compositions [48,49]. According to
the UN, entomophagy could help to reduce world hunger. Insects are a sustainable and
environmentally friendly source of protein for animals and humans [35].

Despite the fact that entomophagy is a controversial or even shocking practice for
many Western consumers [50,51], insects could substantially contribute to global food
security in the future [52]. In the EU, several insect species’ protein has been approved
for use in fish, poultry and pig feed, and pet food [10]. Several edible insect species, in-
cluding Acheta domesticus, Locusta migratoria, and T. molitor, have also been approved for
human consumption [10]. Insect farming is one of the most rapidly growing agricultural
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sectors [53]. In terms of volume, the edible insect market is projected to increase from
2000 tons in 2018 to around 200,000 tons in 2020 and 1.2 million tons in 2025 [54]. Insects
make up a large part of diets consumed by wild animals [55], and insect protein is an
important link in the food chain of many fish and poultry species under organic and
natural conditions [56]. Insect-based feeds deliver health benefits and improve livestock
welfare [57]. Edible insects are abundant in high-quality protein, and some insect species
contain bioactive compounds with proven health benefits, including a beneficial amount
of chitin (aids digestion), lauric acid (immunomodulatory properties), and antimicrobial
peptides (bactericidal properties) [58]. In Europe, some insect farms cater specifically to
the needs of the pet food industry. Numerous scientific and commercial initiatives suggest
that popularity of edible insects will continue to rise. Insect larvae can be fed various
organic and agricultural by-products, which suggests that insect farming is consistent with
the F2F strategy [59]. Use of upcycled organic waste as a substrate for insect farming is a
concept of strategic importance because it would help to alleviate the protein shortage in
Europe and reduce the volume of agricultural wastes and by-products. Agricultural and
food processing wastes and by-products can be effectively upcycled to recover valuable
nutrients, and organic waste substrates can be converted into nutritious food products.
However, edible insects, as well as other farm animals, are subject to the Feed Ban regula-
tions, which means that use of some by-products in Europe is currently impossible. Insect
protein from vertical farms can supplement vegetable protein sources in animal diets and
increase availability of farmland for crop production. As a result, edible insect farms can
substantially contribute to global food security.

In the EU, processed animal proteins (PAPs) have been approved for use in production
of feeds for aquaculture, poultry, pigs, and companion animals [60]. The results of studies
and analyses indicate that insect protein is safe for human consumption [61–63]. Insect
farming is a new agricultural sector, and it can offer new livelihood opportunities for farm-
ers whose livestock has been affected by avian influenza or African swine fever [58]. Insect
farming will also contribute to emergence of a new food processing sector, and innovative
marketing and production strategies will be required to eliminate negative attitudes to
entomophagy and increase popularity of insect-based foods among consumers. As a result,
insect farming will create new jobs, promote innovation and enterprise development, and
increase food and feed production. Entomophagy is a relatively new concept for European
consumers, which is why effective marketing campaigns are needed to increase awareness
that insects can be a promising solution to overcoming global food insecurity [64–66].

The European Green Deal and the F2F strategy deliver synergistic effects by creating a
legislative framework that supports waste recycling and reuse and minimizes the environ-
mental impact of generated waste. In line with these guidelines, PAPs from slaughterhouse
wastes should be used in animal nutrition to replace imported soybean meal. As a result, the
EU has lifted the 2001 ban on use of PAPs in animal nutrition, excluding PAPs derived from
the same species [60]. Use of PAPs of porcine origin is authorized in poultry feed and PAPs of
poultry origin in pig feed. These changes should not increase risk of transmission of foodborne
pathogens in the food chain. Lifting the species-to-species ban and use of insect protein in
livestock nutrition can significantly contribute to development of protein sources alternative
to soybean meal, thus improving animal performance and minimizing the environmental
impact of livestock production [67]. Therefore, edible insects can be introduced to the human
diet both indirectly (through livestock feed) and directly (through consumption) [67,68]. In
light of the EU’s agricultural policy, legislative solutions, and future investments in agriculture,
edible insects are regarded as a new link in the food chain. However, insect farms should
strictly adhere to biosecurity standards, and insect-based foods should be rigorously tested to
ensure that foodborne pathogens are not transmitted to consumers.

3. The Role of Insects in Spread of Pathogenic Microorganisms and Foodborne Pathogens

Edible insects are regarded as a safe dietary alternative in livestock production [67–69].
However, microbiological safety of insect-based foods intended for human consumption
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is still under debate [29,70]. EFSA outputs on safety evaluation of such products have
confirmed safety of edible insect consumption under certain conditions of use [71]. In-
sect farming can contribute to decreasing prevalence and spread of selected contagious
diseases, including foodborne diseases, by eliminating pathogen carriers/reservoirs from
the food chain. Due to species specificity and the specific physiology of insects, most
entomopathogens do not play a role in epidemiology of zoonoses and do not pose a threat
to humans [72]. Arthropods’ ability to transmit foodborne pathogens and vector-borne
diseases has been widely researched in the context of food production and the One Health
approach [73–75]. Edible insects are highly unlikely to act as disease vectors [72,76]. Indus-
trially farmed insects are fed agri-food by-products and plant-based products; therefore,
the risk of transmission of zoonotic pathogens is low. Entomopathogens cannot cross the
species barrier and cause disease in mammals, which is why edible insects are safe to use in
food and feed [72]. It is worth noting that, in some cultures, insects infected with pathogens
are regarded as a culinary delicacy or as medicinal products [77,78].

There is no evidence to suggest that edible insects harboring bacterial and viral
entomopathogens pose a threat to vertebrates [61,79,80]. However, similar to other foods
of animal origin, insect-based foods can raise safety concerns because problems can arise
after death of insects and during their processing [81]. Companies that rear and process
insects must implement strict sanitary rules to ensure microbiological safety of the end
product [10,82,83]. Dedicated processing operations are put into place to eliminate any
foodborne pathogens. However, the substrate and end product can become infected during
processing. To minimize risk, insect farms should abide by the same biosecurity standards
that are applied in the conventional food sector [10,24]. Work surfaces should be disinfected,
farm workers should maintain good personal hygiene, farm premises should be regularly
cleaned, and safe food preparation and delivery practices should be observed [84]. In
farms that have not implemented biosecurity measures, insects and insect-based foods
can become contaminated with pathogenic microorganisms transmitted by personnel and
pests [53,85]. Therefore, legal regulations, in particular veterinary supervision procedures,
should be introduced to guarantee safety of insects as a novel food [86]. Similar to other
food products, edible insects are sensitive to deviations from approved production or
distribution standards [87,88]. The end product can become contaminated when the
required parameters are not observed during acquisition of raw materials, processing
(such as drying), transport, storage, and distribution. The associated risks are presented
in Table 1. Edible insects as final products should be regularly monitored for presence
foodborne pathogens to ensure their safe implementation in the F2F strategy and the
European food chain.

Table 1. Possible routes of contamination of edible insects and insect-based foods.

Stages of
Contamination

Risks Treatment Reference

Substrate

1. (Crickets) Minimal impact of external microbiota.
2. (Crickets) Bacterial endospore counts in crickets

fed a standard + farm weed (S + W) diet were
significantly lower and thus promising and could
reduce risks associated with ready-to-eat insects.

3. Risk of contamination with Salmonella spp. and
Campylobacter spp. increases if materials such as
used paper egg cartons are utilized in insect
rearing. This risk is higher if cartons had been in
contact with poultry feces.

[89–91]
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Table 1. Cont.

Stages of
Contamination

Risks Treatment Reference

Rearing
1. (Crickets) Aspergillus flavus strains with low mycotoxigenic

potential were identified in reared crickets, which could
point to presence of mycotoxins in edible crickets.

[89]

Harvest
1. (Crickets) Starvation is not an effective method for reducing

microbial loads in edible crickets.

Gut emptying by starvation prior to killing
could reduce the microbial load in the insect
gut, but it could also decrease fat and energy

content and profitability
of production.

[92]

Processing

1. (Crickets) High microbial loads of TAC and
Enterobacteriaceae were detected in edible crickets,
indicating a high risk of
rapid spoilage.

2. (Crickets) Sporulating bacteria are a part of the cricket
microbiome

3. Food safety risks associated with viruses are very low.
4. Vibrio spp., Streptococcus spp., Staphylococcus spp.,

Clostridium spp., and Bacillus spp. were identified in several
studies on the microbiota of processed edible insects
sold online.

Thermal treatments, novel processing methods
(i.e., high-pressure processing), and additional

post-processing treatments (acidification,
addition of food preservatives, modified

atmosphere packaging, etc.) should be applied
to extend crickets’ shelf-life.

[89,93,94]

Transport

https:
//ipiff.org/wp-content/uploads/2019/12/

IPIFF-Guide-on-Good-Hygiene-Practices.pdf
(accessed on: 13.November.2022)

Preparation

1. Dried mopane worms, termites, and stink bugs sold at the
Thohoyandou market were characterized by low
contamination with coliforms, Escherichia coli,
Staphylococcus aureus, Salmonella spp., TPC, yeasts,
and molds.

[95]

Storage
1. (T. molitor, Alphitobius diaperinus, Gryllus assimilis, Lo.

Migratoria) microbiological characteristics in different
storage periods—safe for human consumption.

Insects intended for long-term storage should
be killed in boiling water, dried at 103 ◦C for

12 h, and hermetically packed.
[96]

Consumption

1. The nutritional value and the microbiological and
toxicological profiles of insects are influenced by
composition of organic side streams.

2. The microbial risks associated with edible insects can be
substantially reduced by observing good hygienic practices
in rearing, handling, harvesting, processing, storage, and
transport of insects and insect-based products.

3. Several spoilage-causing microbes that can alter food
quality, including Lysinibacillus sp. and Bacillus subtilis, have
been detected in edible insects.

4. Yeasts, including Tetrapisispora spp., Candida spp., Pichia
spp., and Debaryomyces spp., and molds, including
Aspergillus spp., Alternaria spp., Cladosporium spp., Fusarium
spp., Penicillium spp., Phycomycetes spp., and Wallemia spp.,
are associated with the microbiota found on the body
surface or in the gut of edible insects and may be harmful.

5. 38 samples of deep-fried and spiced Ach. Domesticus, Lo.
Migratoria, and Omphisa fuscidentalis tested negative for
Salmonella spp., Listeria monocytogenes, E. coli, and S aureus,
but dried and powdered insects, as well as pollen,
contained Bacillus cereus, coliforms, Serratia liquefaciens,
Listeria ivanovii, Mucor spp., Aspergillus spp., Penicillium
spp., and Cryptococcus neoformans.

[18,28,93,97]

R&D
1. (Crickets) Further efforts are needed to identify food-borne

pathogens in edible crickets and define possible bacterial
quality reference values.

[89]

Consumption of unprocessed insects may represent a significant risk factor. Insects
can act as mechanical or biological vectors of pathogens [73], particularly critical prior-
ity pathogens in the food processing industry, including Bacillus spp., Clostridium spp.,
E. coli, L. monocytogenes, Salmonella spp., and Staphylococcus spp. [98–101]. Bacteriological
hazards have been most widely investigated, but insects can also act as intermediate hosts
or mechanical vectors for parasites in the natural environment [74]. Therefore, effective
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processing operations should be implemented and sanitary guidelines should be observed
to minimize risk of contamination with foodborne pathogens [85].

Allergenicity of edible insects is yet another important safety concern. Similar to
other food products, edible insects could pose certain risks to consumers with aller-
gies. To date, 239 arthropod allergens have been identified by the Allergen Nomen-
clature Sub-committee of the World Health Organization (WHO) [102]. Edible insects
may also cause cross-reactivity in people allergic to seafood. The following allergens are
most frequently identified in edible insects: fructose-bisphosphate aldolase, phospholi-
pase A, hyaluronidase, arginine kinase, myosin light chain, tropomyosin, α-tubulin, and
β-tubulin [103]. A total of 116 allergic reactions to edible insects, mostly grasshoppers,
locusts, and lentil weevils, have been identified in 2018 [102]. Insect allergens induce
non-specific symptoms, such as anaphylaxis, allergic asthma, hypotension, gastrointestinal
symptoms, loss of consciousness, urticaria, erythema, pruritus, and tachycardia. Employees
of insect farms and insect processing plants can also develop allergic reactions [104,105].
Allergies also pose a threat to companion animals. Insects can also harbor foreign aller-
gens [103,106], including mites and their metabolites. Direct contact with new proteins
or symbiotic organisms can trigger heightened immune response. Presence of gluten in
digestive tracts of insects fed grain [107] can pose a threat to people who suffer from celiac
disease. Allergizing potential of edible insects should be monitored to eliminate these risks.
Potential allergens in insect-based foods should be clearly listed on the product label.

Prions pose a significant biological hazard. Prions are one of the key hazards that have
been identified by the European Food Safety Authority (EFSA) in the risk profile of edible
insects [61,70]. Insect-specific prion diseases have not been identified because insects lack
the gene encoding the prion protein PrP [70,108]. However, insects may act as vectors for
prions from contaminated substrates derived from ruminants, which could pose a risk for
humans, companion animals, and livestock [61,70].

At present, there is no scientific evidence to suggest that insects pose a viral risk
to consumers [61,79,109,110]. Entomoviruses are not pathogenic to humans. Insects are
commonly infected with viruses of the family Baculoviridae, which are not dangerous for
humans or animals [72,111]. Humans do not harbor insect-specific viruses, and there is neg-
ligible risk that new mammalian-specific virus strains will evolve through recombination
and reassortment and lead to host switching, as was the case with Swine flu [72]. Edible
insects are unlikely to transmit foodborne viruses, such as Hepadnaviridae (hepatitis A and
E), Reoviridae (reoviruses), and Caliciviridae (noroviruses) [53]. However, viruses could
be transmitted to insects through feed or through contact with farm personnel. Viruses of
the family Rhabdoviridae, which cause vesicular stomatitis, have been reported in edible
insects [88]. Risk of SARS-CoV-2 transmission by edible insects is very low [72,110,112].
According to Doi et al. [72], risk of infection with SARS-CoV-2 as a foodborne pathogen
is negligent in people who consume edible insects [72]. It should be noted that viruses
causing foodborne diseases do not replicate in arthropods [79,109], but edible insects could
become contaminated during processing and distribution.

Bacteria are presently regarded as the greatest safety hazard in production of edible in-
sects [82]. Due to physiological, environmental, and behavioral differences, every species of
edible insects intended for food and feed production harbors different bacteria [100,113]. Ac-
cording to the literature, the microbiome of edible insects poses a negligent risk to consumer
safety [114,115]. Several bacteria that can act as opportunist pathogens in humans have
been identified in edible insects, but these pathogens are specific to mammals [100]. The
risks associated with bacterial symbionts in insects or their potential effects on vertebrates
have not been evaluated to date. Insects can act as vectors and carriers of microorganisms
that are harmful to humans, particularly when biosecurity and hygiene standards are not
observed in insect farms. Insects can carry bacteria that are dangerous to humans, com-
panion animals, and livestock and can act as vectors of foodborne pathogens [116]. Insect
microbiota typically include the following bacterial families and genera: Enterobacteriaceae
(Proteus spp., Escherichia spp.), Pseudomonas spp., Staphylococcus spp., Streptococcus spp.,
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Bacillus spp., Micrococcus spp., Lactobacillus spp., and Acinetobacter spp. [117]. Some species
of the above families and genera are potentially pathogenic to humans, whereas others are
commonly encountered in healthy subjects. Unprocessed insects and insect-based foods
can harbor Campylobacter spp., verotoxic E. coli, Salmonella spp., and L. monocytogenes if
microbial inactivation techniques are not applied in production plants. Therefore, insects
and insect-based foods should always be screened for these pathogens. Prevalence of some
of these pathogens is lower in insects than in other animal protein sources. For example,
Campylobacter spp. is not replicated in the digestive tract of insects [118–120]. Similar risks
can be encountered during insect processing. Several bacterial species identified in edible
insects can shorten the shelf-life of the final product. Presence of spore-forming bacteria in
the end product poses one of the greatest bacteriological hazards [121]. Common sanita-
tion practices, such as drying, boiling, or deep frying, may not be sufficient to eliminate
these pathogens.

Entomopathogenic fungi are yet another group of potentially hazardous organisms.
There is no scientific evidence to suggest that entomopathogenic fungi pose a risk to
vertebrates. In some cultures, these fungi (such as Ophiocordyceps sinensis) have long
been used in traditional medicine [77]. Mycosporidia could also pose a health threat
to consumers [122], but their toxicity has not been analyzed to date. According to the
literature, microsporidia Trachipleistophora spp. that probably originated from insects can
infect vertebrates [123,124]. Due to specific insect rearing conditions and administered feeds,
the end product can become contaminated with mycotoxins [125,126]. High concentrations
of mycotoxins, such as deoxynivalenol, can lead to gastrointestinal dysfunction in mammals.
Molds can also develop in insect-based products that have been stored and distributed in
sub-optimal conditions. However, presence of molds in insect-based products has not been
reported in the literature. Risks associated with fungi and mycotoxins in insect-derived
foods are often disregarded, and further research is needed to guarantee safety of the
end product.

Edible insects can potentially transmit parasitic diseases [74,127]. It appears that ento-
mopathogenic parasites are unable to complete their full life cycle in humans or livestock
due to biological specificity of the host. Entomopathogenic parasites cannot be transmitted
between vertebrates either. However, there is evidence to suggest that some insect-specific
parasites can cause digestive problems (such as horsehair worms, Gordius spp.) [128] or
allergies (Lophomonas blattarum) [129]. Insects can also act as intermediate hosts for food-
borne pathogens, including tapeworms (Hymenolepis spp.), lancet liver flukes (Dicrocoelium
dendriticum), and nematodes (Spirocerca lupi) [127,130–132]. Insects can also act as mechani-
cal vectors for different developmental stages of vertebrate parasites in different stages of
their life cycle [74,133]. Insects can transmit parasites that colonize body surfaces (hairs,
chitin exoskeletons) and digestive tracts. Mechanical transmission of parasites is a serious
concern during insect farming. Research has demonstrated that insects can transmit proto-
zoa [127,134,135]. It should also be noted that insects themselves can act as etiological factors
of disease. Beetles of the family Tenebrionidae, such as yellow mealworms (T. molitor) and
lesser mealworms (A. diaperinus), can cause canthariasis [136–138]. Insect farms can also be
colonized by mites [139]. Table 2 provides a summary of potential biological hazards.

Table 2. Biological hazards associated with different species of edible insects.

Type of Hazard Infectious Agent Sensitive Species Predisposing Factors References

Prion vectors Proteinaceous infectious
particles

All species fed contaminated
substrates of animal origin

• inadequate rearing practices
• failure to observe

legal regulations
• contaminated feed and litter
• handling operations
• absence of biosecurity measures
• sanitation requirements are not

observed by farm personnel

[70,108]
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Table 2. Cont.

Type of Hazard Infectious Agent Sensitive Species Predisposing Factors References

Viruses

Caliciviridae
Hepadnaviridae
Vesicular stomatitis
virus (VSV)

Migratory locust
(Lo. migratoria),
black soldier fly (H. illucens)
Insects harvested from the
natural environment

• insects are reared with
other animals

• absence of biosecurity measures
• sanitation requirements are

not observed

[53,88]

Bacteria

Aeromonas hydrophila,
B. cereus, Clostridium
difficile, Clostridium
perfringens, Clostridium
septicum, Clostridium
sporogenes, E. coli,
Enterococcus faecium,
Enterococcus faecalis,
Listeria spp., Salmonella
spp., S. aureus.

Migratory locust
(Lo. migratoria)
Yellow mealworm (T. molitor)
Lesser mealworm
(A. diaperinus)
House cricket (Ach. domesticus)
Domestic silk moth (B. mori)
Insects harvested from the
natural environment

• handling operations
• deviations from

production standards
• rearing conditions
• inadequate rearing practices
• contamination of feed and litter

[98–101,117]

Fungi and mycotoxins

Aspergillus fumigatus,
Aspergillus sclerotiorum,
Cladosporium spp.
Penicillium spp., Fusarium
spp., Phycomycetes spp.
Microsporidia

Migratory locust
(Lo. migratoria)
Black soldier fly (H. illucens)
Yellow mealworm (T. molitor)

• high humidity
• contamination of feed and litter
• high water activity in the

end product
• inadequate storage conditions

[28,83,125,
140]

Parasites

Protozoa (Balantidium spp.,
Cryptosporidium spp.,
Entamoeba spp.)
Trematoda (Dicrocoelium
spp., Lecithodendriidae)
Cestoda (Hymenolepis spp.,
Raillietina spp.)
Nematoda (Gordius spp.,
Spirocerca spp.)

Yellow mealworm (T. molitor)
Lesser mealworm
(A. diaperinus)
House cricket (Ach domesticus)
Insects harvested from the
natural environment

• insects as vectors of
parasitic infections

• insects as intermediate hosts
• insects harvested in the

natural environment
• absence of biosecurity measures
• dirty and contaminated feed

(such as unwashed vegetables)
• presence of pests
• farm/processing personnel do

not observe sanitation
requirements

• insects are reared with
other animals

[4,127–135]

Mites

Acarus spp.,
Dermatophagoides spp.,
Goheria spp.
Tyrophagus spp.

Mealworm (T molitor)
Lesser mealworm
(A. diaperinus)
Black soldier fly (H. illucens)
House cricket (Ach. domesticus)

• feed substrates are contaminated
with mites in different stages of
the life cycle

• biosecurity measures are
not observed

• sanitation requirements are
not observed

• high humidity
• residual feed is not removed

from farm premises

[139]

4. Risk Map

Microbiological safety of edible insects and insect-based foods is currently being
extensively researched. The risk that insect-specific pathogens will adapt to new hosts
cannot be predicted or ruled out [72]. Foodborne pathogens carried by insects can also pose
a threat to immunocompromised and hyper-immunosensitive hosts [141,142]. Therefore,
insect-specific microorganisms may turn out to be opportunistic pathogens. The gut
microbiome of edible insects is species-specific [100,113], and its impact on mammals
suffering from health problems cannot be reliably predicted. New pathogens could also be
identified after insect-derived foods have been introduced to the food chain. Employees of
livestock farms and food processing farms can be a potential source of infection [84,85,88].
In turn, insect farms require less personnel and can be automated in the future, which will
significantly limit risk of pathogen transmission. This threat can be substantially minimized
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by implementing and rigorously observing biosecurity measures, ISO standards, and
hazard analysis and critical control points (HACCP). Sanitary and veterinary supervision
measures should also be developed and implemented [84,85,88] in insect farms to reduce
risk of pathogen transmission to the level observed in conventional livestock farms. Insects
and insect-based foods do not present greater risks than conventional foods because
pathogenic microorganisms in both groups of products have low epizootic potential. Only
local risks can be anticipated, for example in specific batches of contaminated products [72].
Unlike COVID-19, African swine fever, or avian influenza infections, which are associated
with foodborne pathogens and livestock production, there is no evidence to suggest that
edible insect farming could contribute to novel pandemic outbreaks [29,72,97,142].

To guarantee the safety of insect-derived foods, edible insects should be reared, pro-
cessed, and stored according to the same sanitation requirements that are applied in
conventional food and feed sectors [82,96]. In view of the biological composition of insect-
based products, their microbiological safety, toxicity, palatability, and content of inorganic
compounds should be analyzed. The overreaching goal of all processing operations should
be to obtain end products that are safe for humans and animals, which can be achieved
through implementation of HACCP systems [10,84,85,88]. Quality control measures in
insect farms and the hazards associated with edible insects and insect-based foods should
be addressed in the HACCP plan [10,84,85,88].

A hypothetical risk map listing the main threats for humans, animals, and insects
associated with edible insect farming has been developed based on a review of the liter-
ature, the existing knowledge, veterinary regulations, and the authors’ experience. The
key risks were represented by groups of biological, chemical, and physical factors. Five
groups of biological risk factors, ten groups of chemical risk factors, and thirteen groups
of physical risk factors were identified and divided into sub-groups. The risks maps for
each category of factors are presented in Supplementary Figures S1–S4. These maps can
facilitate identification of the key risks in insect production and choice of the most effective
methods for minimizing or eliminating these threats. It should be noted that risk maps
present the widest possible range of threats associated with edible insect species classified
as novel foods. Individual risk maps should also be developed for each species of edible
insects. A combined map of the risks described is included in Supplementary File S1.

Viruses are the first group of biological factors in the risk map. Entomopathogenic
viruses belonging to families Baculoviridae (Granulovirus, Deltabaculovirus), Iridoviridae
(Iridovirus), and Reoviridae (Cypovirus, Dinovernavirus) pose a potential threat in insect
farming. Edible insects can also play a certain role in transmission of pathogenic viruses.
Therefore, the following viral families that play an important role in human and veteri-
nary medicine were included in the risk map: Circoviridae, Coronaviridae, Flaviviridae,
Herpesviridae, Orthomyxoviridae, Paramyxoviridae, Parvoviridae, and Picornaviridae.

Bacteria constitute the most important group of biological hazards. In the risk
map, bacteria were divided into the following groups: symbionts, entomopathogens,
and aerobic and anaerobic bacteria that are pathogenic to vertebrates. There is no ev-
idence to suggest that bacterial symbionts in insects pose a health risk for mammals.
Bacteria that are pathogenic to insects were divided into two groups: insect-specific
(Morganellaceae—Photorhabdus spp. and Xenorhabdus spp.; Bacillaceae—Paenibacillus spp.
and Brevibacillus spp.) and non-insect-specific pathogens (Pseudomonadaceae—Pseudomonas
spp.; Streptomycetaceae—Streptomyces spp.; Enterobacteriaceae—Yersinia spp.). Bacteria that
are specific to vertebrates were divided into two groups: anaerobic (Clostridiaceae—Clostridium
spp.; Campylobacteraceae—Campylobacter spp.; Fusobacteriaceae—Fusobacterium spp.)
and aerobic pathogens (Micrococcaceae—Micrococcus spp.; Listeriaceae—L. monocytogenes;
Enterobacteriaceae—Enterobacter spp., Yersinia spp., and Salmonella spp.). Severity of these
biological risks is determined mainly by the type of feed administered to insects.

Fungi are yet another biological risk factor. Inadequate rearing and feed storage
conditions can contribute to fungal infections and contamination of the end product. This
group of risks includes microsporidia that are pathogenic to mammals (Encephalitozoon spp.,
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Trachipleistophora spp., and Tubulinosema spp.), as well as entomopathogenic microsporidia
(Nosema spp. and Paranosema spp.). Entomopathogenic fungi are also present in the
natural environment (Entomophthorales—Conidiobolus spp. and Entomophthora spp.) and
in biological control agents (Beauveria spp. and Metarhizium spp.). Fungi and mycotoxins
that occur commonly in the food chain could also pose biological risks.

Insects play an important role in the life cycle of many pathogens, which is why
parasites could also pose a considerable risk in edible insect farming. The following
groups of parasites were listed in the risk map: Protozoa, Trematoda, Cestoda, Nematoda,
Acanthocephala, and mites. Insects, classified as farmed animals, can become infected
with the following entomopathogenic parasites: Sporozoa (Leidyana spp., Gregarine spp.,
Septatorina spp.), Ciliates (Tetrahymena spp., Nyctotherus spp.), Nematoda (Thelastoma spp.,
Steinernema spp., Heterorhabditis spp.), as well as mites, including predatory mites (Cheyletus
eruditus), opportunistic mites (Dermatophagoides spp., Glicephagus spp.), and storage mites
(Acarus spp., Rhizoglyphus spp.). All parasites for which insects can act as intermediate
or definitive hosts, carriers, mechanical vectors, and reservoirs are potentially harmful
to vertebrates.

The last group of biological risk factors are pests that can pose a biosecurity threat in
production of edible insects, such as wild animals and other insects. They can carry and
transmit pathogens to the farm and lead to contamination of the end product. Attention
should also be paid to parasitoids that can spread in the farm environment.

Severity and variation in biological threats are affected by numerous factors, including
infectivity and virulence of pathogens, health status of hosts, presence of comorbidi-
ties/coinfections, immune status, physiological susceptibility, and history of previous
infections. The map of biological risks is largely hypothetical because comprehensive
epidemiological and epizootic data are required to fully characterize associated health risks.
Edible insects are novel foods, and such detailed information is impossible to acquire at
this point. The map of biological risks is presented in Supplementary Figure S1.

Chemical hazards can also be encountered in the edible insect industry [79]. Chem-
ical contaminants can be introduced to insects and end products with the initial stock
and feed, as well as by farm employees during biosecurity operations. Some substances
can be introduced deliberately (for example, during veterinary treatment) or accidentally
(with plant and animal substrates). Chemical substances can be accumulated by insects,
which poses a significant threat to consumers. Insect metabolites, such as benzoquinones
produced by beetles of the family Tenebrionidae, are also a potential risk factor, which is
why stage of insect life cycle is an important consideration. Agri-food by-products can be
effectively upcycled in insect rearing, and risk of chemical contamination is also influenced
by observance of food safety regulations in crop production and conventional livestock
farming. In automated insect rearing and processing systems, technical fluids, such as
lubricants, are also a potential source of chemical contamination. Medicinal products used
in both human and veterinary medicine, in particular antibiotics, hormones, antiparasitic
agents, steroids, sedatives, and analgesics, also pose a risk of chemical contamination in
insect farms. Disinfection, disinfestation, and deratting (DDD) measures involving disin-
fectants, rodenticides, and insecticides carry health risks for vertebrates and reared insects.
Insect-based foods can be also contaminated with pesticides, such as acaricides, fungicides,
and herbicides. Inadequate storage can lead to spoilage of final products and accumulation
of toxic compounds, such as putrescine and indoles. Various chemical substances can
be added to insect-derived foods to prevent spoilage, but high concentrations of food
preservatives can have toxic effects. Some insects, such as H. illucens, can accumulate
heavy metals, including arsenic, cadmium, and lead [143], which pose a health threat to
consumers. The map of chemical risk factors also includes substances that exert adverse
effects on consumers and insects, such as microplastics, bisphenol, and dioxins. Stimulant
ingredients in foods, including theophylline, theobromine, nicotine, and caffeine, act as
natural insecticides and constitute yet another group of hazardous chemical substances.
Effective biosecurity measures should be introduced in insect rearing and processing to
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prevent or minimize accumulation of external toxins, drugs, and antinutritional factors.
The map of chemical risks is presented in Supplementary Figure S2.

The identified physical risks in insect farming are presented in Supplementary Figure
S3. Most of these factors do not pose a threat to consumers. Physical hazards, such as
fluctuations in humidity and temperature, noise, suboptimal lighting, electromagnetic
radiation, and vibration, compromise well-being of insects and influence productivity
and profits. However, these factors are not dangerous for consumers. Particulate matter
emissions, including PM10 and PM2.5, during insect rearing and processing can cause
allergies in consumers and farm employees. Chitin can lead to gastrointestinal tract
irritation in humans and animals. Moreover, dust containing chitin particles may pose a
risk of airway irritation in farms where insects are fed agri-food by-products: there is a risk
that the end product will contain hard particles (plant and animal residues, soil, or gravel).
Therefore, insects and feed should be thoroughly cleaned before being converted into food
products. Similar to conventional foods, insect-based products can also be contaminated
with microplastics and micrometals that pose a threat to humans and animals.

5. Safety of Insects Reared for Food and Feed

Processed insects and insect-based foods have to adhere to food safety standards set
forth by legal regulations [10,25,61,86,144]. Legal provisions play a key role in production
and marketing of insect-based foods. Insect species that can be included in formulation
of food and feed products have been listed in Commission Regulation (EU) 2017/893 of
24 May 2017 Amending Annexes I and IV to Regulation (EC) No. 999/2001 of the European
Parliament and of the Council and Annexes X, XIV, and XV to Commission Regulation
(EU) No. 142/2011 as Regards the Provisions on Processed Animal Protein [145]. In the EU,
the risk profile and potential hazards associated with farmed insects used as food and feed
were described in the EFSA opinion of 8 October 2015 [61–63]. The identified insect species
do not transmit pathogens specific to plants and vertebrates. These insects are not invasive
or pathogenic to mammals; they do not exert a negative impact on crops, and they are
not protected [10]. It should also be noted that both whole edible insects and insect-based
foods can be introduced to the EU market [23]. Similar to conventional livestock, edible
insects have to be monitored to ensure the safety of the produced food and feed. Most
legal regulations concern hygiene standards in food and feed production (Commission
Regulation (EC) No. 1069/2009; Commission Regulation (EU) No. 142/2011; Commission
Implementing Regulation (EU) 2017/2469) [23,146,147]. Observance of safety standards in
the food processing sector is monitored by the respective authorities, including veterinary
and sanitary inspectorates.

To eliminate foodborne pathogens, insect-based foods placed on the market must
meet food and feed hygiene standards, good breeding practices, good hygiene practices,
and good production practices [24,69,113,148,149]. Edible insects are classified as farmed
animals; therefore, they can only be fed plant- and animal-based materials that have been
approved for livestock nutrition [10]. Materials acquired outside the food chain may
not be used as feed in insect farms. To minimize transmission of foodborne pathogens,
commercial insect feeds must be purchased from certified manufacturers who adhere to
HACCP requirements and European feed laws [150,151]. Insect producers must keep
documents that confirm feed delivery dates and list feed manufacturers and initial feed
parameters [150,151]. Products that do not meet safety standards (moldy feeds, feeds
withdrawn from the market) cannot be fed to insects or processed into feed [150,152]. Each
batch of insects placed on the food and feed market must conform to microbiological safety
standards and maximum residue limits (MRL) stipulated in the relevant regulations [88].
Insects should be regularly monitored for presence of undesirable chemical substances,
such as heavy metals, pesticides, and mycotoxins [85]. Each product batch should be clearly
marked in every stage of the production process to ensure food traceability [10,152].

Applicability of animal-based substrates as insect feeds and the relevant processing
requirements are set forth by Commission Notice (2018/C 133/02)—Guidelines for the Feed
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Use of Food No Longer Intended for Human Consumption [153]. Most farmed insects will
be processed into feed, which is why contamination with toxic compounds is a valid con-
cern. Due to their specific physiology, edible insects can accumulate heavy metals [125,143].
Heavy metals have been identified in black soldier fly prepupae [143,154]. Microbiological
contamination poses yet another threat. Insect farming conditions and food sources can
promote development of specific pathogens. Some insects are capable of reducing microbial
counts in digested food, but risk of microbiological contamination cannot be ruled out.
For example, the black soldier fly can reduce microbial counts in alkaline poultry excreta
but not in acidic pig manure [155–157]. In addition, not all pathogens (such as parasitic
eggs) are effectively eliminated by the black soldier fly [158]. Effective treatments, such as
high-temperature processing, are needed to minimize counts of pathogenic microorgan-
isms in farmed insects [82,83,159]. Such treatments eliminate foodborne pathogens and
microorganisms that cause food spoilage. Both insect feeds and end products must be free
of pesticides, antibiotics, detergents, and other contaminants [150].

The described hazards and associated adverse health effects should be considered
in qualitative and quantitative risk analyses [53]. Various microbiological hazards are
associated with presence of pathogenic bacteria, such as Campylobacter spp., S. aureus, B.
cereus, E. coli, C. perfringens, and Enterococcus spp. They should be monitored in production
of insect-based foods, even if the relevant limits have not yet been introduced in the insect
sector [53]. Samples of the end product have to meet guideline microbiological limits
for Salmonella spp. (not detected in 25 g) and Enterobacteriaceae (up to 300 CFU in 1 g).
Food products listed in Annex IV to Commission Regulation (EU) No. 142/2011 must
be free of C. perfringens (1 g samples) [147]. According to Commission Regulation (EC)
No. 2073/2005, L. monocytogenes counts in ready-to-eat foods may not exceed 100 CFU
per 1 g of the product [160]. The above regulation also introduced microbiological limits
for raw materials, minced meat and meat products (absence of Salmonella spp. in 10 g of
minced meat and meat preparations that are made from species other than poultry and
are intended to be eaten cooked; E. coli—up to 500 CFU/g in minced meat at the end of
the manufacturing process), and cooked crustaceans and molluscan shellfish (absence of
Salmonella spp. in 25 g of the product). If required, insects should also be periodically
inspected for other pathogens and chemical substances, including pesticides, heavy metals,
dioxins, and mycotoxins (Directive 2002/32/EC of the European Parliament and of the
Council of 7 May 2002 on undesirable substances in animal feed). Insects should also be
analyzed for presence of physical contaminants, such as plastic and metal components, and
foreign particles [150], as well as physical parameters, such as water activity [61,94].

6. Conclusions

Insects have been long reared and consumed in many regions of the world (such as
Southeast Asia, Mexico, and Africa), but little is known about their ability to transmit
foodborne pathogens and their safety for consumers. In Europe, consumer attitudes
toward entomophagy are gradually changing, and both whole insects and insect-based
foods are gaining popularity. Therefore, food safety standards and veterinary inspection
procedures targeting insect farms will have to be implemented to guarantee safety of
European consumers. Despite the fact that the edible insect industry is a completely
new sector of European agriculture, it will contribute to achievement of the main goals
of the F2F strategy, which lies at the heart of the European Green Deal. The European
Green Deal proposes a sustainable and inclusive growth strategy to improve consumers’
health, care for the environment, and leave no one behind. The European Food Safety
Authority has initiated a debate on strategic importance of edible insects for the European
food and feed market (evaluation of insect-based foods, authorization of insect protein in
poultry and pig feed). The F2F strategy and the resulting reforms in the EU’s agricultural
policy are major milestones on the path to a more sustainable food supply chain. Edible
insects have been classified as farmed animals, but little remains known about their biology,
physiology, biochemical pathways, specific pathogens, treatment options, and humanitarian
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rearing methods. Insect welfare and ethical criteria in insect farming are difficult to define.
Veterinarians, in their daily practice, deal with insects, including pests or ectoparasites
and bees, but edible insects are new and enigmatic because they have to compare them
to conventional livestock. Action should be taken to educate veterinarians about farmed
insects. Even though insects constitute a novel link in the food chain, scientists, veterinary
practitioners, and breeders must face and solve the same old problems that are encountered
in conventional livestock farming and food production.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods12040770/s1, Figure S1: Map of biological risk factors that pose a
potential threat to vertebrates and edible insects. Figure S2: Map of chemical risk factors that pose a
potential threat to vertebrates and edible insects. Figure S3: Map of physical risk factors that pose
a potential threat to vertebrates and edible insects. Figure S4: Risk map for insect breeding, insect
processing, and insect-based food and feed.
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47. The Agricultural Market Information System. Supply and Demand. Available online: https://app.amis-outlook.org/#/market-
database/supply-and-demand-overview (accessed on 17 November 2019).

48. Veldkamp, T.; Bosch, G. Insects: A protein-rich feed ingredient in pig and poultry diets. Anim. Front. 2015, 5, 45–50.
49. Katya, K.; Borsra, M.; Ganesan, D.; Kuppusamy, G.; Herriman, M.; Salter, A.; Ali, S.A. Efficacy of insect larval meal to replace fish

meal in juvenile barramundi, Lates calcarifer reared in freshwater. Int. Aquat. Res. 2017, 9, 303–312. [CrossRef]
50. Clarkson, C.; Mirosa, M.; Birch, J. Consumer acceptance of insects and ideal product attributes. Br. Food J. 2018, 120, 2898–2911.

[CrossRef]
51. Costa-Neto, E.M.; Dunkel, F. Insects as food: History, culture, and modern use around the world. In Insects as Sustainable Food

Ingredients; Elsevier: Amsterdam, The Netherlands, 2016; pp. 29–60.
52. Van Huis, A. Edible insects contributing to food security? Agric. Food Secur. 2015, 4, 1–9. [CrossRef]
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Produkcji na Terytorium Rzeczpospolitej Polski; ERZET: Olsztyn, Poland, 2021; ISBN 978-83-961897-1-4.
54. International Platform of Insects for Food and Feed (IPIFF). The European Insect Sector Today: Challenges, Opportunities and Regulatory

Landscape. IPIFF Vision Paper on the Future of the Insect Sector towards 2030; IPIFF: Brussels, Belgium, 2018.
55. Schoenly, K.; Beaver, R.; Heumier, T. On the trophic relations of insects: A food-web approach. Am. Nat. 1991, 137, 597–638.

[CrossRef]
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Abstract: Zoonotic foodborne parasites often represent complex, multi host life cycles with parasite
stages in the hosts, but also in the environment. This manuscript aims to provide an overview
of important zoonotic foodborne parasites, with a focus on the different food chains in which
parasite stages may occur. We have chosen some examples of meat-borne parasites occurring in
livestock (Taenia spp., Trichinella spp. and Toxoplasma gondii), as well as Fasciola spp., an example of
a zoonotic parasite of livestock, but transmitted to humans via contaminated vegetables or water,
covering the ‘farm to fork’ food chain; and meat-borne parasites occurring in wildlife (Trichinella spp.,
Toxoplasma gondii), covering the ‘forest to fork’ food chain. Moreover, fish-borne parasites (Clonorchis
spp., Opisthorchis spp. and Anisakidae) covering the ‘pond/ocean/freshwater to fork’ food chain are
reviewed. The increased popularity of consumption of raw and ready-to-eat meat, fish and vegetables
may pose a risk for consumers, since most post-harvest processing measures do not always guarantee
the complete removal of parasite stages or their effective inactivation. We also highlight the impact of
increasing contact between wildlife, livestock and humans on food safety. Risk based approaches, and
diagnostics and control/prevention tackled from an integrated, multipathogen and multidisciplinary
point of view should be considered as well.

Keywords: foodborne parasites; food chain; food safety; diagnostics; control; prevention; infection
risk; meat-borne parasites; fish-borne parasites

1. Introduction

Foodborne parasites (FBPs) have been long neglected, yet are slowly obtaining more
attention, as diagnostic tools are improved and increasingly used, and burden data are
becoming slowly available. Efforts made by the Food and Agriculture Organisation and
the World Health Organisation (FAO/WHO) into the development of a multicriteria-based
ranking for risk management of foodborne parasites have further placed the FBPs in the
picture. This ranking was based on a number of criteria including amongst other number
of global illnesses, morbidity, mortality; leading to a top four list related to the parasite’s
public health impact: Taenia solium, Echinococcus granulosus, Echinococcus multilocularis,
Toxoplasma gondii; and a top four of Trichinella spiralis, T. solium, Taenia saginata, Anisakidae
when assessing their trade impact [1]. In the WHO’s burden assessment of foodborne
pathogens initiative, conducted by the foodborne disease burden epidemiology reference
group, the lack of knowledge of the burden of FBPs was acknowledged as well. The
report lists the Disability Adjusted Life Years (DALYs) caused by 31 foodborne pathogens,
including 14 parasites for which a total of 7,195,014 DALYs, 90,391,678 illnesses and
51,468 deaths were estimated for 2010. The estimates were judged conservative as of-
ten data were missing [2]. Foodborne parasites are notorious for their underreporting, most
of them not having an obligatory notification.
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On the level of the European Union (EU), several COST Actions including CYSTINET
(TD1302) and EURO-FBP (FA1408) established or enforced Networks which have con-
tributed greatly to the knowledge and management of FBPs in the EU.

While FBPs were previously majorly linked to endemic areas in the global south, this
picture is rapidly changing due to globalisation, including increased international trans-
ports, distributions of food stuffs/products, increased trade, changing culinary behaviours
moving towards less cooked, raw dishes and increased travel and migration of people.
This, combined with an increase in susceptibility of a higher proportion of the global
population due to, for example, a higher proportion of elderly people, leads to an increased
number of people at higher risk for foodborne parasitic infections [3]. With improvements
in diagnostic tools, increase in research efforts, knowledge and awareness on the impact of
FBPs has increased, yet a lot of gaps are remaining.

A challenge typically related to FBPs is their long incubation times in humans, whereby
clinical symptoms may take even years to appear (e.g., cyst stages of Echinococcus spp.,
T. solium) which complicates diagnosis, as well as the establishment of the original source
of infection.

The FBPs often represent complex, multi host life cycles with parasite stages in the
hosts, but also in the environment, where parasite stages may survive for many months
or even years. Parasite stages may also contaminate other food stuffs such as fruits and
vegetables. A human infection risk therefore may occur (even for a single parasite) at
several points in different food chains.

Reduction of the risk can and should be envisaged at different points as well, following
a One Health approach, accompanied by an efficient detection (and monitoring) of infection
in different hosts. Yet, as will be exemplified below, currently, on a global level, many
FBPs are not or insufficiently controlled, diagnostic tools not used or characterised by
an insufficient performance. Furthermore, generally, levels of awareness by the different
stakeholders are still too low.

In this Special Issue on safety of the food chain, this manuscript aims to provide an
overview of a number of important zoonotic foodborne parasites, with a focus on the
different food chains in which parasite stages may occur. This paper focusses on the human
infection risk, on safety of the food chain, and as such does not cover diagnosis/treatment
in human patients. We have chosen some examples of meat-borne parasites occurring in
livestock (Taenia spp., Trichinella spp. and Toxoplasma gondii), as well as Fasciola spp., an
example of a zoonotic parasite of livestock, but transmitted to humans via contaminated
vegetables or water, covering the ‘farm to fork’ food chain as well as meat-borne parasites
occurring in wildlife (Trichinella spp., Toxoplasma gondii), covering the ‘forest to fork’ food
chain. Moreover, fish-borne parasites (Clonorchis spp., Opisthorchis spp. and Anisakidae)
covering the ‘pond/ocean/freshwater to fork’ food chain were added (Figure 1).
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FRUITS & VEGETABLESFR

Figure 1. Simplified presentation of the foodborne zoonotic parasites in the different food chains,
and identification of sites for diagnosis and control/prevention.

2. Farm to Fork and Forest to Fork

In this chapter, four important meat-borne zoonotic parasites from livestock will be
discussed, including T. solium, T. saginata, Trichinella spp. and Toxoplasma gondii, as well as
Fasciola spp. in the framework of the Farm to Fork food chain, while for Trichinella spp. and
Toxoplasma gondii the Forest to Fork food chain will be highlighted as well (Figure 1).

2.1. Taenia solium, Taenia saginata
2.1.1. Introduction

Taenia solium and T. saginata are two human tapeworms. Taenia saginata has cattle as the
intermediate hosts and primarily represents an economic burden to the meat sector. Taenia
solium has pigs as intermediate hosts, but also humans may act as accidental intermediate
host, developing neurocysticercosis, a main cause of epilepsy in endemic areas. Taenia
solium therefore represents not only an economic problem in the human and veterinary
sector, but also a serious public health problem. Taenia saginata has a global distribution,
occurring in a high number of countries, with higher prevalences described in countries
with raw meat consumption practices such as Belgium [4,5].

After consumption of undercooked infected pork/beef, a tapeworm develops in the
human intestine (taeniosis). Eggs are shed from the gravid proglottids, which leave the
host actively (only for T. saginata) or with the stool and subsequently contaminate the
environment. Taeniosis generally leads to no/limited clinical signs and symptoms, though
abdominal complaints, nausea and weight loss have been reported [4].

The metacestode larvae (cysticerci) develop in the (accidental) intermediate hosts after
ingestion of the eggs (cysticercosis). In the natural intermediate host, the cysticerci lodge
in the muscles, but also subcutaneously and in the brain (porcine cysticercosis, bovine
cysticercosis). Generally speaking, the pig/cattle host shows no clinical signs or symptoms,
though seizures and changes in behaviour have been described in heavily infected pigs [6,7].
For cattle, heavily infected carcasses detected at slaughter are condemned, while lightly
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infected carcasses require treatment, but can be sold afterwards. Nevertheless, the freezing
of carcasses also entails a value loss. In Belgium, farmers pay an insurance to cover their
losses due to bovine cysticercosis, the cattle owners bear an economic cost estimated at
€3,408,455/year, while on the human side, an economic cost of €795,858/year was estimated
for the taeniosis cases [8]. For porcine cysticercosis, infected carcasses should be condemned
at slaughter, leading to economic losses for the farmer or trader. While meat inspection is
often not implemented in rural areas in the Global South where most infections occur and
therefore carcasses not condemned, infected carcasses do frequently represent an economic
loss, as the value of the carcasses may be reduced by 50% [9]. For example, in Tanzania, a
loss of nearly three million USD was estimated due to porcine cysticercosis in 2012 [10]. In
the human accidental intermediate host, T. solium cysticerci may also lodge in the muscles,
subcutaneously, and in the central nervous system. The latter is responsible for most clinical
signs and symptoms including seizures, epilepsy, severe progressive chronic headache,
vision problems etc. [4]. Taenia solium has been recognised as the FBP with the highest
burden, estimated conservatively at 2,788,426 DALYs [2].

2.1.2. Localisation of the Infection Risks for the Consumer in the Food Chain

People develop taeniosis after consumption of undercooked infected pork/beef with
viable cysticerci. When the infected pork/beef reaches the consumer in the food chain, the
risk of exposure depends on the culinary practices of the consumer (see Section 2.1.4).

For T. solium, causing human cysticercosis, the routes of human infection are more com-
plex, multi causal, and do not require the pig host as the transmission is human-to-human
either direct or indirect. Eggs excreted by a human tapeworm carrier are immediately
infective. Eggs may be ingested by tapeworm carriers or by close contacts of the carrier
via the fecal oral route due to insufficient hand hygiene [4]. Eggs may also end up in the
environment and contaminate fruits, vegetables, soil, water and surfaces [11], all potential
sources of human infection. In areas with poor sanitation this happens in a more direct
way via open defecation, equally so human stool may be used as a fertiliser for vegetable
gardens. On the other hand, Taenia spp. eggs have been detected in sewage, in water
purification plants, including effluent of these plants, indicating an insufficient clearing of
the eggs from the dirty water entering the plants [11,12]. The role of insects in the dispersal
of eggs in the environment needs clarification, and their importance for transmission of
infective eggs to the human host is unknown [12]. The importance of the different routes
of transmission to humans, either direct via contact with a carrier, or indirect via fruits,
vegetables, water, etc., needs further research.

Also the survival time of the eggs in different environmental matrices (e.g., soil,
water, . . . ) under different climatic conditions, and as such their potential infectivity
to humans/animals needs further investigation. Studies have been conducted, though
primarily for T. saginata, indicating timespans of survival of up to one year and also the
capability of the eggs to survive a European winter [13] (reviewed by [12]).

2.1.3. Diagnostic Options in the Food Chain

In the food chain, different points of diagnosis are possible. For taeniosis, infective
cysticerci (viable) should not enter the food chain, therefore, infected carcasses should
be picked up and removed from the food chain or should be treated (for T. saginata) [4].
There are two major hurdles in this detection, (1) the implementation of meat inspection
and (2) the sensitivity of meat inspection. While meat inspection is implemented on
most/all carcasses in industrialised countries, this is not the case in a lot of countries
in the Global South, where backyard slaughter, or slaughter in illegal slaughterslabs is
routine practice. Even though there seems to be an increasing level of knowledge and
awareness regarding the risk of cysticercosis [14], the knowledge is still limited, and the
risk perception insufficiently high. Farmers/butchers will still allow the infected meat to
reach consumers, often for economic reasons [15]. As an alternative, farmers and traders
may conduct a tongue inspection on the live pig, before purchasing. While this system
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works reasonably well in heavily infected pigs, the sensitivity is very low for other levels of
infection, allowing a high number of infected carcasses to enter the food chain [16,17].

Meat inspection has a high specificity, but a notoriously low sensitivity, especially in
lightly infected carcasses. For porcine cysticercosis, a sensitivity of 22% has been deter-
mined [16], for bovine cysticercosis, this has been estimated at 0.54% in Belgium, where
primarily low levels of infection were observed [18].

Serological tools, detecting circulating antigens or specific antibodies have been de-
veloped, both for porcine and bovine cysticercosis. Yet, here also, though sensitivities are
usually (somewhat) higher than for meat inspection, the tests have specificity problems.
For circulating antigen detection, cross reactions with Taenia hydatigena are common, which
is especially a problem for porcine cysticercosis, as in a number of endemic areas there is a
co-occurrence of these parasites [16].

Most available molecular test are used for confirmation of detected lesions in the meat
(reviewed by [19] for porcine cysticercosis).

Diagnostic options in the food chain related to human cysticercosis (T. solium) are
currently not routinely implemented. Tests to detect eggs on fruits/vegetables or in
environmental matrices such as water, soil have been reviewed recently by [11], with as
main conclusions a general lack of sensitivity largely due to low recovery rates of the eggs
from the matrices; specificity issues when only microscopic detection is included; and
mostly a complete lack of standardisation of tests.

2.1.4. Prevention and Control Options in the Food Chain

Detection and removal of infected carcasses from the food chain (or treatment of lightly
infected carcasses) is one of the main preventive targets for taeniosis. As mentioned above,
this target is complicated by the lack of implementation of meat inspection in certain highly
endemic areas, and even if implemented, especially lightly infected carcasses may still enter
the food chain.

For bovine cysticercosis, the impact of meat inspection has been estimated in Belgium,
where a prevalence of 42.5% was determined [18]. Meat inspection would only pick up
408 viable cysticerci from an estimated total of 213,344 viable cysticerci, present in the
infected carcasses. Important here is that the performance of meat inspection is particularly
low in the Belgian setting as most carcasses have very light infections. Nevertheless,
in the same study, implementing a serological tool, in this case the circulating antigen
detecting ELISA, would in a ten-year period greatly reduce the occurrence of bovine
cysticercosis from >40% to 0.6%. The European legislation does allow for serological testing
(EC 2019/627 [20]), but in practice, this is not yet implemented, probably due to the costs
related to this approach.

In the EU, a more risk-based meat inspection approach is currently implemented
considering age of the animals and their production system allowing a selection of animals
to undergo a more in-depth meat inspection [21].

As for other FBPs, production systems are of major importance in allowing parasite
access the animal hosts. In highly confined and controlled systems (see Section 2.2.4)
pigs/cattle would not have access to Taenia eggs due to controlled feed and water ac-
cess, high hygiene levels avoiding direct contamination via a potential human tapeworm
carrier, etc. Nevertheless, while for pigs this is the case in a lot of commercial farming
systems, for cattle this is much less so, as outdoor grazing is common; and with the trend
towards more biological/organic farming, (renewed) access to potentially contaminated
environment/feed/water is created [3].

Vaccination of cattle and pigs has been a subject of research for many years [22].
Especially for the pig host a number of vaccines have been developed, and have been
evaluated in the field. The TSOL 18 vaccine is now commercially available, and has shown
a very high efficacy, in combination with a single treatment with oxfendazole [23,24]. The
latter, treatment with oxfendazole, has also been proposed as an effective option for the
control of porcine cysticercosis [25], yet is not implemented outside scientific studies.
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At the end of the food chain, the consumer may play a major role as well. Culinary
habits will greatly influence the inactivation of viable cysticerci in pork/beef. As for other
FBPs, good cooking practices avoiding raw/undercooked pork/beef consumption practices
play an essential role in the level of risk of exposure of the consumer, leaving an important
role to health education and awareness creation [25,26].

Of course, interventions directed towards the human host such as treatment of tape-
worm carriers, stopping open defecation, or management of sludge on pastures are highly
relevant [25], but not the focus of this food chain-oriented manuscript.

2.2. Trichinella spp.
2.2.1. Introduction

Larvae from the Trichinella genus present in different meat and meat products have
been a source of infection for humans for centuries, with outbreaks still occurring regularly
today, with a global distribution.

Transmission of Trichinella spp. among non-human animals occurs by predation or
carrion consumption. Transmission to humans occurs via the consumption of raw or under-
cooked meat [27], whereby infective larvae situated within the muscle cells are released in
the stomach to further mature in the small intestine into adult worms. Subsequently, after
mating, adult females produce larvae that will migrate to the muscles. Myalgia, diarrhea,
fever, facial edema and headaches were mostly reported as clinical signs and symptoms in
infected people. Most of these disappeared within 2–8 weeks after treatment, nevertheless
myalgia and fatigue may remain present for years. Early diagnosis and treatment in the
last decades probably have contributed to a decrease in mortality due to trichinellosis [27].
Trichinella spp. were detected in domestic and wild animals in 66 countries and in humans
in 55 countries [27,28]. Trichinellosis represents 550 DALYs, with an estimated 4470 illnesses
globally in 2010 [2]. A review conducted to assess the global incidence and clinical impact
of trichinellosis identified 65,818 cases from 41 countries between 1986 and 2009. Reporting
of cases varies greatly though, and is mainly linked to hospitalised cases, representing a
serious underestimated from the true number of cases, including mild or asymptomatic
cases. The World health Organisation European Region accounted for the majority of the
cases (87%) [27] occurring primarily in adults.

Two life cycles are described for Trichinella spp., a domestic and a sylvatic cycle. The
domestic cycle, primarily involving pigs and rodents as hosts and the encapsulated species
Trichinella spiralis (T1), relates in this manuscript to the Farm to Fork food chain.

The sylvatic cycle including a large range of wild mammals, birds and reptiles [29],
relating to the Forest to Fork food chain, includes primarily the other Trichinella species and
genotypes. The encapsulated clade with species infecting mammals only, e.g., Trichinella
nativa (T2), Trichinella britovi (T3), Trichinella murelli (T5), Trichinella nelsoni (T7), Trichinella
patagoniensis (T12), and Trichinella chanchalensis (T13), with three genotypes Trichinella T6;
Trichinella T8 and Trichinella T9, and less common T. spiralis (T1). Species from the non-
encapsulated clade infecting mammals and birds include T. pseudospiralis (T4) and infecting
mammals and reptiles include T. papuae (T10) and T. zimbabwensis (T11) [28,29].

A recent paper by [30] reviews the presence of Trichinella in wildlife globally, identify-
ing the polar bear (57.58%), martens (32.39%) as the species with the highest prevalence in
the palearctic region. While most studies cover terrestrial mammals with as most studied
the wild boar, red fox, raccoon dog, wolf, black and polar bears, Trichinella has been de-
tected in marine mammals and birds as well. In addition, rodents and lagomorph species
were found with Trichinella. These animal species are important for the maintenance of the
transmission cycle, at the same time may be hunted for food consumption, yet are often
not part of the food safety control systems. While lions and hyenas have been reported
as hosts, and again play a role in the maintenance of the life cycle, infection detected in
crocodiles presents a higher risk for unsafe food for humans. The zoonotic potential of
T. zimbabwensis is still a matter of debate, an increased use of molecular tools to identify
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larvae either from a patient (after a muscle biopsy) or after tracing back the meat source
will bring more clarity.

2.2.2. Localisation of the Infection Risks for the Consumer in the Food Chain

People are infected via the consumption of infected, undercooked meat. While most
of the human infections/outbreaks are associated with pork and pork products from
pigs from outdoor breeding farms, cases of infection via consumption of insufficiently
cooked other meat and meat products including game meat, especially from wild boars,
have been reported regularly [27]. Examples of outbreaks related to horse meat in France
and Italy [31,32], dog meat in China [33] have been described. Two large trichinellosis
outbreaks in France with direct parasitological evidence indicating horse meat as the source
of infection included 128 and 407 cases (reviewed by [31]).

Pork and pork products originating from pigs kept under highly confined and con-
trolled conditions is not a source of infection if the conditions are properly implemented
and maintained (see below). Uncontrolled pork/meat/game meat often consumed at the
household level, the latter linked to hunting activities, has been regularly reported as source
of infection. As described above, a high number of wildlife species may be infected with
Trichinella spp., and may therefore be potential sources of infection. Moreover, illegal import
of uncontrolled meat from endemic areas has led to outbreaks. International travellers
returning home from endemic areas may also develop disease upon their return [27].

Within the limitations of the diagnostic tests, controlled pork/meat/game meat (after
slaughter) should prevent infected meat reaching the consumer, or at least at infection
levels leading to clinical disease.

2.2.3. Diagnostic Options in the Food chain

Direct testing of muscle samples collected from pig carcasses at the slaughterhouse
based on the artificial digestion method is now the most often implemented diagnostic
technique, while previously, compression of a small amount of (porcine) muscle between
glass slides followed by microscopic examination was routinely applied [34]. Pooled
samples of pig muscles are analysed by the magnetic stirrer digestion method (in acidified
pepsin). Allowing testing of multiple samples saves a substantial amount of time, especially
in low prevalence situations, even though a positive batch result has to be followed by
smaller batch testing. The method has a high specificity when conducted by well trained
staff. As detected larvae can be recovered, subsequent molecular identification majorly
helps epidemiological investigations. Lack of a high sensitivity is often mentioned as a
major disadvantage, as infection levels of 3–5 larvae in one gram of muscle would be
needed to obtain a sensitivity close to 100% [34]. Nevertheless, application of the test
does allow detection of carcasses at this minimum infection level, which are exactly those
carcasses that present the highest risk for causing clinical disease in humans [35]. As the
food safety objective is to avoid clinical trichinellosis, the performance is satisfactory.

For game, hunters are advised (or obliged depending on the applying regulations) to
collect muscle samples for testing.

Indirect detection of infection by specific antibody detection in serum via Enzyme
Linked Immunosorbent Assays (ELISAs) is currently not advised for the determination
of the infection status of individual carcasses in a food safety control system. Antibody
detection suffers from insufficient sensitivity and specificity, though this has been a matter
of debate [32,36]. Cross reactions may occur with other parasites infecting pigs, though the
level is strongly dependant on the antigen used in the ELISA. Use of properly prepared
excretory-secretory (ES) antigens, or ES products, recombinant and synthetic antigens with
the same dominant epitopes have been claimed to provide a good specificity in ELISA [36].
Nevertheless, taking into consideration potential false positive results, positive serology
would have to be followed by a direct test to confirm infection. The ELISA is usually
characterised by a higher sensitivity than the artificial digestion, with a reported detection
of one larva per gram of tissue [35,36]. However, this performance is related to the dose
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of infection, which will influence the level and timing of presence of detectable levels of
specific antibodies in the serum, whereby low infection doses may be detectable only as
early as six weeks after infection, allowing for a rather large diagnostic window of false
negativity. This particularly renders the ELISA much less suitable for individual carcass
assessment, as while the test result will be negative, Trichinella larvae may already be
present in the muscles. Heavy infections (large infections dose) on the contrary, can be
picked up as early as seven days post infection. However, as [35] debates, these low levels
of infection may be missed by the direct detection methods as well, as these methods
require a presence of 3–5 larvae per gram of tissue to be detectable. Nevertheless, given
the challenges related to both the ELISA’s diagnostic specificity and sensitivity, currently
the artificial digestion method is still the method of choice recommended by the scientific
community and described in regulatory documents.

On the contrary, ELISA can be useful for surveillance or monitoring in pigs and other
animals [35] at primary level, in live animals.

Besides the diagnostic performance of the test, cost plays an important role as well.
Barlow and colleagues [37] reviewed the available tests for assessment of safe pork and
estimated the artificial digestion to be the most optimal choice. The possibility for analyses
of pooled samples greatly contributed to a cost reduction, allowing for a system with a
satisfactory diagnostic performance and an acceptable cost. ELISA was not selected for
individual carcass assessment for reasons explained above. Molecular techniques, such
as the conventional and real time PCR, while ideal to identify the Trichinella larva(e), are
currently not cost efficient for large scale testing of carcasses. Nevertheless, with techno-
logical advances, molecular based methods may become more plausible replacements of
the artificial digestion [37]. A promising example could be the lateral flow- recombinase
polymerase amplification (LF-RPA) targeting the mitochondrial small subunit ribosomal
RNA (rrnS) gene, which can be applied to fresh and frozen pork samples. Besides a very
high sensitivity, it has a reported 100% specificity, quick time to result (less than 20 min)
and relatively low equipment needs [38]. Nonetheless, a more large-scale evaluation on
meat samples is needed [37].

2.2.4. Prevention and Control Options in the Food Chain

In the farm to fork food chain, direct systematic testing using the artificial digestion
(see Section 2.2.3) of individual pig carcasses has been a cornerstone of clinical human
trichinellosis prevention in many countries for many years. While testing removes a
number of infected carcasses from the food chain, it does not detect the lightly infected
carcasses and as such does not remove the parasite from the food chain, neither does it
fully prevent human exposure to the parasite [35]. Still, the aim to avoid human clinical
trichinellosis cases can be achieved implementing this system [39]. Moreover, detection
of (heavily) infected carcasses and subsequent correct removal of these carcasses, avoids
further potential transmission via animal feed for example. Of course, systematic testing
comes with a high cost. In the European Union, this was estimated at an annual cost
ranging from 25–400 million euro [40].

With the changes in farm management system, moving towards highly confined and
highly controlled housing and farming systems (high levels of biosecurity), the risk of
exposure of the pig host is removed and the occurrence of Trichinella spp. in the pig host
subsequently dropped drastically. Indeed, under these conditions, the parasite may be
removed from this particular farm to fork food chain. The development of international
guidelines describing criteria for controlled housing and management, thereby prevented
the risk of exposure of animals. Implementation of these systems actually reduces/removes
the need for testing [35], as the parasite is absent from these particular commercial pork
production systems. Indeed, summary data from the EU (European Centre for Disease
Prevention and Control, [41]) for 2019 described that routine slaughter testing of 72.8 million
pigs raised under controlled housing reported no Trichinella spp. infections. Considering
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the cost of testing, especially in low prevalence settings, with most animals testing negative,
alternatives were searched to replace the systematic testing.

A set of criteria described by the World Organisation for Animal Health (OIE) to
recognise free regions or countries was fairly rapidly replaced by a set of requirements
to meet for a status of negligible risk as advised by the International Commission on
trichinellosis [35,42]. The latter has as a purpose to ensure food safety (consumer health)
and to obtain standardised requirements for international trade, removing the need for
testing of animals originating from herds classified as negligible risk. The standards
included amongst other good feed manufacturing and storage practices, rodent control,
prevention of pigs accessing wildlife, removal of deceased pigs and controlled animal
movement [35].

Of course, not all pigs are bred under these controlled management systems, and
as such, are exposed to a higher risk of Trichinella spp. infection as exemplified by the
EU summary data whereby 218 positive pigs were detected from 139.6 million pigs from
non-controlled housing tested (European Centre for Disease Prevention and Control, [41]).
Non-controlled housing may allow pigs access to potentially infected rodents and wildlife.
The same counts for other animal species bred under non-controlled systems, such as horses.
Carcasses from the latter also need to be tested systematically, like pigs. The trend towards
biological/organic pig farming [3], moving away from these highly controlled/confined
systems opens opportunities for the parasite to enter the farms. Whether there is a risk
and how high this risk is, depends on the infection levels in the local wildlife, including
rodents. In this interface area setting, both food chains, farm to fork and forest to fork
merge. The expansion of wild boars into areas of free-range pig production in the Unites
States represents a risk for pig infection, leading to the introduction of Trichinella spp. into
the farm to fork food chain [43], at the same time increasing the availability of potentially
infected wild boar meat via hunters.

For Trichinella spp., the forest to fork food chain is an important source of infection
to humans, especially game meat consumers, hunters. Human behaviour is particularly
important in this food chain, as the testing (or not) of game meat, and consumption practices
are dependent on the hunter/consumer. Often home consumption of hunted game is not
subject to regulations, therefore testing is frequently not performed. Risk of infection is
subsequently dependant on the presence and level of infection as well as on the culinary
practice of the household which may include cooking, freezing or curing, influencing
the inactivation of the parasite. Health education on good preparation methods for meat
that might contain Trichinella larvae, as described by the International Commission on
Trichinellosis is encouraged, including cooking, freezing (for meat from domestic pigs),
and irradiation [34].

Efforts have been ongoing in the development of vaccines targeting to reduce the
larval or adult worm burdens, but to date, no sufficiently effective vaccine is available [44].

As highlighted in Section 2.2.3, ELISA detecting specific antibodies may be used for
surveillance and monitoring in pigs and other animal species [36].

2.3. Toxoplasma gondii
2.3.1. Introduction

Toxoplasma gondii is an obligate intracellular protozoon that causes toxoplasmosis in
man and animals. Toxoplasmosis is one of the most common parasitic zoonoses worldwide
with an estimated one third of the global population being infected [45]. Toxoplasmosis
is present in every country and seropositivity rates range from less than 10% to over
90% [45]. FAO and WHO have ranked T. gondii fourth out of 24 foodborne parasites
of global importance [1]. The global annual incidence of congenital toxoplasmosis was
estimated to be 190,100 cases. This was equivalent to a burden of 1.20 million DALYs
(95% CI: 0.76–1.90). High burdens were seen in South America and in some Middle Eastern
and low-income countries [46].
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T. gondii uses felines as the definitive hosts, but is less specific when it comes to the
intermediate hosts, which can be any warm-blooded animal, including mammals and birds.
The lifecycle comprises an intestinal sexual phase that takes place only in the final hosts and
results in the production of unsporulated oocysts that are faecally shed by infected felines
and sporulate in the environment; and an extra-intestinal phase in intermediate hosts which
comprises the formation of tachyzoites and tissue cysts that contain bradyzoites. In most
hosts, T. gondii causes a lifelong latent infection in tissues such as skeletal and heart muscles,
visceral organs and the central nervous system [47].

Most infections with T. gondii in humans and animals are subclinical or cause mild
clinical signs and symptoms. Severe disease may occur in hosts with an immature or
compromised immune system, or in case of higher pathogenicity of the parasite strain.
In livestock, T. gondii is an important cause of abortion in sheep and goats. In humans,
infection with T. gondii is particularly important in pregnant women and in immunocom-
promised people. When primary infection occurs during pregnancy T. gondii can cross
the placenta and reach the foetus causing a mild to life threatening infection depend-
ing on the gestational stage. Disease- or medication-induced immunosuppression can
lead to encephalitis or disseminated toxoplasmosis in adults. While toxoplasmosis in
immunocompetent individuals is asymptomatic in around 80% of cases, in about 20%
infection it may cause fever, mononucleosis-like symptoms, or ocular manifestations such
as chorioretinitis [47].

2.3.2. Localisation of the Infection Risks for the Consumer in the Food Chain

Infection in humans may occur from the accidental ingestion of oocysts that can be
present in food such as vegetables and fruits but also shellfish, or in water due to environ-
mental contamination with cat faeces; or from the consumption of raw or undercooked
meat containing tissue cysts. As mentioned above vertical transmission may occur when a
parasite-naïve women gets infected during pregnancy. Less frequent ways of infection are
caused by drinking goat milk containing tachyzoites during the acute phase of infection or
by transplantation of tissues from a T. gondii-infected donor. Consumption of undercooked
infected meat is considered a major risk factor for humans, especially in Europe, where
it has been associated with 30–63% of infections [48,49]; Hill et al. [50] demonstrated the
predominance of oocyst-caused infections in North America. Based on the relative propor-
tion of the different animals in the overall meat consumption, the proportion of meat types
consumed raw or undercooked, the exposure and susceptibility of different animal species
to T. gondii and the subsequent establishment and survival of parasites in their tissues, meat
from pigs and small ruminants are to be seen as the main sources of infection (farm to fork
food chain). Meat from wildlife (forest to fork food chain), horses, poultry and cattle are
less common sources [49].

Toxoplasma gondii is an example of a health issue that can be directly connected to
outdoor animal husbandry [51]. Grazing ruminants mostly acquire infection by ingestion
of oocysts from the environment. As a result, the seroprevalence in sheep tends to be high,
e.g., between 27.8% and 87.4% in West-European countries [52]. Pigs may become infected
both by ingesting oocysts and by the consumption of meat containing tissue cysts from
infected rodents or kitchen leftovers. Consequently, a low prevalence (0–1%) is found in pig
farms with well-managed controlled housing conditions that practise rodent control, keep
cats away from the farm and the feed, and restrict the access to the farm. In contrast, a high
prevalence of up to 60% is found in poorly managed or free-range farms [53–55]. Outdoor
access of pigs considerably increases the risk for T. gondii infection such as in free-range
organic farms [54,56]. Thomas et al. [57] studied the detailed anatomical distribution of
T. gondii in naturally and experimentally infected lambs and found that parasite DNA could
be detected in all the edible parts.

Environmental contamination with T. gondii oocysts is understudied and likely under-
estimated, which is partly due to the lack of suitable harmonized sampling approaches and
detection methods. Oocysts can be spread in the soil by arthropods, earthworms, wind,
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and rain [58]. Sporulated oocysts are highly resistant and can remain infective in soil for
up to two years [59]. Several waterborne infections associated with T. gondii oocysts have
been described. Water in irrigation systems, rivers, lakes, beaches, and coasts, as well
as wastewater and groundwater can be contaminated with the environmentally resistant
oocysts. Moreover, oocysts can survive various inactivation procedures using chemical
reagents, including sodium hypochlorite and chlorine [60]. Oocyst contamination of fresh
vegetables may occur through cultivation in contaminated soil or using contaminated
water for irrigation or washing. Consumption of raw vegetables and fruits are a risk factor.
T. gondii oocysts can also enter the marine environment through disposal of sewage and
water runoff, where they can cause infections in marine animals [61]. Oocysts have been de-
tected in wild and commercial bivalve mollusks which are filter-feeders and can concentrate
microorganisms. They can retain viable T. gondii oocysts for 85 days following uptake [62].
These shellfishes can pose another risk for consumers when consumed undercooked or
raw [63].

2.3.3. Diagnostic Options in the Food Chain

Toxoplasma gondii infections can be detected by direct and indirect techniques. Co-
prological methods are used to detect oocysts in cat faeces. (Immuno-)histological and
molecular methods and bioassay are used to detect the parasite in tissues, in most cases
post-mortally. Recently, an improved molecular method using magnetic capture combined
with RT-PCR has been developed that allows the detection of the parasite in larger por-
tions of tissue [64]. Cat and mouse bioassays are the reference direct techniques to isolate
T. gondii; however, these tests are not commonly used due to the long time it takes to obtain
results, ethical issues, and high costs [47]. An alternative method is cell culture which
is limited in use because of the variability of the results [65]. Many serological methods
(indirect detection) have been developed and validated in humans and several animal
species. Among these techniques are the immunofluorescent assay (IFAT), enzyme-linked
immunosorbent assay (ELISA), latex agglutination tests (LAT) and the modified aggluti-
nation test (MAT). An important question is whether seropositivity can be linked to the
infectivity of tissues. Opsteegh et al. [66] found that the correlation between antibody
detection against T. gondii and direct parasite detection is high in pigs, small ruminants,
and chickens. In these species, the use of serology can help determine the risk to the
consumer, but it may not be as useful in other species, such as horses and cattle. In addition,
a seronegative result does not necessarily mean that the meat is free of T. gondii [67].

2.3.4. Prevention and Control Options in the Food Chain

Although T. gondii is a high priority foodborne zoonotic parasite, it is not systematically
controlled. At present, there are no specific regulations and no standardised methods for
the detection of T. gondii in any food matrix. Because chronically infected animals are mostly
asymptomatic and tissue cysts cannot be detected during routine meat inspection—the size
of tissue cysts is less than 100 μm—most infected carcasses pass meat inspection and enter
the food chain.

Currently, most of the control of T. gondii infection is carried out at home, espe-
cially in people that are most vulnerable to the parasite, such as pregnant women and
immune-compromised persons. Primary prevention consisting of dietary recommenda-
tions, pet care measures, environmental measures, knowledge of risk factors and ways
to control toxoplasmosis infection, has been found to be effective in reducing congenital
toxoplasmosis [68].

At farm level preventive measures mostly apply to the pig industry where the par-
asite can be virtually eliminated by a set of hygienic measures, as discussed above. The
serological prevalence of T. gondii in the pig population may be a useful indicator of the
risk of human toxoplasmosis associated with the consumption of pork products. In the
EU, the Commission Regulation No. 219/2014 modernised some specific requirements of
the post-mortem inspection of pigs, favouring visual inspection instead of palpation and
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incisions [69]. However, it does not solve the Toxoplasma problem at slaughterhouse level.
Therefore, the categorisation of risk for different types of farms (intensive systems and
organic farms) would help the official veterinarian during ante-mortem and post-mortem
visits [70].

Post-slaughter methods involve meat processing for human consumption and include
mainly heat inactivation and freezing that are effective ways to kill the parasites if properly
applied. Rani and Pradhan [71] studied the survival of T. gondii during cooking and low
temperature storage and concluded that viable parasites were not found when the internal
temperature of meat reached 64 ◦C and below −18 ◦C. Other meat curing procedures such
as salting, smoking, or fermentation are less reliable for killing the parasites in meat because
they are very much dependent of the concentration of the salt, the storage temperature,
and the time of the processing [55]. The modern trend steered toward meat production
from organic breeding, consumed raw or undercooked, with low concentrations of salt
and additives (e.g., nitrites), may result in an increase of the zoonotic risk [54,56]. The
current scientific knowledge is outdated and not sufficient for a full risk assessment. For
this reason, innovative studies on T. gondii inactivation focusing on modern processing
technologies may contribute to outline new preventive measures for consumers [55].

Currently, testing for parasite contamination in fresh produce is neither regulated nor
mandatory. The increased popularity of consumption of raw and ready-to-eat vegetables
may pose a new potential risk for consumers who could be accidentally exposed to oocysts,
since most post-harvest processing measures do not guarantee the complete removal of
oocysts or their effective inactivation [58].

Similar to other pathogens research is ongoing on the development of vaccines against
toxoplasmosis. Currently, in animals, the only available vaccine is a live, attenuated,
T. gondii S48 strain licensed for use in sheep in Europe and New Zealand for prevention
of abortion [72]. However, using a live vaccine raises safety concerns for use in food-
producing animals since the vaccine strain may revert to a wild type that might cause tissue
cyst formation. DNA vaccination has been shown to determine long-lived humoral and
cellular immune responses in vivo in animals [73]. Vaccination of cats has been proposed
as the ultimate preventive measure because of the pivotal role of cats in the lifecycle of
T. gondii. However, in case an effective vaccine for cats would be available, prospects on
preventing oocyst-originated human toxoplasmosis by vaccination in large populations of
cats are not favourable due to the large vaccination coverage needed [74].

2.4. Fasciola spp.
2.4.1. Introduction

The trematodes Fasciola hepatica and Fasciola gigantica are the causative agents of the
disease fasciolosis. The life cycle of Fasciola spp. includes plant-eating mammals (mainly
ruminants, but also pigs and others) as final hosts, aquatic, lymnaeid snails as intermediate
hosts and aquatic plants as carriers. Humans can also act as final hosts, and may even
contribute to the perpetuation of the life cycle in endemic areas, where poor sanitation
occurs [75], although the extent to which this actually occurs has never been quantified.

For decades, fasciolosis was perceived to be a purely veterinary problem [76], however,
it is now also seen as an important disease in humans. As a response, WHO has listed
fasciolosis as one of the neglected tropical diseases to be prioritized for control [77]. Human
fasciolosis is known to occur worldwide, although it mainly affects the poorest communities
in rural areas across subtropical and tropical countries. No recent burden data are available for
fasciolosis. In 2012, Fürst et al. [78] estimated the global burden of fasciolosis at 35,206 DALYs,
whereas the 2015 Global Burden of Disease estimate amounted to 90,041 DALYs, however
the latter estimate came with a wide uncertainty interval (58,050–209,097) [79]. Estimates
for the number of people infected range between 2.4 and 17 million [78,80,81], whereas
those for the population at risk range between 91 and 180 million people [82,83]. Based on
reported infection intensities, it has been estimated that 14% of fasciolosis infections are
symptomatic [78]. These numbers could underestimate the true occurrence and impact of
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the disease, as for many regions, such as for instance a number of countries on the African
continent, few or no community-based epidemiological surveys have been performed [84],
and considering that the current burden estimation does not yet account for account for the
immunosuppression, neurological or ocular effects due to fasciolosis.

Overall, fasciolosis is considered an emerging disease [82,85,86]. Its emergence could
be due to the increased attention it received since its designation as neglected tropical dis-
ease, combined with factors facilitating its expansion and importance. For instance, climate
change is thought to cause an increased risk for its snail host survival and distribution, and
thus spread of the disease [87,88]. Moreover, the increased consumption of raw vegetables
and fruits as part of increasingly popular healthy life styles and the introduction of sylvatic
reservoir animals can assist in the spread of the disease [89,90].

Infected individuals harbour the adult Fasciola spp. worms, and unlike in Clonorchis/
Opisthorchis spp. infection, will shed unembryonated eggs with their faeces/stool [91]. Once
in a favourable freshwater environment, the eggs will then embryonate after approximately
two weeks. After hatching, the miracidia will actively search for a suitable freshwater snail
to penetrate and infect. In the snail, the miracidia will undergo several developmental
stages (i.e., sporocyst and redia stages) and various rounds of asexual multiplication [90].
Next, an exponential number of free-swimming cercariae will leave the snail and encyst
into metacercariae (MC) on plants growing in the same aquatic environment. Susceptible
final hosts can acquire the infection by ingesting contaminated raw water plants. Upon
ingestion, the MC will excyst in the small intestine, and penetrate the intestinal wall.
Next, the juvenile flukes will migrate through the liver where they will mature in the bile
ducts and start producing eggs, completing the life cycle [92]. Ectopic infections can also
occur, with the juvenile or immature flukes erroneously migrating to subcutaneous tissues,
gastrointestinal tract, heart, lung, or rarely, brain and eye [93,94].

In humans, fasciolosis can cause fever, abdominal colic, digestive disorders, weight
loss, anaemia and jaundice due to fluke migration and subsequent destruction of the liver
tissue, inflammation and blockage of the bile ducts [94]. In ectopic infections, symptoms
and signs are specific to the organ affected by the migration path and presence of the flukes.
Recently, it has been shown that neurological, meningeal and ocular symptoms, such limb
and facial paralysis, speech disorders, blindness can also occur in hepatic fasciolosis, due
to leakages in blood-brain barrier [95]. Finally, for a long time, Fasciola spp. infection was
thought to cause parasitic pharyngitis, called Halzoun. The proposed route for acquiring
this condition was the ingestion of raw liver, contaminated with immature or young flukes,
attaching to the pharyngeal mucosa and invoking pain and bleeding. However, it is now
argued the condition is rather due to infection with other parasites, such as Linguatula
serrata, and Dicrocoelium dendriticum [90].

2.4.2. Localisation of the Infection Risks for the Consumer in the Food Chain

Based on current knowledge, the most common pathway of infection for humans is the
consumption of contaminated water plants. The best known infection source is watercress
(Nasturtium spp.), an ubiquitous green leafy vegetable, with case reports around the globe
mentioning the consumption of this plant in the anamnesis [96–98]. Furthermore, a wide
range of other freshwater plants have been reported as infection sources, both wild and
cultivated ones, such as dandelion (Taraxacum spp.) leaves, lamb’s lettuce (Valerianella
locusta), and water spinach (Ipomoea aquatica). Contamination of freshwater plants is mostly
due to the direct shedding of eggs by an infected host, being domestic livestock, humans
or even sylvatic hosts, such as the nutria (Myocastor coypus), into an aquatic environment
where the suitable intermediate snail host is present as well as the water plant eventually
serving as carrier for the infective stage, metacercariae [90].

Next to water plants, a variety of terrestrial plants can carry the infective stage of
Fasciola spp. For instance, infections due the consumption of lettuce (Lactuca sativa), and
parsley (Petroselinum sativum) have been reported [99,100], while in other cases, infec-
tion was presumed to be due to consumption of wild aromatic plants, such as mint
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(Mentha spp.) [101]. Contamination of these plants can be due to them being submerged
in water during a certain period of time, either in an environment where eggs had been
shed, and thus snails were infected, or due to flooding of an adjacent field, with the runoff
transporting infected snails or MC over a certain distance [102]. Other contamination
pathways in terrestrial plants are washing in contaminated water bodies, and through
irrigation with contaminated water.

Next to the ingestion of plants, the chewing and sucking contaminated plants are
common infection routes for Fasciola spp. Well known examples are grass chewing, es-
pecially in children [103], as well as chewing on leaves of khat (Catha edulis), a popular
tradition in the Horn of Africa and the Arabian Peninsula. Moreover, in certain regions,
drinking beverages, such as herbal teas, and juices made from local plants are a known risk
factor [104]. Drinking contaminated water is another suggested route of infection, although
its importance is not well understood. Indeed, even though it is proven that unattached MC
sink quite quickly to the bottom of water bodies, drinking contaminated water has been
identified as the sole infection routes in a number of areas [105–107]. Naturally, ingestion
of dishes and soups made with contaminated water, and washing of vegetables, fruits,
tubercles, kitchen utensils or other objects with contaminated water can equally cause
infection. Finally, in pig experiments, it was shown that the ingestion of raw liver with
juvenile Fasciola spp. can lead to established liver infections [108], however to what extent
this occurs in humans is not known.

2.4.3. Diagnostic Options in the Food Chain

Surprisingly little attention has been given to the development of diagnostic tools
for MC detection on plants and in water. Moreover, the sensitivity and specificity of
available techniques have never been assessed. Up to now, most techniques for plants
entail the screening of plant surfaces by means of a stereomicroscope [109]. Not only is
this is not a feasible option in a commercial context, due to the time consuming nature
of the method, it also requires the necessary expertise, to recognize Fasciola spp. MC,
especially on thicker leave and stem surfaces, and to differentiate them from other digenean
MC (e.g., Paramphistomum spp.) [109]. In water, while originally developed to investigate
the contamination of rice fields, floats or buoys could be used to catch MC present in
important waterflows from irrigation channels and/or streams [110,111]. Overall, cost-
effective techniques to detect metacercarial contamination of consumed plants and water
are lacking.

2.4.4. Prevention and Control Options in the Food Chain

The most obvious method for fasciolosis prevention is avoiding oral contact with raw
plants, whether it is the sucking/chewing or consumption of raw plants, especially those
growing in an aquatic environment. However, culinary habits are often difficult to break,
and therefore such recommendation might not be realistic for many communities and indi-
viduals. Another option would be the removal and/or destruction of MC attached on plant
leaves. Unfortunately, washing vegetables using running water alone has proven to be only
moderately successful in detaching MC [112]. On the contrary, briefly (5–10 min) soaking
plants in vinegar (e.g., 120 mL/L) or liquid soap (e.g., 12 mL/L) solutions, seems effective
in detaching and killing the MC [112,113], however these studies should be repeated to
confirm the application of these methods in a commercial context. Some studies have inves-
tigated the effects of other chemical agents, of which potassium permanganate, and sodium
hydroxide treatments seemed successful detachment/destruction methods [101,112,113],
however, such agents have a considerable impact on plant palatability and appearance,
and therefore their application seems unfeasible in a commercial context [113]. Cooking
vegetables seems a more effective method to kill MC, however culinary traditions in raw
plant consumption and in some regions, inadequate means to ensure sufficiently high
temperatures while cooking, might hamper the application of this preventive measures.
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Similarly, boiling potentially contaminated water might not be feasible due to lack of means,
in such regions filtration with an appropriate mesh size might be more effective [90].

Currently there are few preventive measures for fasciolosis implemented by gov-
ernments. In the European Union, all bovines and small ruminants processed through
abattoirs will be inspected for Fasciola spp., by means of visual inspection and incisions of
the liver, in line with the European meat inspection legislation (EC 2019/627, [20]), however
this inspection will not stop infected livestock from contaminating fields and therefore
indirectly causing human fasciolosis cases. In a wider preventive context, plants commonly
consumed by humans, should be grown under controlled conditions, inaccessible to snails,
ruminants and other animals. Appropriate legislation has been implemented by a number
of countries, e.g., France and Australia [90,114]. Moreover, the risk of contamination of
these fields, due to run-off or irrigation with water from adjacent areas where Fasciola spp.
can be present, should be excluded. A One Health approach is needed to ensure that all
stakeholders are involved and informed about the disease, the risks and responsibilities.
In any given region, appropriate fasciolosis prevention and control may only be achieved
once the local transmission dynamics of Fasciola spp. are fully understood.

3. Pond/Ocean/River to Fork: Fish-Borne Parasites

In this chapter, three important fish-borne zoonotic parasites will be discussed, includ-
ing Clonorchis spp. and Opisthorchis spp., related to freshwater fish, as well as the group of
Anisakidae, related to marine fish (Figure 1).

3.1. Fish Borne Trematodes: Clonorchis, Opisthorchis spp.
3.1.1. Introduction

Liver flukes of the Opisthorchiidae family, of which Opisthorchis viverrini, O. felineus
and Clonorchis sinensis are the most important, cause opisthorchiasis and clonorchiasis
in humans. The parasites have a complex lifecycle, requiring Bithynia spp. freshwater
snails and cyprinid fish as primary and secondary intermediate hosts, respectively, and a
fish-consuming mammal, such as humans, cats and dogs, as the final hosts [115]. Although
cat and dogs are known to contribute to the life cycle of for instance O. viverrini, it has
equally been shown for the same parasite, cats and dogs cannot sustain transmission in
absence of humans as a final host [116]. It is not known, if the same is true for O. felineus
and C. sinensis. The infected final host will discharge embryonated eggs in the biliary ducts
and shed them via the stool/faeces. If shed in a suitable environment, the eggs will be
ingested by the snail intermediate host. In the snail, the eggs will release miracidia that will
subsequently develop into sporocysts, rediae and cercariae [117]. The latter developmental
stage will be released from the snail host into the aquatic environment, where it will actively
seek for a suitable secondary intermediate host, a freshwater cyprinid fish, penetrate its
flesh or skin and encyst as metacercaria (MC) [118]. The final host acquires the infection by
ingesting the raw or undercooked contaminated fish. Upon ingestion, the MC excysts in the
small intestine and travels to the biliary tract via the ampulla of Vater. In the biliary ducts,
the flukes will mature and start producing eggs, thereby restarting the life cycle [119].

Opistorchiosis and clonorchiosis can cause cholangitis, jaundice, cholecystitis, hep-
atomegaly and cholelithiasis [117]. Moreover, the International Agency for Research on
Cancer has classified both O. viverrini and C. sinensis as Type I carcinogens. Indeed, in
chronic infections, the (i) repeated mechanical damage due to the feeding and migrating
flukes, combined with (ii) the secretion and excretion of metabolic products by the flukes as
well as by Helicobacter spp. often co-infecting the final hosts, and (iii) the immunopathologi-
cal response by the host, causing fibrosis and blockage of the bile ducts, may over time lead
to oxidative damage to the epithelial cell DNA. Normal repair mechanisms and apoptosis
are inhibited by certain fluke excretory/secretory products, and oncogenic mutations can
occur as a consequence [117,120,121]. Eventually, the malignant transformations will lead
to the development of cholangiocarcinoma (CCA), a highly lethal cancer of the bile duct,
with an estimated median survival time of 4.3 months after diagnosis [121,122]. Up to now,
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while O. felineus has not been listed officially as a Type I carcinogen, there are indications
both from animal experiments and reviews of the occurrence of cholangiocarcinoma in re-
gions where the parasite is prevalent, that this fluke too has carcinogenic potential [123,124].
Opistorchiosis and clonorchiosis are two neglected yet emerging zoonotic diseases [82,125].
In the 1990s the total number of clonorchiosis and opistorchiosis cases was estimated at
7 and 10 million, respectively [83]. Nowadays, the total global number of infected people is
estimated at about 20 million for C. sinensis, and at 10 million for O. viverinni, with most
infections occurring in East Asia. Between 1.2 and 1.6 million people; mainly in Eastern
Europe, are estimated to be infected with O. felineus [126]. Another 601 million people
are thought to be at risk for C. sinensis infection, while 80 million for Opisthorchis spp.
infection. The estimates for global burden due to clonorchiosis ranges between 275,370 and
522,863 Disability Adjusted Life Years (DALYS), whereas the estimates for opistorchiosis
burden vary between 74,367 and 188,346 [78,79]. Based on reported infection intensities, it
has been estimated that 8·2% of clonorchiosis, and 4·9% of opistorchiosis cases are symp-
tomatic [78]. Increased importation of potentially contaminated fish, and newly acquired
raw-fish eating habits might cause a future expansion in the distribution of the diseases [26].

3.1.2. Localisation of the Infection Risks for the Consumer in the Food Chain

Humans principally acquire opistorchiosis and clonorchiosis through the consumption
of undercooked or raw infected freshwater cyprinid fish [91]. Moreover, other preparation
styles, such as fermentation, pickling, inadequately freezing, or smoking of fish can pose
a risk to the consumer [127]. In addition to cyprinid fish, some other fish types such
eleotrids, cichlids, and osmerids are known to harbour MC [128]. Finally, some freshwater
shrimp species have been reported to carry MC, and their consumption could thus pose
the consumer at risk for infections [128].

While it is clear that the MC only encyst in fish/shrimp tissue, and thus the consump-
tion of these tissues is the main infection source for acquiring the diseases, it is not well
understood whether the preparation of contaminated fish can lead to contamination of the
cooking environment, and thus subsequent human infection via contact with this environ-
ment. Indeed, Opisthorchis and Clonorchis spp. MC are distributed over different parts of the
fish body, being the muscles, fins, heads and organs [129]. Therefore, it is not unimaginable
that cutting boards might become contaminated with MC during the preparation of the
fish dish. For instance, in their study performed in Laos, Araki et al. [130] reported on the
observation that household cooks clean their chopping boards by scratching them using
a knife and running water, and at times fish scales could still be found on the chopping
boards after cleaning. Likewise, utensils and hands might become contaminated during
food preparation or while eating [130]. Such contamination could explain infections in
people reporting to never consume raw fish [131]. Finally, it has been hypothesized that
people could become infected by drinking water contaminated by MC released from dead
fish tissues, although this has never been proven to occur under field conditions [128].

3.1.3. Diagnostic Options in the Food Chain

All techniques to detect Opisthorchis spp. and C. sinensis MC in fish are based on post-
mortem investigations. Most consist of rather labour-intensive, traditional parasitological
techniques. The most basic method is the direct compression method: fins, muscle, scales
and subcutaneous tissues are collected, compressed between glass slides and examined
for MC under a stereomicroscope [83]. In a second commonly used method, the artificial
digestion method, the fish is divided in five parts (head, anterior and posterior trunk, tail
and subcutaneous tissue). The tissues are subsequently ground, then digested using an
artificial gastric juice (mostly a pepsin-HCl solution), and after sedimentation, MC are
sought using a stereomicroscope [83]. A systematic review has shown that studies applying
the compression method find higher prevalence estimates than those using the digestion
method, however, their performance has not been compared directly [132]. Either way,
both techniques require expert knowledge on the morphology of the different MC present
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in fish to allow for their correct differentiation (e.g., of Opisthorchiidae, Heterophyidae and
Lecithodendriidae) [133].

Molecular techniques are however available to ensure correct differentiation of MC.
For instance, a multiplex PCR was developed, targeting mitochondrial DNA, to allow
differentiation of Clonorchis and Opisthorchis MC, particularly useful for regions where
their distribution overlaps [134]. Moreover, a loop-mediated isothermal amplification
(LAMP) was also developed for C. sinensis detection in fish, with a markedly higher
sensitivity as compared to PCR [135]. Nevertheless, such molecular techniques remain
expensive and not available in a commercial aquaculture context. Up to now, quick, easy,
cheap diagnostic tools with adequate test performance are still lacking for Clonorchis and
Opisthorchis detection in fish.

3.1.4. Prevention and Control Options in the Food Chain

Prevention of clonorchiosis and opisthorchis entails preventing the consumption of
raw or undercooked contaminated fish/shrimps and avoiding contact with a contaminated
environment. In many communities, the consumption of raw or undercooked fish is how-
ever deeply engrained in the culinary and social culture. For instance, the consumption of
raw fish is often part of a social drinking events for males in many Asian countries [136–138].
Simply halting its consumption or changing the preparation style might therefore not be
feasible. Moreover, MC are moderately tolerant to several preparation and preservation
styles, which would usually be considered as effective in killing off germs. For instance,
freezing at −12 ◦C had to be continued for 480 h to inactivate Clonorchis MC, whereas
cooking at 50 ◦C required five hours to inactivate unspecified MC [127]. The only effective
method is thoroughly heating the fish at a high temperature (e.g., 65 ◦C for 1 min) [127].
Another route for prevention in the intermediate host, namely a vaccine for freshwater fish,
is currently being explored. Indeed, an oral vaccine based on Bacillus subtilis expressing
enolase, was developed and is being tested [139,140]. In a wider preventive perspective,
the life cycle can be broken by disconnecting human and animal faeces from the aquatic
environment. At the moment, in some countries, the use of toilet types draining stool
directly to ponds, still persist [141], and animal and human faeces continue being used
as fish feed [139], therefore the transmission perpetuates. In Thailand, an opistorchiosis
control program, called the “Lawa model” was developed. This EcoHealth/One Health-
inspired approach combining human treatment with novel community-based and school
health education, ecosystem monitoring and community participation, was implemented
in the opistorchiosis endemic area at Lawa Lake, Khon Kaen province, Thailand [142]. The
program successfully cut back infection rates in both humans, fish and snails, and will now
be scaled up to other regions in Thailand and beyond [143].

3.2. Anisakidae
3.2.1. Introduction

Nematodes from the family Anisakidae are by far the most prevalent macroparasites
in fish implicated in human disease. In their adult stage, anisakids are mostly found
in the stomach of marine mammals as their definitive hosts, whereas the larval stages
are found in smaller invertebrates, such as crustaceans as their first intermediate host,
and in fish as their second intermediate host. Many commonly exploited marine fish
species are infected, with the main zoonotic anisakid species being, although not limited to
these, Anisakis simplex sensu stricto, A. pegreffii, Pseudoterranova decipiens, and Contracaecum
osculatum [144]. Data on their prevalence in fish are known for many fish species with
varying prevalences (e.g., up to 100% in herring) dependent on the geographical fishing
grounds and seasons [145,146]. Yet ultimately, almost all species of teleost fish throughout
the oceans may act as hosts where larvae can be found in the gastrointestinal tract or
musculature of the fish [147,148].

Human infection, collectively named anisakidosis, takes place after consumption
of undercooked fish containing a viable third-stage larva (L3), and may lead to several
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gastro-intestinal symptoms depending on the localisation of the larvae (acute, chronic,
and ectopic) [149]. In addition to abdominal symptoms, a series of thermostable allergens
present in A. simplex and A. pegreffii may also compromise human health with acute al-
lergic manifestations ranging from urticaria, angioedema, asthma, conjunctivitis, to even
a potential lethal anaphylactic shock [150]. The number of human health problems re-
lated to Anisakidae has not been fully quantified as global awareness of this foodborne
parasite is still in its upsurge. Collection of more epidemiological data on the disease is
therefore encouraged to provide better insights into the impact of Anisakidae on human
disease. Nevertheless, specific country case studies from Spain and Norway have estimated
10,383–20,978 annual anisakidosis cases, as well as a 22% prevalence value of Anisakis-
sensitization in certain regions [151,152]. Furthermore, it was stated that the most fre-
quent cause of an anaphylactic episode due to a hidden allergen, is fish infected with
A. simplex [153]. Finally, sufficient proof-of-principle has been provided in the past that
demonstrates the transmissibility of anisakid allergenic peptides from fishmeal, as a feed
component, to aquacultured fish and chicken meat [154–157]. These findings may signifi-
cantly change the importance of these zoonotic nematodes from originally a purely fish
borne food risk, to a much wider risk from several food sources (pork meat, chicken meat,
aquacultured fish, etc.).

3.2.2. Localisation of the Infection Risks for the Consumer in the Food Chain

As abovementioned, consumers obtain an anisakid infection via consumption of
infected fish that has not been sufficiently frozen or cooked [149]. Different preventive
measurements can be taken to avoid this (see below), though these are primarily related to
the infection risk with viable larvae. By adequate cooking or freezing, Anisakis-sensitized
consumers remain at risk given the thermoresistant characteristics of the allergens [158].
Moreover, removal of the larva does not at all guarantee freedom of allergens since some of
these anisakid allergens are excretory-secretory products excreted/secreted by the larval
body during its migration through the fish flesh. As such, patients may be exposed to them
when consuming fish, even though the larvae might have been removed during the quality
control of the fish [159]. Finally, and different to other food allergies, occupational allergies
in aquaculture and fishery workers after inhalation and/or skin contact with anisakid
allergens have been reported [160].

3.2.3. Diagnostic Options in the Food Chain

Fish and fishery products can be examined for the presence of anisakid larvae and
traces by a variety of detection methods. In the industrial setting (i.e., on the boat, in
processing plants), candling is the most routinely used method for the detection of anisakids
in commercial fish fillets. It entails a brief visual inspection of fish fillets on a light table to
spot and manually remove parasites [161]. While this technique has the major advantage
of not affecting the fish quality and thus allowing consumption afterwards, it is labour
intensive and as such highly costly. Moreover, studies report a poor sensitivity with up
to 76% of the larvae not being recovered, although this is dependent on the fish (colour,
thickness, skin), the larvae (size, colour), and the skills of the inspector [161–164]. In
laboratory settings on the other hand, a range of highly accurate alternatives such as UV
press method, enzymatic digestion, and immunoassays are available and implemented,
though the complete destruction of the fish tissue, renders these methods unfit for the
application in the industry [165–167]. As a result, candling is still the standard method
for the detection and removal of anisakids from fish fillets on an industrial scale. Future
research should thus look into the development of more accurate, fast, non-destructive
scanning methods to replace candling.

As dead larvae may still be responsible for allergic reactions in sensitized consumers,
other tools directly targeting anisakid proteins have been developed [168]. However, the
presence of anisakid proteins does not necessarily correlate with an allergic reaction since
not all proteins are allergens. To deal with this, liquid chromatography tandem mass
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spectrometry methods and allergen specific enzyme-linked immunosorbent assays are
available [169,170], but high equipment costs and their destructive entity still hamper their
use in an industrial setting.

3.2.4. Prevention and Control Options in the Food Chain

Prevention of gastro-intestinal anisakidosis is simply based on avoiding the ingestion
of a live L3 in raw/undercooked fish. In the food chain, this can be accomplished by
maintaining a cold chain from boat to plate and by immediate gutting of the fish on the
boat in order to avoid post-mortem migration from the fish gut to musculature. Care must be
taken to destroy these viscera rather than disposing them in the sea water as this practice
results in, once again, dissemination of the parasites [171]. Freezing of the fish has also
been recommended by public health agencies and included in the current legislation of
the European Union and Japan [172,173]. Specifically, food industry business that sell
fish intended for raw, marinated, or salted consumption, must first freeze the fish in its
entirety at −20 ◦C for >24 h, or −35 ◦C for >15 h to ensure killing of the larvae [174]. It is
to be expected though, that in a big container of fish, not all parts of the fish will reach a
temperature to kill all larvae. Ideally, freezing should therefore be followed by a period
of storage in the frozen state to ensure complete elimination of the parasite. In addition
to freezing/cooking, a visual check for larvae by the fish industry can be conducted by
ways of candling (see above). The abovementioned limitations of this tool, however, make
this tool insufficient for full clearance of the parasite and emphasizes the importance of
adequate deep-freezing. Finally, at the stage of not only the consumer, but also the relevant
governmental institutes and medical/veterinary staff, raising awareness regarding the
presence of these parasites and possible preventive measures (e.g., cooking, consumption
behaviour) is a principle preventive measure that should be taken.

While a variety of measures can be taken to reduce the incidence of human gastro-
intestinal anisakidosis, it is important to consider that an Anisakis-sensitized individual
may still develop an allergic reaction if the larva is dead/removed or if its traces are
present [158]. So far, no allergen destruction process has been discovered, and standard
testing for anisakid allergens is up to date not conducted on any food type. A suggestion,
however, could be to label high-risk products for the possible presence of Anisakis allergens
to warn sensitized patients who do not tolerate even properly cooked or canned fish.

4. Discussion and Conclusions

In this paper we have attempted to highlight the presence of a number of FBPs in
different food chains, the risk of infection of humans by parasites, and their diagnostic and
control challenges. We have also highlighted the complexity of their life cycles whereby
different parasite stages, infective to the human host, may occur at different places within a
food chain, for example, in the case of T. solium whereby the meat-borne component will
place humans at risk when consuming pig carcasses infected with viable cysticerci, but
humans may also be at risk when consuming vegetables or fruits contaminated with the
parasite’s eggs from the farm, or via contaminated water. Toxoplasma gondii is also a good
example of multiple complex ways of transmission to humans.

As mentioned, the increased popularity of consumption of raw and ready-to-eat veg-
etables may pose a new potential risk for consumers, since most post-harvest processing
measures do not guarantee the complete removal of oocysts/eggs or their effective inactiva-
tion [58]. The same can be said for raw fish/meat consumption, considering the generally
low sensitivities or simply non implementation of detection tools.

We have also highlighted how interactions in interface areas may lead to the introduc-
tion of parasites from the forest to fork food chain into the farm to fork food chain. The impact
of increasing contact between wildlife, livestock and humans on food safety needs to be
considered carefully, especially bearing in mind the trend towards outdoor farming [3] and
the increase in relevant wildlife species such as the wild boar [27].

257



Foods 2023, 12, 142

The multidisciplinary One Health approach will be needed to deal with the impact of
globalisation and climate change on the transmission of foodborne parasites to humans [26].
The One Health approach is increasingly applied by governments, yet mostly considering
human and animal components. The environment is the most understudied component of
parasite transmission, yet is very important. There is an urgent need for researchers to take
up this work, e.g., to develop highly performing diagnostic tools to detect environmental
stages, to assess their viability, etc.

The availability of cheap, easy to use, highly performing diagnostic tools fit for purpose
is another challenge. While an increased amount of effort has been put into developments
of new tests in different formats, and target product profiles are being developed (e.g., for
T. solium [175]), their large-scale evaluation in relevant matrices is often lacking. Integrated
systems looking into more integrated sample collections where relevant (e.g., environmental
samples, meat samples from pig farms with outdoor access), and test systems allowing
multipathogen detection are other aspects that need to be considered.

Monitoring and surveillance, and improved reporting based on proper diagnostics
would be useful to implement for a number of FBPs. As resources are always limited,
risk-based surveillance might help in the prioritisation, and lead to an efficient and effective
allocation of, resources [21]. For Trichinella spp. and T. saginata this system has been put in
place in the EU (see Sections 2.1.4 and 2.2.4).

Integration may be considered not only on a detection level, but also on a preven-
tion/control level, where chosen interventions may impact on several pathogens. The
implementation of highly controlled and confined farming systems has led to commercial
pork originating from these farms to be free of Trichinella spp. These high levels of biosecu-
rity not only impact the presence of Trichinella spp., but also Taenia spp. and T. gondii are
rarely detected. Moreover, a focus on herd health and management, biosecurity at the farm
level would tackle not only a number of FBPs, but also other pathogens such as Salmonella
and Campylobacter, and this at a primary, pre-harvest level [176]. Nevertheless, the trend
towards farming systems with more outdoor access, encouraged by animal welfare expecta-
tions, increase infection risk [3]. The latter should be compensated with either pre-harvest
(e.g., improved detection) or post-harvest (e.g., inactivation via cooking) measures.

To finalise, the consumer also plays an essential role in risk of exposure, via human
behaviour in choice of food to consume but also in the culinary practices in how to process
food for consumption. While cooking at a sufficient temperature would deal with all
parasites described above, often, this is not done. Other practices such as marinating,
salting, drying, smoking are more often than not, insufficient to inactivate the parasite. From
a different perspective, human migration and import of infected animals from endemic to
non-endemic areas may lead to a (re)introduction of pathogens [3]. Consumer education
regarding the risks and awareness creation would be highly beneficial.
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167. Kochanowski, M.; Różycki, M.; Dąbrowska, J.; Karamon, J.; Sroka, J.; Antolak, E.; Bełcik, A.; Cencek, T. Development and

application of novel chemiluminescence immunoassays for highly sensitive detection of Anisakis simplex proteins in thermally
processed seafood. Pathogens 2020, 23, 777. [CrossRef] [PubMed]

168. Werner, M.T.; Fæste, C.K.; Levsen, A.; Egaas, E. A quantitative sandwich ELISA for the detection of Anisakis simplex protein in
seafood. Eur. Food Res. Technol. 2011, 232, 967–973. [CrossRef]

169. Fæste, C.K.; Moen, A.; Schniedewind, B.; Haug Anonsen, J.; Klawitter, J.; Christians, U. Development of liquid chromatography-
tandem mass spectrometry methods for the quantitation of Anisakis simplex proteins in fish. J. Chromatogr. A 2016, 5, 58–72.
[CrossRef] [PubMed]

170. Rodríguez-Mahillo, A.I.; González-Muñoz, M.; de las Heras, C.; Tejada, M.; Moneo, I. Quantification of Anisakis simplex allergens
in fresh, long-term frozen, and cooked fish muscle. Foodborne Pathog. Dis. 2010, 7, 967–973. [CrossRef]

171. McClelland, G. Larval anisakine nematodes in various fish species from Sable Island Bank and vicinity. Can. Bull Fish Aquat. Sci.
1990, 222, 83–118.

264



Foods 2023, 12, 142

172. EU. Commission regulation no 1276/2011 of 8 December 2011 amending annex III to regulation (EC) no 853/2004 of the European
Parliament and of the council as regards the treatment to kill viable parasites in fishery products for human consumption. Off. J.
Eur. Union 2011, L 327, 39–41.

173. FDA. Parasites. In Fish and Fishery Products Hazards and Controls Guidance, 4th ed.; Food and Drug Administration, U.S. Department
of Health and Human Services: Silver Spring, MD, USA, 2019; pp. 91–98.

174. Chen, H.Y.; Cheng, Y.S.; Grabner, D.S.; Chang, S.H.; Shih, H.H. Effect of different temperatures on the expression of the newly
characterized heat shock protein 90 (Hsp90) in L3 of Anisakis spp. isolated from Scomber australasicus. Vet. Parasitol. 2014, 205,
540–550. [CrossRef]

175. Donadeu, M.; Fahrion, A.S.; Olliaro, P.L.; Abela-Ridder, B. Target product profiles for the diagnosis of Taenia solium taeniasis,
neurocysticercosis and porcine cysticercosis. PLoS Negl. Trop. Dis. 2017, 11, e0005875. [CrossRef]

176. Rodrigues da Costa, M.; Pessoa, J.; Meemken, D.; Nesbakken, T. A systematic review on the effectiveness of pre-harvest meat
safety interventions in pig herds to control Salmonella and other foodborne pathogens. Microorganisms 2021, 9, 1825. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

265





Citation: Bolton, D.; Marcos, P. The

Environment, Farm Animals and

Foods as Sources of Clostridioides

difficile Infection in Humans. Foods

2023, 12, 1094. https://doi.org/

10.3390/foods12051094

Academic Editor: Frans J.M.

Smulders

Received: 14 November 2022

Revised: 21 February 2023

Accepted: 28 February 2023

Published: 4 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Perspective

The Environment, Farm Animals and Foods as Sources of
Clostridioides difficile Infection in Humans

Declan Bolton * and Pilar Marcos

Teagasc Food Research Centre, Ashtown, D15 DY05 Dublin, Ireland
* Correspondence: declan.bolton@teagasc.ie; Tel.: +353-1-8059539

Abstract: The recent discovery of the same Clostridioides difficile ribotypes associated with human
infection in a broad range of environments, animals and foods, coupled with an ever-increasing rate
of community-acquired infections, suggests this pathogen may be foodborne. The objective of this
review was to examine the evidence supporting this hypothesis. A review of the literature found that
forty-three different ribotypes, including six hypervirulent strains, have been detected in meat and
vegetable food products, all of which carry the genes encoding pathogenesis. Of these, nine ribotypes
(002, 003, 012, 014, 027, 029, 070, 078 and 126) have been isolated from patients with confirmed
community-associated C. difficile infection (CDI). A meta-analysis of this data suggested there is a
higher risk of exposure to all ribotypes when consuming shellfish or pork, with the latter being the
main foodborne route for ribotypes 027 and 078, the hypervirulent strains that cause most human
illnesses. Managing the risk of foodborne CDI is difficult as there are multiple routes of transmission
from the farming and processing environment to humans. Moreover, the endospores are resistant to
most physical and chemical treatments. The most effective current strategy is, therefore, to limit the
use of broad-spectrum antibiotics while advising potentially vulnerable patients to avoid high-risk
foods such as shellfish and pork.

Keywords: Clostridioides difficile; ribotypes; environment; food; epidemiology

1. Introduction

Clostridioides difficile is a Gram-positive, endospore-forming anaerobic bacterium often
carried asymptomatically in the human gastrointestinal tract [1–5]. However, when condi-
tions are favourable, the endospores germinate in the colon, vegetative cells multiply, and
toxins are produced [6], resulting in watery, non-bloody diarrhoea with abdominal pain,
toxic megacolon and/or pseudomembranous colitis, which may be fatal [7–9].

The most common risk factor associated with CDI is the use/misuse of broad-spectrum
antibiotics. C. difficile is often resistant to a wide range of antibiotics [10], and the adminis-
tration of antibiotics like clindamycin, cephalosporins, penicillins and fluoroquinolones
eliminate competitive bacteria in the colon and promote C. difficile outgrowth [11]. The
elderly, infants, other immune compromised, and patients on antibiotic therapies are there-
fore most at risk [1,2,4], although the incidence of CDI in pregnant women, children and
patients with inflammatory bowel disease (IBD) has also increased [12].

The generally accepted route for human CDI is transmission from the healthcare
environment [13]. However, in recent years the proportion of community-acquired CDI,
where the patient has no association with a healthcare facility, has increased [14]. At the
same time, non-human reservoirs, including the natural environment (soil, rivers and
lakes) [15] and animals, including domestic pets [16,17], food animals [18–20] and wild
fauna [21] have been reported. Moreover, food may be contaminated [22,23].

The link between C. difficile and animals has been known for at least 60 years. In 1960,
McBee [24] isolated this bacterium from the large intestine of a seal in Antarctica. By 1974 C.
difficile had also been detected in animal faeces (donkeys, horses, cows and camels) and in
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the environment (hay, soil, sand and mud) [25]. In the early 1980s, C. difficile reservoirs were
reported in healthy pigs and cattle [26,27] and in asymptomatic domestic pets, such as dogs,
cats and birds, which had a prevalence of 21%, 30% and 33%, respectively [28]. Thus it was
suggested that animals could be a vehicle of transmission to humans [29]. Interestingly, a
common human pathogenic C. difficile ribotype (ribotype 078) was also isolated from pigs,
cattle, and horses later, providing additional evidence of zoonotic transmission of C. difficile
between animals and humans [30–33]. In more recent years, several studies have reported
C. difficile in animals, on carcasses [21,34], in food processing facilities and in both raw and
cooked foods [35–41].

Despite the increase in community-acquired CDI and data on C. difficile in the food
chain, it is difficult to prove the source of infection in a given patient or outbreak as
the same ribotypes and strains are common to both healthcare and food chain sources.
Moreover, the patient may have acquired C. difficile sometime before the conditions in the
colon changed to promote outgrowth. The objective of this review was to examine the
evidence (CDI, virulence, ribotypes, environment, food animal and food sources and the
current epidemiology of CDI in humans) supporting the hypothesis that C. difficile may
be foodborne.

2. C. difficile Infection (CDI) in Humans

Elderly people are especially vulnerable to CDI, and cases are more likely to result in
severe outcomes [42], possibly due to a decreased immune response or changes in the intesti-
nal microbiota with age [43,44]. An underlying condition, chemotherapy or gastrointestinal
surgery can increase susceptibility to CDI [45], which may become recurrent, leading to
increased morbidity and mortality [46,47]. Broad-spectrum antibiotics significantly reduce
the gut microflora diversity and alter the bile composition in the colon, facilitating CDI and
recurrent infection in humans [48]. Treatment with acid suppression medication to prevent
ulcers or treat acid-related diseases is also a risk factor for recurrence [49–51].

Metronidazole is used to treat mild to moderate CDI, while vancomycin is used in
more severe cases, although the combination of both may be used when there are complica-
tions [52]. When these are ineffective, fidaxomicin has been proposed as an alternative to
vancomycin [53,54] and has proven effective in preventing recurrent infection [55].

3. Virulence

Within the host, C. difficile endospores germinate into vegetative cells, colonise the
intestinal tract and produce toxins resulting in disease [56,57], which causes intestinal in-
flammation, perforation, toxic megacolon and pseudomembranous colitis [58,59]. Mortality
rates range from less than 2% to 17% [60,61]. The main virulence factors in C. difficile are
toxin A and toxin B, encoded by the tcdA (308 kDa) and tcdB (270 kDa) genes located on a
pathogenicity locus (PaLoc) (Figure 1 and Table 1). Both are large clostridial glycosylation
toxins and are activated in response to environmental signals during the late log and
stationary phases. In addition to the toxins, two regulatory proteins (TcdR and TcdC) and
a protein whose function remains unclear (TcdE) complete the PaLoc [62,63]. TcdR (also
referred to as TcdD) is a positive regulator activated in stationary phase growth, while
TcdC is a negative regulator produced during the exponential phase. Mutations, such as
deletions in the tcdC gene, may cause increased production of toxins A and B [62,64].

Figure 1. Illustration of the C. difficile Pathogenicity locus (PaLoc). Adapted from [65].
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TcdA and TcdB possess the same biological activities, among which is the disruption
of the cytoskeleton that leads to cytopathic effects in cultured cells. They also possess
proinflammatory activity and can stimulate intestinal epithelial cells and immune cells
to produce cytokines and chemokines [66,67]. Even low doses of toxins A and B damage
the tight junctions of the gut epithelial barrier, facilitating the translocation of commensal
bacteria, inflammation and cell apotheosis [66–68]. Sequence variations, deletions, and
duplications within the pathogenicity locus account for different toxinotypes of C. difficile,
with 27 currently identified. Certain strains can present only one of the toxins genes (A−B+

or A+B−), however, they reportedly still cause severe disease in humans [62]. In addition,
the cytotoxicitybetween toxins that belong to different toxinotypes may vary, making the
relation between strain type and CDI severity even more complex [59]. Strains lacking
toxin A are more frequently reported due to deletions in the receptor-binding repetitive
regions of TcdA caused by the recombination between short repetitive sequences highly
conserved in this toxin gene [63]. Donta et al. [66] reported TcdB to be 4 to 200-fold more
cytotoxic than TcdA in a mouse model. Therefore, strains producing toxin B have a higher
severity in humans.

Up to a third of C. difficile isolates also produce the transferase C. difficile binary toxin
(CDT) [69,70]. CDT, composed of CDTa (biological activity) and CDTb (binding), inhibits
the protein actin, damaging the cytoskeleton of the gastrointestinal tract (GIT) cells [71].
The presence of the full-length CDT locus implies the potential expression of the binary
toxin, and although some strains contain portions of the CDT locus, these are predicted as
non-binary toxin-producing strains [68,70]. CDT-producing strains have been previously
associated with a higher production of toxins A and B, leading to an increased disease
severity [71,72]. However, CDT is not always present in severe cases [73,74]. In addition,
CDT can also be produced by only B+ and non-toxigenic strains (A−B−) [72]. Although
CDT production is commonly associated with higher severity of C. difficile infection, the role
of this toxin during infection and its mechanism of secretion is still not well understood.

Table 1. The virulence factors in C. difficile and their function.

Virulence
Factor

Encoding
Genes

Role in CDI References

Toxin A tcdA Multiple cytopathic and cytotoxic effects on the
targeted cells include disruption of Rho, Rac and

Cdc42-dependent signalling, the actin cytoskeleton
and the tight adherence junctions, increasing
epithelial permeability, allowing commensal

bacterial translocation, inflammation, diarrhoea
and sometimes death.

[66–68,75]Toxin B tcdB

TcdR tcdR

TcdR is a positive regulator (produced in response
environmental conditions) that triggers the
induction of transcription of the toxin genes

(tcdA and tcdB).

[76,77]

TcdC tcdC
TcdC is a negative regulator that inhibits the

expression of tcdA and tcdB. Mutations may cause
increased production of toxins A and B.

[62,64]

TcdE tcdE

TcdE may function as a lytic protein to facilitate the
release of toxins A and B to the extracellular

environment by a phage-like system, as these toxins
lack signal peptides.

[78,79]

CDT cdtA &
cdtB

C. difficile binary toxin (CDT) is a transferase that
disrupts the normal cytoskeletal function of cells by

inhibiting the protein actin. The altered actin
cytoskeleton causes an imbalance between actin

and microtubules.

[69–71]
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4. Ribotypes

There are in excess of 800 C. difficile ribotypes (RT), some of which are associated with
increased virulence [6,80,81], including RT027 and RT078 [82,83]. These ribotypes are also
more prevalent in human cases. RT027 (toxinotype III) has a mutation in tcdC, resulting
in significantly increased production of toxins A and B while also carrying the genes
encoding CDT production and fluoroquinolone resistance [84,85]. Although prevalence
has decreased in Europe in recent years, RT027 is associated with a higher mortality and
morbidity rate than other ribotypes [86]. The fluoroquinolone resistance, which emerged in
two genetically distinct epidemiological lineages (FQR1 and FQR2), was a key driver in
the rapid emergence of RT027 [57]. Moreover, this is essential to the increased severity of
this ribotype, as this strain typically infects elderly hospital patients on fluoroquinolone
treatment [5].

RT078 carries a 39 bp deletion in the tcdC gene and therefore overproduces toxins A
and B in addition to the binary toxin CDT. In contrast to RT027, which is mostly hospital-
acquired, RT078 is more prevalent in younger people and is generally associated with
the community [87]. RT078 strains are resistant to fluoroquinolones and erythromycin,
which has contributed to their higher prevalence in CDI [88]. Ribotype 126 has the same
mutation in its tcdC gene found in RT078, is resistant to moxifloxacin and tetracycline
and is also considered hypervirulent [89–91]. Other significant ribotypes from a public
health perspective include RT017 and RT018. Although the former only produces toxin B,
it is resistant to fluoroquinolones and rifampicin and has been associated with numerous
outbreaks [92–94]. RT018 has high toxin production capacity, increased cell adhesion,
is multidrug-resistant (erythromycin, clindamycin and moxifloxacin) and has become
endemic in several countries, including Italy, Spain, Austria and Slovenia [95–97].

5. C. difficile in the Environment, Farm Animals and Food

5.1. Water

Toxigenic C. difficile has been isolated from a variety of aquatic environments, including
drinking water, rivers, sewage effluent and swimming pools [98,99]. Coastal beaches and
river sediments are also contaminated [98,99], in some cases by runoff from fields or
effluents from wastewater treatment plants [100]. Indeed, C. difficile is often detected in
water from treatment plants [101], and contamination of drinking water was the source
of at least one C. difficile outbreak in Finland [102]. Thus, C. difficile survives in water and
through the effluent treatment process [100].

5.2. Soil, Manure and Silage

C. difficile is commonly found in soil on farms as well as in forests, recreational parks,
residential gardens, etc. [103–107]. These authors reported the highest prevalence in urban
settings (57%), followed by farms (31%) and forests (28%). Shivaperumal et al. [108] found
prevalence rates of 62%, 13% and 15% in garden soil, manure and compost, respectively,
while Fröschle et al. [109] reported C. difficile to be the most prevalent Clostridium spp. in
grass silage and cattle manure.

5.3. Farm Environment and Animals

Marcos et al. [110] reported that C. difficile were widespread in soil, water and faeces
on beef, sheep and broiler farms, with the prevalence ranging from 7% to 83% and counts
from 2.9 to 8.4 log10 cfu/g or /mL, depending on the animal species and sample type being
tested. Other studies also found C. difficile in the faeces of a range of farm animals, including
cattle, sheep, poultry and pigs [111–116]. Of these, pigs are the most important source of
C. difficile [113,116], with the relative prevalence by age being 45%, 3% and 1% in suckling
piglets, post-weaning piglets and finishing pigs, respectively [114]. Although these animals
may show symptoms (diarrhoea), most are asymptomatic [114]. Other similar studies have
reported a prevalence of 37% [115] and 78% [111] in piglets and 4% [115], 62% [117] and
9% [16] in mature pigs.
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C. difficile are also found in cattle, especially younger animals. Rodriguez et al. [113]
reported a prevalence of 11% in calves and 6% in adult cattle. Other studies have found
these bacteria in 11% [118], 14% [117] and 22% of calves [111] and 7% of mature animals [16].
Sheep, including lambs, are also potential carriers, with 0.6 to 2% in the former and 7%
reported in the latter [16,119].

Toxigenic C. difficile strains have also been reported in poultry faeces in several coun-
tries, including the USA (2.3%) [120], the Netherlands (5.8%) [107], Egypt (11.5%) [121],
India (14%) [122], Zimbabwe (29%) [123] and Slovenia (62.3%) [124].

5.4. C. difficile at the Animal Slaughter Stage

Pathogenic bacteria in faeces on the hide/fleece or in the gastrointestinal tract are
readily transferred to the carcass during slaughter and dressing [125]. C. difficile was found
in 1%, 3% and 28% of porcine gut contents at slaughter in Belgium [126], Austria [18]
and the Netherlands [127], respectively. Reported carcass contamination rates include
7% in Belgium [126], 15% in Canada [128] and 23% in Taiwan [129]. The prevalence of
bovine carcass contamination ranges from 7–8% [111,126] but may be as high as 34% [130].
Ovine carcass contamination rates of 15% and 25% have been reported in Iran and Turkey,
respectively [130,131]. While poultry carcass data is lacking, Candel-Pérez et al. [132] found
C. difficile in 28% of gizzard and 6% of liver samples collected in a poultry processing plant
in Spain. In Ireland, beef, sheep and broiler carcass contamination rates ranged from 40% to
100%, 40% to 60% and 10% to 40%, respectively, depending on the sampling stage during
carcass processing [16].

Ribotypes 002, 005, 013, 014, 015, 019, 035, 062, 081, 087 and 126 have been identified
in porcine faeces and rectal swabs at slaughter plants in Europe [18,111,126,127,133]. The
C. difficile ribotypes isolated from other animal carcasses include 027 from cattle and IR46
from ovine carcasses [131]. Poultry slaughter data is lacking, although Koene et al. [16]
found toxigenic ribotypes 056, 014 and 003 in faecal samples from poultry in Dutch slaugh-
ter plants.

5.5. C. difficile in Retail Foods

C. difficile has been reported in a range of foods at the retail stage. Thus, the consump-
tion of contaminated retail foods, especially ready-to-eat (RTE) foods, is a risk factor for
human infection [134]. Marcos et al. tested meat, dairy and vegetable retail foods and
detected C. difficile in 9 out of the 240 samples tested [110]. These include corned beef (1),
spinach leaves (2), iceberg and little gem lettuce (1 sample each), wild rocket, coleslaw,
whole milk yoghurt and cottage cheese (also 1 sample each). Of these samples, direct
counts were obtained for the spinach leaves (5.8 log10 cfu/g), coleslaw (4.3 log10 cfu/g)
and cottage cheese (6.8 log10 cfu/g).

5.6. C. difficile in Meat and Seafood

Both raw and RTE meat and seafood are frequently contaminated with C. difficile [35,118],
and the prevalence, including toxin gene profiles and ribotypes, is summarised in Table 2.
The reported contamination rates include 41% [35] and 20% [135] for raw pork meat, 12%
for ground pork meat [36] and up to 29% for pork sausages and RTE pork products [135].
A beef contamination rate of 42% was reported by Rodriguez-Palacios et al. [118], while
ground beef rates include 2% [37], 12% [36], 20% [118] and 50% [35]. In one study, de Boer
et al. [38] detected C. difficile in 6% of raw lamb samples. Reported poultry contamination
rates include 1% [38], 3% [39], 8% [136,137], 13% [36,120] and 44% [35]. C. difficile has also
been detected in shellfish and fish in several countries, with prevalence ranging from 4% to
49% [138–141].
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Table 2. Meat and seafood retail foods contaminated with C. difficile, including toxin gene profiles
(toxins A, B and CDT) and ribotypes.

Product Raw or RTE Total No. (%) Positive Toxin Gene Profile Ribotype(s) Reference

Ground pork Raw 3/7 (41.3%) A+ B+ CDT+ 027
078 [35]

Ground pork Raw 14/115 (12%) A+ B+ CDT+ 027
078 [36]

Ground pork Raw 2/66 (3.0%) A+ B+ CDT− 029 [39]

Pork meat Raw 35/303 (11.5%) A+ B+ CDT+ 078 [136]

Pork sausages RTE 10/16 (62.5%) A+ B+ CDT+ 027
078 [35]

Ground beef Raw 13/26 (42.4%) A+ B+ CDT+ 027
078 [35]

Ground beef Raw 11/53 (20.8%)

A+ B+ CDT+ M31

[118]
A+ B+ CDT− 014

077

Ground beef Raw 14/115 (12%) A+ B+ CDT+ 027
078 [36]

Ground beef Raw 2/105 (1.9%) A+ B+ CDTND 012 [37]

Ground beef Raw 21/303 (6.9%) A+ B+ CDT+ PA22 [136]

Beef Raw 1/67 (1.5%) A+ B+ CDT− 029 [39]

Beef sausages RTE 1/7 (14.3%) A+ B+ CDT+ 027 [35]

Corned beef RTE 1/10 (10%) AND B+ CDTND ND 1 [110]

Ground veal Raw 1/7 (14.3%) A+ B+ CDT+ M31 [118]

Turkey Raw 44/303 (14.5%) A+ B+ CDT+
PA01
PA05
PA16

[136]

Ground turkey Raw 4/9 (44.4%) A+ B+ CDT+ 078 [35]

Lamb Raw 1/16 (6.3%) A+ B+ CDT+ 045 [38]

Chicken Raw 7/257 (2.7%) A+ B+ CDT−
001
003
071
087

[38]

Chicken Raw 1/67 (1.5%) A+ B+ CDT− 029 [39]

Chicken Raw 25/310 (8.0%) A+ B+ CDT− ND 1 [137]

Chicken Raw 26/203 (12.8%) A+ B+ CDT+ 078 [23]

Chicken Raw 24/303 (7.8%) A+ B+ CDT+ PA05
PA16 [136]

Chicken Raw 4/32 (12.5%) A+ B+ CDT+ 078 [110]

Chicken RTE 1/130 (0.8%) A+ B+ CDT− 014
020 [41]

Shellfish Raw 118/702 (16.8%) A+ B+ CDT+ 126
475 [141]
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Table 2. Cont.

Product Raw or RTE Total No. (%) Positive Toxin Gene Profile Ribotype(s) Reference

Bivalve molluscs Raw 26/53 (49%)

A+ B+ CDT+ 078

[139]
A+ B+ CDT−

002
012

014/020
018
001

Bivalve molluscs Raw 36/925 (3.9%)
A+ B+ CDT+

078
126
010 [140]

A− B+ CDT− 017
001

+: Positive; −: Negative; 1 ND: Not determined.

5.7. C. difficile in Vegetables

The information on C. difficile isolated from vegetables is summarised in Table 3, with
overall prevalence rates of 2% to 5% [22,103,142]. Lim et al. detected C. difficile in 56% of
organic and 50% of non-organic potatoes, 22% of organic beetroots, 56% of organic onions
and 53% of organic carrots [143]. Tkalec et al. found this pathogen in 9% of leaf vegetables,
7% of ginger, 26% and 60% of potatoes, and 14.3% of homegrown leaf vegetables [144]. RTE
salads contamination rates included 2% [41], 3% [142], 3.3% [145] and 8% (153].

Table 3. Vegetable retail foods contaminated with C. difficile, including toxin gene profiles (toxins A,
B and CDT) and ribotypes.

Product Raw or RTE Total No. (%) Positive Toxin Gene Profile Ribotype(s) Reference

Root vegetables
(potatoes, beetroots, onions

and carrots)
Raw 30/100 (30%)

A+ B+ CDT+ QX 274

[143]
A+ B+ CDT−

002
137

QX519
QX049

101

A− B+ CDT+
070
237
584

A− B− CDT+ 033

Root vegetables (potatoes,
ginger) and leaf vegetables Raw and RTE 28/154 (18.2%)

A+ B+ CDT−

001/072
011/049
014/020

012
070
150
394

SLO129
SLO187
SLO279

[144]

A+B+CDT+

027
244
126
023

Lettuce RTE 1/54 (1.9%) A+ B+ CDT+ 126 [41]
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Table 3. Cont.

Product Raw or RTE Total No. (%) Positive Toxin Gene Profile Ribotype(s) Reference

Vegetables
(potato, onion,

mushroom, carrot, radish
and cucumber)

Raw 7/300 (2.4%) A+ BND CDT ND ND 1 [103]

Salad
(lettuce, lamb’s lettuce) and

vegetable (pea sprouts)
RTE 3/104 (2.8%) A+ B+ CDT−

014/020
001
015

[142]

Vegetables
(carrots, potatoes, garlic,

ginger, beets, mushrooms,
lettuce, green onions,

radishes, etc.)

Raw and RTE 5/111 (4.5%)
A+ B+ CDT+ 078

[22]

A+ B+ CDT− ND 1

Salad
(baby leaf spinach) RTE 2/60

(3.3%) A+ B+ CDT+ 078
126 [145]

Salad
(baby leaf spinach,

organic mixed leaf salad,
organic lettuce)

RTE 3/40 (7.5%)

A+ B+ CDT ND 001

[146]A− B+ CDT ND 017

Spinach leaves RTE 2/10 (20%) A−B+ CDT− ND 1 [110]

Iceberg lettuce leaves RTE 1/10 (10%) A−B+ CDT− ND 1 [110]

Little Gem lettuce leaves RTE 1/10 (10%) A−B+ CDT− ND 1 [110]

Wild rocket leaves RTE 1/10 (10%) A−B+ CDT+ ND 1 [110]

Coleslaw RTE 1/10 (10%) A−B+ CDT− ND 1 [110]

+: Positive; −: Negative; 1 ND: Not determined.

All of these ribotypes have toxin genes associated with illness in humans. Many have
been isolated directly from patients with CDI (Table 4), including 001, 002, 003, 010, 011,
012, 014, 015, 017, 018, 020, 023, 027, 029, 070, 071, 072, 077, 078, 087, 101, 126, 137 and 150.
Of these, 002, 003, 012, 014, 027, 029, 070, 078 and 126 have been reported in confirmed
community-acquired CDI, while 001, 017, 027, 072, 078 and 126 are hypervirulent.

Table 4. Further characterisation (pathogenicity, hypervirulence and association with community-
acquired CDI) of the ribotypes isolated from foods (Tables 2 and 3).

Ribotype Pathogenic Hypervirulent CA CDI 1 Reference(s)

yes no unk 2 yes no unk

001 � � [81,99,147–150]

002 � � � [81,99,148,149,151,152]

003 � � � [81,99]

010 � � [150]

011 � � [148]

012 � � � [81,148–150,153]

014 � � � [81,99,148,151,153]

015 � � [148,149,151]

017 � � [145,148,149,154]

018 � � [148,149]

020 � � [148,149,151]
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Table 4. Cont.

Ribotype Pathogenic Hypervirulent CA CDI 1 Reference(s)

023 � � [148,149,151]

027 � � � [72,73,147–149,153,155]

029 � � � [99,153]

070 � � � [81,149]

071 � � [149]

072 � � [99,148,149,156]

077 � � [149]

078 � � � [72,73,148,149,153–155]

087 � � [148,149]

101 � � [149]

126 � � � [6,80,81,99,149,153]

137 � � [149]

150 � � [149]

033, 045, 049, 237, 244, 394, 475, 584, M31, PA01, PA05, PA16, PA22, QX049,
QX274, QX519, SLO129, SLO187, SLO279 No information

1 CA CDI = community acquired C. difficile infection; 2 unk = unknown.

5.8. Meta-Analysis

The data presented in Tables 2 and 3 were analysed using Graphpad Prism version
9.3.1. The odds ratios (OR) (the odds of consuming a contaminated product) were calculated
for each food type. Briefly, the OR was calculated as the number of positive over negative
samples reported for each study. Turkey (with only two studies) was combined with the
chicken data (poultry category), while the single lamb study was omitted. The medians
and 95% confidence intervals were obtained and were then used to prepare the forest
plots. In these Figures, the vertical line is set at an OR = 1 (50:50 chance of the food being
contaminated). When all ribotypes are considered, shellfish and pork present a higher risk
to the consumer (Figure 2). However, when the analysis is repeated, focusing exclusively on
ribotypes 027 and 078 (the 2 hypervirulent strains most commonly associated with human
infection), the increased risk is only associated with the consumption of pork (Figure 3).

Figure 2. Forest plot of the OR of C. difficile (all ribotypes) in each food type.
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Figure 3. Forest plot of the OR of C. difficile 027 and 078 in each food type.

6. The Epidemiology of Foodborne Infection

In 1978, C. difficile was recognised as the causative agent of pseudomembranous colitis
and diarrhoea in patients on antimicrobial therapy and it was a hospital-associated dis-
ease [157]. In the 1980s and 1990s, the incidence of CDI increased significantly, driven by the
use of broad-spectrum third-generation cephalosporins (to which C. difficile is intrinsically
resistant), but the disease was rarely fatal [158,159]. There was a further increase in CDI
in the first 10 years of this century driven by the emergence and epidemic spread of the
hypervirulent strain, ribotype 027 [160]. The epidemiology of CDI also changed in terms of
clinical presentation, response to treatment, and disease outcome. Community-acquired
CDI, defined as cases with symptom onset in the community with no history of hospitalisa-
tion in the previous 12 weeks or symptom onset within 48 h of hospital admission [161],
also emerged. Since then, the incidence of CDI has remained high in developed coun-
tries [159,162], and rates of community acquired CDI have increased, accounting for 41%,
30% and 14% of total CDI in the USA, Australia and the EU, respectively [96,159,163]. Fur-
thermore, community acquired CDI patients are generally younger, healthy, often female
and lack the traditional risk factors of CDI, including a history of antimicrobial usage [164].

The natural habitat of C. difficile is the mammalian gastrointestinal tract (GIT). These
bacteria colonise the neonatal GIT, proliferate and are excreted in the faeces to which
other newborn animals are exposed, and the cycle recommences. As mammals develop,
other bacterial species colonise the GIT, and the prevalence of C. difficile decreases [165].
The GIT microbiota inhibit germination, vegetative growth and toxin production, thus
protecting against C. difficile [48]. However, in the 1990s, this protection was removed
when cephalosporins were used in animal husbandry, and food animals became a major
reservoir and amplification host for C. difficile [119,166], resulting in the contamination of
the environment and a range of foods [100,119,166].

Once the environment is contaminated, there are multiple direct and indirect routes to
humans, including via food (as illustrated in Figure 4). It is all but impossible to provide
incontrovertible proof of foodborne transmission because of the ubiquitous nature of C.
difficile, delayed onset of symptoms, ability to persist for extended periods as an endospore,
etc. However, it has been shown that C. difficile endospores in animal waste, wastewater
treatment sludge, soil, manure and compost may survive for extended periods of time,
facilitating direct contamination of vegetables and fruit or meat via cross-contamination
of carcasses during slaughter and processing [108,147]. Water also frequently contains C.
difficile endospores [99,100,148], and food production may also be contaminated via water
used for irrigation or food processing [100,144]. Moreover, the presence of endospores in
rivers may contaminate fish and seafood [100,138,139,141]. Transfer from food and wild
animals and from domestic pets has also been described [116,149].
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Figure 4. The cycle of community-associated CDI infections from zoonotic, environmental or food-
borne sources. Adapted from [100] using ARASAAC pictograms.

Of particular interest, from the public health perspective, is the detection of similar C.
difficile isolates in farm animals and in humans suffering from CDI, suggesting this pathogen
may be zoonotic [150]. Whole genome sequencing (WGS) analysis has shown that ribotypes
078, 126 and 066, commonly found in pigs and/or cattle, are genetically identical to those
in humans [151–155]. Although ribotype data for sheep is limited, ribotypes 014, 010 and
045 are common to both humans and ovine sources [119,156,167], while human-related
ribotypes 001, 014 and 039 are also found in broilers [120–122,168].

7. Control Strategies

CDI can be controlled in hospitals using deep environmental cleaning, appropriate
hand hygiene, stringent infection control and antimicrobial stewardship [169]. However,
the same strategies cannot be used in agriculture and food processing [15]. Reduced
usage of antibiotics in food animal production would reduce C. difficile amplification but
is unlikely as increasing global food demand is driving increased antimicrobial usage in
animal husbandry, which is projected to rise by 67% by 2030 [15,140]. In 2006 the EU
banned the use of antibiotics as growth promoters, followed by the USA in 2017, but other
major food-producing countries still allow this practice [170].

Preventing the recycling and dissemination of C. difficile endospores in animal slur-
ries applied to land as organic fertilisers would also facilitate reduced environmental
contamination and animal carriage. However, research is required to develop effective
treatments [171]. Vaccination of food-producing animals is another possible control strategy,
but an effective vaccine has not been developed yet [15]. Controlling C. difficile in food is
dependent on reducing or eliminating the endospores, which are resistant to chilled (4 ◦C)
and freezing (−18 ◦C and −80 ◦C) temperatures [172,173]. Although the endospores are
resistant at 80 ◦C [172–174] and will survive the recommended cooking time temperature
combinations recommended for meat [174], they are eliminated at 98 ◦C for 2 min [175].
The same authors suggested microwave irradiation (800 W/60 s) also achieved complete
inactivation by denaturing the outer coat.

C. difficile endospores are also resistant to desiccation, hydrostatic pressure [37,176–179]
and a range of food preservatives, including sodium nitrite, sodium nitrate and sodium
metabisulfite, at permitted concentrations [180]. In contrast, nisin [181], black seed oil,
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myrrh water [182], garlic juice, peppermint oil, trans-cinnamaldehyde, allicin, menthol and
zingerone [183] have a potential application, but validation studies are required before they
can be used in controlling C. difficile in food.

8. Conclusions

Based on the information provided, it was concluded that C. difficile is widespread in
the environment and along the food chain. Many food isolates carry the virulence factors
required for human infection, and there is no conceivable reason why food is not a source
of these pathogens. This conclusion is further supported by the presence of the same
ribotypes in food and humans suffering from community-acquired CDI. Based on our
analysis, potentially vulnerable consumers should be advised not to handle or consume
shellfish or pork.
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Abstract: Humans and animals can become asymptomatic carriers of Listeria monocytogenes and
introduce the pathogen into their environment with their feces. In turn, this environmental contami-
nation can become the source of food- and feed-borne illnesses in humans and animals, with the food
production chain representing a continuum between the farm environment and human populations
that are susceptible to listeriosis. Here, we update a review from 2012 and summarize the current
knowledge on the asymptomatic carrier statuses in humans and animals. The data on fecal shedding
by species with an impact on the food chain are summarized, and the ways by which asymptomatic
carriers contribute to the risk of listeriosis in humans and animals are reviewed.

Keywords: domestic animals; ruminants; wildlife; human; crop; vegetable; environmental
contamination; asymptomatic carriers; Listeria monocytogenes

1. Introduction

Food-borne listeriosis caused by Listeria monocytogenes accounted for 1876 human
cases in the EU in 2020. It is also the zoonosis with the highest case fatality rate of 10% in
the EU [1]. Combined with the often severe neurological symptoms, this makes listeriosis a
high priority for food safety efforts worldwide. L. monocytogenes has a broad host range
in humans, as well as wild and domestic animals that typically become infected by the
ingestion of food or feed that has been contaminated with L. monocytogenes.

Potential sources for L. monocytogenes in feed and food result from the ubiquitous
presence of L. monocytogenes in the environment [2], fecal shedding by hosts and the ability
of L. monocytogenes to establish itself in suitable niches in the farm or food-processing
environment due to its capacity to adapt to a broad range of environmental stresses [3].

The food chain provides a direct link between the farm environment and human hosts.
L. monocytogenes gains access to food production facilities through either raw materials of
animal origin (meat and milk) via produce that are contaminated with L. monocytogenes
from soil or feces or from other sources through a lack in hygiene management. A subset
of strains of L. monocytogenes (e.g., clonal complex (CC) 9 or 121) have shown a higher
propensity to persist in the food production environment, mainly through increased re-
sistance against disinfectants such as quaternary ammonium compounds [4]. It is not
uncommon for L. monocytogenes to persist in niches in food processing facilities for years or
even decades [5].

Taken together, food intended for human consumption may become contaminated
with L. monocytogenes at any level: (i) during primary production at the farm level, (ii) dur-
ing processing or (iii) at the retail or (iv) consumer level due to insufficient hygiene measures
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287



Foods 2022, 11, 3472

during food handling. If L. monocytogenes is able to grow in food or feed matrices that are
consumed without an inactivation step (e.g., heating), the basic conditions for an outbreak
of listeriosis are met.

Infections of human or animal hosts result in clinical presentations that range from
asymptomatic carriers to septicemia, encephalitis or abortions [6]. While the pathomecha-
nisms in the host and the bacterial virulence factors in L. monocytogenes are well-understood,
it remains largely unclear why some individuals become asymptomatic carriers. In some
cases, truncated alleles of the gene inIA encoding surface protein internalin A were found
in strains isolated from asymptomatic human carriers [7]. Truncated forms of the inlA gene
were associated with a loss of virulence [8], which may lead to asymptomatic carriage, and
were also overrepresented in isolates from food compared to clinical isolates [9], suggesting
the potential exposure of consumers to these isolates. Additionally, a contribution of viable
but nonculturable (VBNC) forms of L. monocytogenes [10] to asymptomatic carriage has
been hypothesized [11,12].

Among other bacteria, L. monocytogenes has developed various mechanisms for switch-
ing from a vegetative to a metabolically inactive state. However, L. monocytogenes in the
VBNC state represent a diagnostic challenge, because the majority of the current tests need
at least one cultivation step, thus failing to detect nongrowing VBNC cells. Fortunately, in
recent years, a variety of PCR and qPCR applications combined with DNA intercalating
dyes have been established for detecting viable and VBNC cells [12].

Asymptomatic carriers present a major challenge to food safety (Figure 1). On the
other hand, according to a recent study, the gut microbiota itself is a major line of defense
against foodborne pathogens [13]. The authors point out that a specific microbiota signature
is associated with the asymptomatic shedding of L. monocytogenes. They conclude that fecal
carriage of this pathogen is a common phenomenon in healthy individuals and is very
much influenced by the gut microbiota [13].

Figure 1. Role of asymptomatic fecal shedding of L. monocytogenes by humans and animals in
the spread between habitats with a focus on food safety. Bold arrows indicate the most relevant
contamination pathways in food production chains in Europe today—in particular, along the farm–
food plant–food continuum. Figure was created with BioRender.com.
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Efficient controls are in place to exclude animals that are obviously ill from milk or
meat production. In contrast, the intermittent fecal shedding of asymptomatic carriers
often remains invisible in humans and animals. [14]. With regard to farm animals, the
fecal shedding of L. monocytogenes can lead to three contamination scenarios with potential
implications for food safety: (i) It contributes to a higher load of L. monocytogenes in the
immediate barn environment, increasing the risk of additional animals becoming infected.
(ii) Manure from these animals may be used to fertilize fields, and runoff from farms may
contaminate water sources, both risk factors for the contamination of feed and crops with
L. monocytogenes [15,16]. (iii) Unrecognized carrier animals may lead to raw milk and
meat contamination due to insufficient hygiene practices during milking or slaughtering.
Finally, asymptomatic human colonization with L. monocytogenes may result in the direct
contamination of food or the food processing environment due to insufficient hand hygiene.

The aim of this review is to update a 2012 review on the asymptomatic carrier statuses
in different species [17] and to summarize the current knowledge on risk factors associated
with fecal shedding in different species.

2. Domestic Animals as Asymptomatic Carriers

From studies on Listeria ecology, the asymptomatic carriage of L. monocytogenes seems
to be evident worldwide, and most domestic animal species, including dogs and cats, can
shed L. monocytogenes intermittently via feces (Table 1). In addition, the prevalence data
showed significant counts of L. monocytogenes in tonsil samples from healthy domestic
animals (Table 1). The role of household pets in spreading L. monocytogenes is not well-
studied. To our knowledge, there is no documented clinical case of the transmission of
L. monocytogenes from pets to humans. However, in recent years, it has become increasingly
popular for dog and cat owners to feed their pets raw meat-based diets (RMBDs) instead
of the more conventional dry or canned pet foods. A Dutch research team demonstrated
that RMBDs may be a possible source of L. monocytogenes infection in pet animals and, if
transmitted, pose a risk for human beings. They analyzed 35 commercial RMBDs from eight
different brands. Alarmingly, L. monocytogenes was present in 54% of all tested samples [18].

Pigs can be important reservoirs for L. monocytogenes (Table 1), and in particular,
younger animals are at risk for asymptomatic carriage. For example, the prevalence of
L. monocytogenes in the tonsils of fattening pigs (22%) was significantly higher than in
sows (6%) [19]. Hypervirulent clones of L. monocytogenes such as CC6 [9] were found
in pig tonsils, and due to the presence of closely related isolates along the production
chain, the cross-contamination or recontamination of meat from a specific source in the
slaughterhouse seems to play an important role [20].

Housing conditions significantly influence the risk of L. monocytogenes detection in
healthy pigs: According to Hellstrom et al. [21], there is a higher prevalence of L. mono-
cytogenes in animals from organic production compared to conventional farms. The EU
regulation on organic production (EU 2018/848) stipulates that pigs in organic production
systems must have straw bedding and must have outdoor access. Additionally, pigs in
organic production systems are typically housed in larger groups [21], all of which may
contribute to a higher exposure of the animals to L. monocytogenes from the environment
or from other animals within the same group. On the other hand, it cannot be denied that
pigs of intensive indoor farming are often exposed to prolonged social, environmental and
metabolic stress [22], which may also enhance the shedding of L. monocytogenes.

A highly variable prevalence has been found in fecal samples of healthy dairy cattle
ranging from ±1.9% in individual animals to ≥46% of beef herds [23]. Antibody titers
to specific L. monocytogenes virulence proteins, such as listeriolysin O and internalin A,
were demonstrated in 11% of 1652 healthy dairy cows in Switzerland, suggesting that
contact with L. monocytogenes is relatively frequent in this animal species [24]. A large-
scale longitudinal study conducted to monitor Listeria spp. in dairy farms during three
consecutive seasons in Spain showed that the prevalence of L. monocytogenes was affected
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by season and age: a higher prevalence was observed during the winter in cattle, and cows
in their second lactation had the highest probability of L. monocytogenes fecal shedding [25].

In all likelihood, the fecal shedding of L. monocytogenes by cattle depends on extraneous
factors, including feedstuff contamination and season. Shedding appears to be directly
associated with feeding practices. A higher prevalence of L. monocytogenes in feces has
occurred in farms with contaminated feed. Generally, Listeria spp. and L. monocytogenes
prevalence were higher during the indoor season compared to the pasture season [26,27].
L. monocytogenes shedding by cows on a study farm was (i) dependent on the subtype
of L. monocytogenes, (ii) highly associated with silage contamination and (iii) related to
animal stress [28]. Poor-quality silage with fermentation defects can have pH values that
are permissive to the growth of L. monocytogenes and act as a major risk factor for listeriosis
in ruminants [29]. This may also explain the seasonal shedding patterns of L. monocytogenes
by ruminants [14,30,31]. Additionally, for sheep and goats, the likelihood of the isolation
of L. monocytogenes was three to seven times higher in farms that relied on silage feeding
compared to those without [32]. Finally, it is interesting to note that L. monocytogenes clonal
complex 1 is the most prevalent clonal group associated with human listeriosis and is
strongly associated with cattle and dairy products [33].

Given the general proclivity of L. monocytogenes for most vertebrates, the special
association of L. monocytogenes with ruminants may be a specific host adaptation that
reflects the unique conditions in the pre-fermentative ruminant fore-stomach. It is the
voluminous rumen that may favor the rapid multiplication of L. monocytogenes at a pH
between 6.5 and 7.2 and at body temperatures between 38.0 and 40.5 ◦C before confrontation
with the acidic environment of the abomasum. This hypothesis is supported by findings
that brief, and the low-level fecal excretion of L. monocytogenes in sheep is concomitant with
a transitory asymptomatic infection after translocation from the gastrointestinal tract (GIT),
with the rumen digesta serving as a reservoir. In this study, the asymptomatic carriage
of L. monocytogenes in sheep was not simply a case of passive passage of the bacteria but
was associated with transitory multiplication in the rumen, depending on the dose of
L. monocytogenes ingested and the age of the animal [34].

Table 1. Isolation of Listeria monocytogenes from healthy domestic animals.

Country Animal Target Sample (n) Positive (%) Ref.

Austria Sheep/Goat L. spp.
Feces (53)

42.6
[32]L. monocytogenes 13

Egypt Cattle L. monocytogenes Feces (660) 6.8
[37]Milk (660) 5.9

Finland Chicken L monocytogenes Cloacal swabs
(457) 1.3 [36]

Germany

Cattle

L. monocytogenes

Feces (138) 33

[38]

Sheep (100) 8
Hens (100) 8
Pigs (34) 5.9
Horses (400) 4.8
Dogs (300) 1.3
Cats (275) 0.4

Germany Pigs L. monocytogenes
Tonsils (430)

1.6
[39]L. innocua 1.2
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Table 1. Cont.

Country Animal Target Sample (n) Positive (%) Ref.

Italy Pigs L. monocytogenes
Salivary gland,
lymph nodes,
tonsils (189)

13.2 [40]

Japan

Cattle

L. monocytogenes Feces (1705)

1.9

[41]
Pigs 0.6
Dogs 0.9
Rats 6.5

Japan Cattle L. monocytogenes Feces (1738) 6 [42]

Jordan Cattle L. monocytogenes Feces (610) 1.5 [43]

Qatar Camel L. monocytogenes Feces (50) 4 [44]

Slovenia
Cows L. monocytogenes Feces (540) 18.2

[45] *Calves (511) 8.4

Spain
Cattle (beef)

L. monocytogenes Feces (301)
42.3

[23]Cattle (dairy) 46.3
Sheep 23.5

Spain
Cattle

L. monocytogenes
Feces (953) 4.3

[25]Sheep Feces (483) 5.8
Goat Feces (333) 0.3

Switzerland Cattle
Ab to LO

Serum (1652) 11 [24]and IA **

Taiwan Chicken L. monocytogenes Carcass rinse (246) 11.4 [35]

USA Cattle L. monocytogenes Feces (825) 31 [14] ***

USA Cattle L. monocytogenes Feces (528) 20.2 [31] ****

USA Broiler L. monocytogenes Feces (555) 14.9 [46]

USA (Central NY
State) Cattle L. monocytogenes

Milk (1412) 13
[47]Udder swab (1408) 19

Feces (1414) 43

* Fecal samples were collected from cows and calves on 20 family dairy farms in 2-week intervals for a period of 1
year. ** Antibodies to listeriolysin O and internalin A. *** Twenty-five fecal samples were collected daily for two
2-week periods and one 5-day period. **** A case–control study involving 24 case farms with at least one recent
case of listeriosis and 28 matched control farms with no listeriosis cases was conducted to study the transmission
and ecology of Listeria monocytogenes on farms.

Poultry, turkeys, ducks and geese can asymptomatically carry L. monocytogenes [17].
Recently, carcass rinses and cloacal swabs were reported to be positive at a level of 11 and
1.3%, respectively [35,36]. In addition, there are numerous reports about contamination
rates in poultry production establishments and poultry meat and meat products. Stress,
such as transport, is plausibly one important factor that exacerbates shedding and thus
contributes to the contamination of production lines.

In summary, healthy domestic animals can be asymptomatic carriers of L. monocy-
togenes. While the prevalence of fecal shedding tends to be low, husbandry practices
involving silage feeding, as well as stressors associated with housing conditions, group
sizes and transport are risk factors that can increase fecal shedding.

3. Carriage of L. monocytogenes by Wild Animals

Typically, studies on wildlife shedding L. monocytogenes provide no metadata on the
health status of the animals, either because it was not evaluated, because animal droppings
were sampled in the absence of the animal or because the symptoms of listeriosis were
difficult to spot or unknown in a species. Additionally, catch and release studies may
be biased towards animals with an impaired health status that may render them more
likely to be caught. This makes a classification as “asymptomatic” carriers in wild animals
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problematic. However, for the purpose of this review, we assume that wild animals that are
fecal shedders, symptomatic or not, contribute to the distribution of L. monocytogenes in and
between environments and should therefore be considered in food safety risk assessments.

A variety of birds, including pheasants, pigeons, gulls, crows, rooks and sparrows,
have been shown to be asymptomatic carriers of L. monocytogenes (Table 2). A comprehen-
sive prevalence study in Japan looked at fecal or intestinal samples from 996 birds across
18 species and found Listeria spp. in 13.4% of all samples, most commonly in samples
from crows [48]. Additionally, the fecal presence of L. monocytogenes was shown in 33% of
urban rooks [49]. According to Hellstrom et al. [50], feces from wild birds (mostly from
gulls, pigeons and sparrows) collected in Finland exhibited an overall L. monocytogenes
prevalence of 36%. Pulsotypes obtained from the birds were often similar to those collected
from the food chain, suggesting a possible role of birds in the spread of L. monocytogenes
strains that are relevant in the context of human infections.

The carriage of L. monocytogenes in wildlife is not confined to wild birds. Table 2 shows
that Listeria spp., including L. monocytogenes, have been isolated from a broad variety of
mammals (e.g., deer, rodents and wild boars) and also other vertebrates such as reptiles.
A Japanese study [48] that included fecal or intestinal samples from 623 wild mammals
from eleven species identified Listeria spp. in 38 (6.1%) of the tested animals. The highest
number of Listeria spp. isolates (16/38) were from monkeys, which resulted in a prevalence
of 20.0% (16/80) in the monkey samples. A similar study conducted in Canada analyzed
268 fecal samples from a variety of animals, 112 of which were from wildlife, including deer,
moose, otters and raccoons. Among these, 35 samples were positive for L. monocytogenes
(29%) [51]. In samples of 45 red deer and 49 wild boars hunted in Austria and Germany
during 2011/12, a total of 19 (42.2%) red deer were positive for L. monocytogenes, as were
4 (18.2%) out of 22 pooled feed samples and 12 (24.5%) boars [52]. In several samples,
L. monocytogenes was isolated from the tonsils and ruminal or cecal contents without its
presence in feces, implying that game can carry L. monocytogenes even if it is not detectable
in their feces. The highest counts for L. monocytogenes were found in the rumen of deer
and in the tonsils of boars. Pulsed-field gel electrophoresis showed a wide variety of
strains, but the serotypes were predominantly 1/2a and 4b. A Polish study examining
free-living carnivores as potential sources of infection [53] isolated L. monocytogenes from
approximately 5% of animals, which included red foxes, beech martens and raccoons. A
full set of intact virulence genes was present in 35% of the isolates; the remainder contained
varying numbers and configurations of the genes.

Table 2. Isolation of Listeria monocytogenes from healthy wild animals.

Country Animal Target Sample (n) Positive (%) Ref.

Austria/
Germany

Red deer L. monocytogenes samples* (45) 42
[52]Wild boar (49) 25

Bulgaria Birds (Riparia riparia,
Motacilla flava) L. monocytogenes Feces (673) 0.6 [54]

Canada Geese
L. spp.

Feces (495)
9.5

[55]L. monocytogenes 4.0

Canada Gulls (Laurus delawarensis) L. monocytogenes Cloacal swabs
(264) 9.5 [56]

China Rodents
L. m

Feces (702)
0.3

[57]L. ivanovii 3.7
L. innocua 6.7
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Table 2. Cont.

Country Animal Target Sample (n) Positive (%) Ref.

China Rodents
L. spp.

Feces (341)
9

[58]L. monocytogenes 3.2
L. innocua 2.9

Finland Birds L. monocytogenes Feces (212) 36 [50]

Finland/Norway Reindeer L. monocytogenes Feces (470) 3.2 [59]

France Rooks
L. monocytogenes

Feces (112)
33

[49]L. innocua 24
L. seeligeri 8

Germany Pigeons
L. monocytogenes

Feces (350)
0.8

[60]L. innocua 2.3
L. seeligeri 0.6

Japan Crows
L. monocytogenes

Feces (301)
1.7

[48]L. innocua 43

Kenya Nile tilapia L. monocytogenes Muscle (167) 1.2 [61]

Poland Red deer L. monocytogenes Feces (120) 1.75 [62]

Poland
Red fox,
beech marten,
racoon

L. monocytogenes
Rectal swab (286) 3.5

[53](65) 6.1
(70) 4.3

Switzerland Wild boars L. monocytogenes Tonsils (153) 17
[63]Feces (153) 1

USA (central
New York)

Reptiles
L. monocytogenes

Feces (17) 12
[64]Mammals (64) 8

Birds (242) 4.5

* Tonsils and content of the rumen or the stomach, liver, intestinal lymph nodes, cecum content and feces.

Ready-to-eat fish and seafood products—in particular, cold smoked salmon—are
frequent sources of human listeriosis [1]. The majority of cases are likely a consequence
of post-harvest contamination by L. monocytogenes strains that persist in food processing
facilities [65]. For farmed fish, factors such as water pollution, agricultural runoff and
seagull feces are important contributing factors to the presence of L. monocytogenes in
the fish and the farm environment [66]. Another alternative is the fish, such as salmon
from wild catch. According to a recent Norwegian study, freshly slaughtered salmon
contaminated with L. monocytogenes was a likely source for the introduction and subsequent
persistence in a salmon processing plant [67]. However, fish themselves do not seem to be
very susceptible to L. monocytogenes. After a gavage of L. monocytogenes into the stomachs
of live salmon, they were readily cleared without pathologic changes to the animals within
three days [66], and rainbow trout held in fish farms where L. monocytogenes was detected in
the water were rarely positive for L. monocytogenes [68]. A recent study [61] demonstrated
an increase in the L. monocytogenes contamination level in tilapia from capture (1.2%) to the
domestic market (5.8%). Taken together, these data suggest that fish may become transient
asymptomatic carriers of L. monocytogenes after exposure but are not likely to be long-term
spreaders of the pathogen.

Reptiles [64], insects [69] and even protozoa [70] may also harbor L. monocytogenes.
The ongoing trend to keep reptiles, such as snakes, turtles and geckos, as exotic pets should
not go unmentioned. In Europe alone, it is estimated that more than 11 million reptiles
were kept as pets in 2021 [71]. Further studies are required to assess the possible risk of
infection for reptile keepers.

Lately, invading Spanish slugs (Arion vulgaris) have been implicated as vectors for
L. monocytogenes [72]. Of the pooled samples of 710 slugs, 43% were positive, and 16%
of them had mean counts of 405 CFU/g of slug tissue. Of 62 slugs cultured, 11% had a
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positive surface or mucus. Additionally, when the slugs were fed with L. monocytogenes,
they shed viable bacteria in their feces for up to 22 days. Recently, ants were found to harbor
L. monocytogenes sporadically, and their potential to transmit pathogenic microorganisms
from contaminated environments to food has been demonstrated [69].

Overall, these data show that a wide range of vertebrates, including reptiles, birds
and mammals, as well as some invertebrates, can act as carriers of L. monocytogenes and
contribute to its spread between habitats through asymptomatic carriage.

4. Asymptomatic Carriage of L. monocytogenes in Humans

The fecal transmission of L. monocytogenes is not only confined to domestic and wild
animals. Humans have been shown to shed L. monocytogenes intermittently, with the preva-
lence of fecal shedding in healthy individuals determined by cultures typically ranging
below 5% (Table 3); for older studies, see [73].

Interestingly, although low levels of carriage were found in Austria [74] and the
USA [75] for healthy people, a later study in Austria compared feces from three individuals
sampled over a three-year period. They found that ten (1.2%) out of 868 samples proved
positive for L. monocytogenes, all of which were serotypes 1/2a and 1/2b. A closer analysis
revealed that there were five independent asymptomatic exposures to the bacterium,
corresponding to an average of two exposures per person per year [76]. According to the
scientific opinion of the European Food Safety Authority on L. monocytogenes contamination
of RTE foods and the risk for human health in the EU, there is an increasing number of
clinical cases for the over 75 years of age group and female age group between 25 and
44 years old. Quantitative modeling demonstrated that more than 90% of invasive listeriosis
is caused by the ingestion of RTE food containing > 2000 CFU/g and that one-third of cases
are due to growth of the organism in the consumer phase [77].

Underlying medical conditions may also be a predisposing factor for the asymptomatic
carriage of L. monocytogenes in humans—for instance, in patients on renal dialysis who
received the H2 receptor antagonist antacid ranitidine [78]. On the other hand, the fecal
prevalence of Listeria spp. or L. monocytogenes was the same between HIV-infected pregnant
women receiving antiretrovirals and uninfected controls [79]. Pregnancy itself does not
seem to affect the rate of human asymptomatic carriage. It was shown that 51 women in
their 10–16th weeks of pregnancy had a fecal carriage rate of only 2% [80]. In comparison,
the same fecal carriage was confirmed for 3.4% out of 59 nonpregnant controls. Moreover,
when the fecal carriage rates in pregnant women with listeriosis were compared with
matched, nonpregnant controls following an outbreak in Los Angeles, similar carriage rates
were found [81]. A recent study [82] indicated that dysbiosis of breast milk microbiota may
result in an increased relative abundance of L. monocytogenes in the milk of the mothers of
children showing severe acute malnutrition (SAM).

Table 3. Humans as carriers of Listeria spp.

Country Target Sample (n) Positive (%) Reference

Austria L. monocytogenes Feces, healthy people (505) 0.2 [74]

Brazil
L. monocytogenes Feces, pregnant women (213) 2.4

[79]L. spp. 7.5

Egypt L. monocytogenes
Hand swabs, farm workers (100)

16
[83]L. innocua 2

France hly gene Feces (900) 10 [13]

Germany L. monocytogenes Feces, patients with diarrhea
(1000)

0.6
[84]L. innocua 1.7

294



Foods 2022, 11, 3472

Table 3. Cont.

Country Target Sample (n) Positive (%) Reference

Germany L. monocytogenes Feces, healthy people (2000) 0.8
[84]L. innocua 2

Iran L. monocytogenes

Feces (80) 7.5
[85]Vaginal swabs (80 samples from

women with at least two
abortions)

11.3

Senegal L. monocytogenes

Breast milk, mothers of SAM
children (120) 100

[82]
Breast milk, mothers of healthy
children (32) 37.5

Turkey L. monocytogenes Hand and clothes swabs, abattoir
workers (70) 5.7 [86]

Turkey L. monocytogenes Feces (1061) 0.9 [87]

UK L. monocytogenes Feces, patients with gastroenteritis
(171) 1.8 [78]

USA L. monocytogenes Feces (827) 0.12 [75]

A culture-independent approach based on molecular methods detected L. monocyto-
genes in 173/3338 (5.2%) human microbiome datasets on MG-RAST (16S sequencing) and
in 90/900 (10%) stool samples from healthy individuals using PCR [13]. The interpretation
of these data should bear in mind that DNA-based detection methods do not differentiate
between live and dead organisms. The same study also showed a correlation between
specific gut microbiota and the presence of L. monocytogenes. Interestingly, a study in mice
indicated that aging may cause significant dysbiosis of the commensal microbiota, resulting
in increased L. monocytogenes colonization of the gut [88]. Additionally, occupational groups
encountering animals, feces and meat and those who undergo work-related exposure to
the bacterium are anticipated to be at an increased risk of asymptomatic infection. For
example, the cumulative prevalence of L. monocytogenes in hand swabs from farm workers
and hand and clothes swabs from abattoir workers was 16% and 6%, respectively [83,86],
which is higher than the average prevalence typically found in fecal samples from healthy
people (Table 3).

In order to grasp the extent of L. monocytogenes exposure in the wider human commu-
nity, a European Union-wide baseline survey was carried out in 2010 and 2011. All in all,
13,088 food samples were examined for the presence of L. monocytogenes. The prevalence
across the entire European Union in fish samples was 10.4%, while, for meat and cheese
samples, the prevalence were 2.07% and 0.47%, respectively [89].

Wagner et al. [90] sampled ready-to-eat foods in Austria. Out of 946 food samples
collected from food retailers in Vienna, 124 (13.1%) and 45 (4.8%) tested positive for Listeria
spp. and L. monocytogenes, respectively. Products showing the highest contamination were
fish and seafood (19.4%), followed by raw meat sausages (6.3%), soft cheese (5.5%) and
cooked meats (4.5%). The samples were also collected from households in the same region,
and 5.6% and 1.7% out of 640 foodstuffs tested positive for Listeria spp. and L. monocytogenes,
respectively. Alarmingly, the same isolates from the latter products could be detected from
pooled fecal samples of household members, suggesting that even low-level contaminated
foods (<100 CFU/g) may result in fecal shedding.

5. The Impact of Asymptomatic Carriers on the Presence of L. monocytogenes on Farms
and in the Food Processing Environment

As discussed above, asymptomatic fecal shedding of L. monocytogenes by farm animals
contributes to an increased presence of the pathogen in the farm environment with an
associated risk to food and feed safety. A systems approach to food safety therefore
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should include a thorough analysis of the ecology of L. monocytogenes in the agricultural
environment, and the identification and elimination of farm reservoirs for L. monocytogenes
is a prerequisite for the implementation of farm-specific pathogen reduction programs [91].
Table 4 summarizes the recent studies that were performed in this context.

We can conclude that asymptomatic fecal shedding by farm animals is linked to diet,
particularly to silage [92]. The incidence of L. monocytogenes silages was reported to range
from 2.5% (clamp silage) to 22.2% (large bales) and to be even higher (44%) in moldy
samples [93]. L. monocytogenes is thought to initially access silage from the contamination of
raw grass via soil. Insufficient acidification of the silage caused by inadequate fermentation
then allows the growth of L. monocytogenes to levels that can cause disease. Surprisingly,
L. monocytogenes was rarely detected on grass and vegetables prior to processing [92], which
may reflect the low numbers of bacteria needed as an initial contamination. However, once
plant material is contaminated, the bacteria can survive for weeks, with implications for feed
safety if the grass is contaminated and food safety when the crops are contaminated [94].
Importantly, recent studies in the USA demonstrated that the use of surface water for
irrigation could be a major source of contamination [95–97]. L. monocytogenes was found
in up to 27% of the samples of pond water [98] and in up to up to 99% in the waste
water of stabilization ponds in the arctic region of Canada [99]. In addition, the ability of
L. monocytogenes to enter the VBNC state may contribute to adaptation, persistence and
transmission between different ecological niches [11].

Besides silage, L. monocytogenes was regularly isolated from samples obtained from
feed bunks, water troughs and bedding [47,100], which is consistent with its ubiquitous
presence in soil and subsequent spread through feed and animals. Most interestingly, recent
studies indicated that dairy farms may favor the selection of hypervirulent L. monocytogenes
clones, which can then enter the food chain [4,25].

Taken together, the persistence of L. monocytogenes in the ruminant farm environment
may be supported by a cycle of ingestion of L. monocytogenes with contaminated feed,
multiplication in animal hosts and subsequent fecal contamination of the environment [101].

Although pigs seldom develop clinical listeriosis, pork products have consistently
been linked to human infection [1,102,103]. Slaughter and processing environment con-
taminations have been traced back to healthy carrier pigs [104]. As for in–out or empty
and clean finishing pig facilities, when the duration of the empty period prior to the
introduction of growing pigs was less than one day in the fattening section, the risk of
L. monocytogenes contamination was significantly increased [105]. This same group also
proposed that wet feeding is a risk factor for L. monocytogenes colonization of a finishing
batch, likely because of feed residue layers and biofilm formation within the pipes and
valves. The prevalence of fecal shedding of L. monocytogenes in healthy swine generally
increases from the farm to food manufacturing plants [91]. However, the main source for
L. monocytogenes contamination in food appears to be at the slaughter and processing steps,
where the bacterium can survive for very long periods [104].

Table 4. Listeria spp. isolated from the farm and environment.

Country Target Sample (n) Positive (%) Ref.

Austria

L. spp. Working Boots (53) 51

[32]
Floor (53) 39.3

L. monocytogenes Working Boots (53) 15.7
Floor (53) 7.9

Canada L. monocytogenes Irrigation water (223) 10.3 [106]

Canada (Arctic region) L. monocytogenes Wastewater stabilization ponds (109) 99 [99]

Denmark L. monocytogenes Abattoir poultry (3080) 8.0 [107]
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Table 4. Cont.

Country Target Sample (n) Positive (%) Ref.

Egypt L. monocytogenes

Water (36) 8.3

[37]
Silage (36) 27.8
Manure (36) 19.4
Soil (36) 8.3
Milking equipment (432) 6.9

Germany L. monocytogenes Slaughterhouse (environment and equipment,
77) 0.9 [20]

Iran L. monocytogenes Water (180) 16.7 [85]

Iran L. monocytogenes Iranian currency (108) 0.93 [108]

Jordan L. monocytogenes Bulk tank milk (305) 7.5 [43]

New Zealand L. monocytogenes Bulk tank milk (400) 4.0 [109] *

South Africa L. monocytogenes Roof-harvested rainwater (264) 22 [110]

Taiwan L. monocytogenes Abattoir environment (246) 0 [35]

USA L. monocytogenes Soil (555) 15.3 [46]

USA
L. spp.**

Stream water (196)
28

[95]L. monocytogenes 10

USA (Colorado,
wilderness area)

L. monocytogenes Soil, water, sediment, surface soil and wildlife
fecal samples (572)

0.23
[111]L. spp. 1.5

USA (Idaho) L. monocytogenes Dairy wastewater ponds (30) 6.7 [112]

USA (New York State)

L. monocytogenes
Water (132)

48

[113]
L. innocua 10.6

L. monocytogenes
Feces (77)

29
L. innocua 8

USA (NYS)
L. spp. Spinach field soil (1092) 12

[96]L. monocytogenes 7.8

USA (NYS)
L. spp. Pond/river water used for irrigation (9) 44

[97]L. monocytogenes 22

USA (Virginia) L. monocytogenes
irrigation water

[98]pond (48) 27.1
well (48) 4.2

* Survey from November 2011 to August 2012 during which 25-mL milk samples were collected five times
from each of 80 randomly selected dairy farms and tested for the presence of L. monocytogenes. ** Excluding
L. monocytogenes.

Taken together, the asymptomatic shedding of humans and animals, as well as
L. monocytogenes persistence in the farm environment, present a risk to animal and human
health. Since L. monocytogenes may access food production facilities from these primary
sources, preventative strategies at this level of the food production chain should focus on
a high standard of feed and animal hygiene, sanitary milk production and good farming
practices. Poor hygiene on farms, such as inattention to boot cleaning, hand washing,
failure to wear protective clothing and indifference to silage quality, increases the risk of
animals becoming colonized with L. monocytogenes, including the downstream risk to the
human consumer.

The colonization of food processing equipment and facilities can originate from raw
food sources or introduction by poor hygiene practices or fomites [114]. Persistent strains of
L. monocytogenes isolated from the food processing environment show enhanced adherence
with short contact times, promoting survival and possibly initiating the establishment of
a strain as a “house strain” in a food processing plant [115]. Sodium chloride, which is
often used in food production, induces autoaggregation and increases L. monocytogenes
adhesion to plastic [114]. The same authors found that persistent strains might have a lower
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virulence potential than clinical strains. Others have also observed that L. monocytogenes
strains responsible for persistent contamination differ from sporadic strains, but there does
not seem to be any specific evolutional lineage of persistent strains [19]. Disturbingly, this
lower virulence may change following exposure to disinfectants [116,117].

Asymptomatic fecal shedding of L. monocytogenes by cows can lead to the entry of
L. monocytogenes into dairy processing plants via contaminated raw milk and result in per-
sistence as disinfectant-tolerant biofilms on surfaces and the subsequent contamination of
processed products [101]. While L. monocytogenes is killed by short-term, high-temperature
pasteurization, it can survive and thrive in post-pasteurization processing environments
and thereby recontaminate dairy products [118–120]. The unique growth and survival
properties of L. monocytogenes and its ability to adhere to surfaces contribute to the difficulty
of eliminating it entirely [121].

In a poultry processing facility in Northern Ireland, a particular genotype of L. monocy-
togenes, considered to originate from incoming birds and prevalent in the raw meat pro-
cessing area, was found to be widespread on food contact surfaces, floors and drains [122].
One year later, the strains isolated from cooked poultry products and the cooked poultry-
processing environment contained only that genotype, plus one other, common to both
raw and cooked meat areas. This highlights the potential for persistent strains to cross-
contaminate processed foods in the same facility.

6. Future Implications

Since it is evident that animals and humans can persistently carry L. monocytogenes
and thereby act as a source for the contamination of processed food, control measures
must begin on the farm and include humans, animals and the environment in a one-health
approach. An awareness of asymptomatic carriage should inform hygiene regulations
with respect to the animal and food handlers at all stages of food production. In the farm
context, proactive farm hygiene practices to lower the bacterial burden on crops and in
animal feed can reduce the root causes of L. monocytogenes access to animal and human
hosts. In particular, sewage handling and irrigation techniques for crops should take into
account the possibility of spreading L. monocytogenes to growing plants. Attention to feed
hygiene and to correct fermentation during silage production helps interrupt the cycle
between the shedding of L. monocytogenes from asymptomatic ruminant carriers to grass
via manure and the subsequent colonization of more animals from contaminated feed.

Meaningful preventive measures include the adequate compartmentalizing of the
raw food processing steps, the critical rethinking of the need for silage feeding, avoiding
irrigation close to the harvest, the scrupulous cleanliness of food contact surfaces and
equipment, the strict personal hygiene of food handlers and regular monitoring for the
persistent colonization of the food processing environment with L. monocytogenes.
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Abstract: Salt is widely employed in different foods, especially in meat products, due to its very
diverse and extended functionality. However, the high intake of sodium chloride in human diet has
been under consideration for the last years, because it is related to serious health problems. The
meat-processing industry and research institutions are evaluating different strategies to overcome
the elevated salt concentrations in products without a quality reduction. Several properties could be
directly or indirectly affected by a sodium chloride decrease. Among them, microbial stability could
be shifted towards pathogen growth, posing a serious public health threat. Nonetheless, the majority
of the literature available focuses attention on the sensorial and technological challenges that salt
reduction implies. Thereafter, the need to discuss the consequences for shelf-life and microbial safety
should be considered. Hence, this review aims to merge all the available knowledge regarding salt
reduction in meat products, providing an assessment on how to obtain low salt products that are
sensorily accepted by the consumer, technologically feasible from the perspective of the industry,
and, in particular, safe with respect to microbial stability.

Keywords: microbiological safety; low-salt meat products; shelf-life; water activity

1. Introduction

Consumers are increasingly demanding foods with a low salt content, which are
perceived as healthier and fresher. Reducing salt intake may lower many commonly
associated risks, including high blood pressure, cardiovascular disease, stroke, and coronary
heart attack, and has been identified by the World Health Organization (WHO) as one of
the most cost-effective measures that countries can take to improve health outcomes [1].

The use of salt in food manufacturing has been traditionally related to its ability to
keep foods edible for longer periods of time, which would allow manufacturers to extend
their consumption in periods of scarcity [2]. In ancient times, salt was used as a preservative
in many foods such as fish, meat, and dairy products, due to its preservative quality and
sensorial properties [3]. Indeed, as a highly estimated trading commodity, it is argued that
the word salary derives from the Latin salarium, i.e., money given to Roman legionnaires
to buy salt [4].

To ensure safe foods with an extended shelf-life, classical food preservation processes
(thermal processing, drying, salting, freezing, etc.) usually impose extreme physical and/or
chemical barriers to prevent the growth of, or to inactivate, spoilage and pathogenic bacte-
ria [5]. Salting has been traditionally used in many instances as a simple and inexpensive
method of preservation since it does not need sophisticated equipment and imparts suit-
able sensory properties to the product. It was not until the 1950s that cold storage was
introduced in private households, reducing the need for salt as a basic additive. Still, this
technological advance did not cause a reduction in the amount of salt in the diet. Indeed, the
consumption of salt increased simultaneously with the expansion of industrially processed
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foods, illustrating consumers’ strong appreciation and preference for a salty taste [6–8].
These dietary changes resulted in less individual-level control of sodium intake and, for
many, a chronic excess of sodium intake from non-discretionary sources [4]. In addition,
salt is very appreciated from a technological point of view due to its various properties.
Considered as a multifunctional ingredient, salt is used to enhance flavor, mask off-flavors,
improve food structure and texture, promote water holding capacity, and reduce water
activity, which finally leads to a preservation action [9].

The issue of salt and how it relates to health and food safety has been frequently
dealt with by regulatory agencies [10–15]. The food industry faces big challenges derived
from salt reduction, and, although it has met the challenge, there is still a need to balance
salt reduction in products with consumers’ taste preferences, the microbiological safety
of the products, and food technological constraints [16,17]. Some producers have already
reduced the salt content successfully [18–20], but further reductions depend on salt replacers
or additives that work as effective substitutes [16,21,22]. However, salt concentrations
commonly used in fermented meats inhibit the growth of undesired microorganisms, and,
at the same time, promote the growth of more salt-tolerant lactic acid bacteria [23–25], while
high salt concentrations may also inhibit the growth of starter cultures in fermented meats,
as happened in a sausage made with 5% instead of 2.5% NaCl [26] or with 2.4% instead of
1.01% [27]. Paradoxically, food scares regarding E-numbers and the “clean label” trends are
significant obstacles for the development of healthier low-sodium products [14,27]. Thus,
research is still on-going regarding low-sodium meat products, which indicates that the
direct reduction of this component to reach authorities’ recommendations in this type of
products is not an easy target [28].

The reduction of salt in food products and the increasing use of replacers (e.g., KCl) as
an alternative to NaCl may represent potential safety risks arising from such reformulations.
While the consequences of sensory and technological properties have received considerably
more attention [9,29–34], salt reduction and the use of replacers as an alternative to NaCl
may represent potential safety risks [17]. Before reducing the salt content of meat products
or replacing it with alternative ingredients, it is necessary to assess the microbiological
stability of original and reformulated meat products by studying the consequences for
safety and quality [8]. Therefore, the aim of this article is to review the mechanisms of
microbial inhibition by salt, to evaluate the microbiological risks deriving from a low level
of NaCl in meat products and to critically review the available management measures
aimed at minimizing the risks associated with this type of reformulated product.

2. Health Risks Associated with Salt Consumption

The ingestion of elevated levels of sodium chloride is associated with increased blood
pressure and hypertension, induced cardiovascular disease (CVD) and stroke [28,29]. The
increased risk of cardiovascular events associated with a higher sodium intake (>5 g/d) is
most prominent in those with hypertension [30]. However, increasing evidence has shown
that a high intake of salt is also a risk factor for otherwise healthy people [31,32]. Current
evidence from prospective cohort studies suggests that the lowest risk of cardiovascular
events and death occurs in populations consuming an average sodium intake ranging from
3 to 5 g/d. Sodium reduction seems to increase heart rate independently of the reducing
effect on the baseline blood pressure of sodium. Hence, lowering the sodium intake is
best targeted at populations with hypertension who consume high-sodium diets [33–35].
The long-term effect of salt intake in doses higher than the physiological need is mainly
increased blood pressure with age. There is also strong evidence that risk is reduced when
salt intake is lowered, independent of age. Therefore, there is a health motivation for almost
everybody to control and reduce their salt intake [29].

Physiologically, sodium levels are strictly controlled in the bodies of humans and
animals. Sodium is the most important and prevalent metal ion in the body’s tissues.
Indeed, it is essential for homeostasis, blood pressure maintenance, water holding, and
neural transmission, among others [36]. The salty taste reflects the Na+ ion concentration
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in the mouth, which in turn causes a positive response in the brain, and hypertonic blood
concentrations seem to be preferred [37]. The daily salt intake across the world has typically
varied between 9 and 12 g NaCl [38]. However, the World Health Organization recommends
a daily consumption of 5 g NaCl, equivalent to approx. 2 g/day of sodium [13].

Estimates of the global burden of disease from high systolic blood pressure are receiv-
ing increased attention [39]. In the USA, it was estimated that a 3 g/day salt reduction
would save 194,000–392,000 quality-adjusted life-years and $10–24 billion in healthcare
costs annually [40]. In Europe, the Framework for National Salt Initiatives was developed
in 2008 with the overall goal of contributing towards a reduced salt intake at population
level. Thus, the initiative identified five key elements to focus action on, which included
(i) data availability, (ii) benchmarks and major food categories, (iii) raising public aware-
ness, (iv) developing reformulation actions with industry/catering, and (v) monitoring and
evaluation of actions. Overall, the EU framework set a realistic benchmark of a minimum
16% reduction over a 4-year period in all food categories [41]. Remarkably, countries with
a higher sodium intake, i.e., the Czech Republic, Slovenia, and Hungary, exhibit a higher
prevalence of hypertension [42]. A decrease of salt intake to 5 g per day is expected to
substantially reduce the burden of cardiovascular disease and mortality. In Finland, the
salt consumption has been considerably reduced, while the salt intake in other countries
such as Poland has remained relatively high. Indeed, a reduction in salt intake to reach
the WHO population nutrient goal would reduce the prevalence of stroke around 10.1% in
Finland and 23.1% in Poland [43]. Regarding cardiovascular diseases, a 17% decrease is
expected if the WHO target is reached, which will prevent an estimated 4 million deaths
annually worldwide [42]. The UK and Ireland are other successful examples that have been
following salt-reduction strategies among different food products [8]. Japan, which is a
country well-known for its low mortality rates, reduced its salt intake from 14.5 g in 1973 to
9.5 g in 2017, which has led to the reduction in stomach cancer and other cerebrovascular
diseases [44]. However, this reduction is still far from the 5 g NaCl recommendation [13].
Nevertheless, the socioeconomic status of individuals plays an important role in the type
of diet followed and thereby the amount of sodium ingested [42].

3. Functions and Content of Salt in Meat Products

Salt (NaCl) has three main functions in meat products: a preservative effect, the
contribution to organoleptic quality attributes (flavor and texture), and a technological
function as to provide binding between meat and fat [8,38,45,46].

The preservation (extended shelf-life and microbiological stability) of meat products
can be attained by lowering the water activity by the addition of a solute and through
dehydration by removal of water by simple evaporation. Water molecules are retained
among Na+ and Cl− ions and thus become unavailable for other functions, such as chemical
or enzymatic reactions or to be used by microorganisms [47]. This provokes the inhibition
of the spoilage and pathogenic microbiota, which in turn increases the shelf-life and safety
of foods [8]. Stringer et al. (2005), evaluated this by modelling the growth capacity of
Aeromonas hydrophila, Clostridium botulinum, Listeria monocytogenes, Yersinia enterocolitica,
and Bacillus cereus in two NaCl concentrations in chicken rolls (3.04 and 1.61%), ham (5.57
and 2.81%), and bacon (5.5 and 2.85%). All bacteria presented a greater growth rate under a
reduced salt content in all products in the model. Moreover, C. botulinum was able to grow
in products with 2.85% salt, whereas it was not able to in 5.5% salt [48].

Salt is widely used as a flavor and palatability enhancer, since it improves the positive
sensory attributes of most foods and helps attenuate bitterness and sweetness, thus being a
major determinant for consumer acceptance. When different salt concentrations ranging
from 0.8 to 2.2% w/w were added to pork breakfast sausages, consumers found the most
acceptable samples had 1.4% salt [49]. Salting also helps the volatilization of certain
molecules in foods, thus intensifying the aroma of the food [45]. Salted meat products such
as dry-cured ham are quite popular, because they have unique sensory characteristics [47].
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In meat products, salt operates as a binding agent between meat and fat. It increases
the water-binding capacity, so that the final product shows improved yield, texture, tender-
ness, and palatability. The salt in meat products at 1.5–2.5% promotes the solubilization
and extraction of myofibrillar proteins (actin and myosin) that are insoluble in water alone,
therefore being fundamental in the gelation and binding of many restructured meat prod-
ucts [46]. Salting, in combination with processing steps such as blending and tumbling,
helps extract these salt-soluble myofibrillar proteins to the meat surface, which is essential
for holding pieces of meat together in batters and restructured meats and contributes to
forming a gel between meat particles and between meat and fat particles [50]. The solubility
degree of myofibrillar proteins is directly depending on the amount of NaCl in the meat
product [51].

The range of the salt content in meat products is very large (Table 1), and even similar
or equivalent meat products can be elaborated with different concentrations depending
on the particular formulations. This suggests that it is feasible to generally reduce the salt
content of foods. Meat products are considered the second biggest source, after bakery
products, of salt intake in Europe [42]. This is quite outstanding, especially considering
that the amount of salt naturally present in fresh meat is very low compared to meat
products after processing [8,42]. In an analysis performed on a series of meat products,
the results showed an average of 2.14 g NaCl/100 g of product, with the lowest value of
0.84 for turkey breast and the highest of 7.81 for ham [52]. In relation to the intake, in
industrialized countries, about 75–80% of salt is ingested in processed foods, and especially
meat products, which constitute one of the major sources of sodium in the form of salt
or other additives [42,52]. Four food groups include almost 60% of the total ingested salt,
i.e., cured meat products (26.2%), bread products (19.1%), cheese (6.7%), and processed
ready-to-eat (RTE) foods (4.9%). It is estimated that, in countries such as Ireland or the
United States, processed meat products contribute to more than 20% of the daily sodium
intake [15,53]. It should be noted that, in cured meat products, sodium can stem not only
from common salt, but also from sodium nitrite and the additives sodium ascorbate and
sodium erythorbate, which are used as reducing agents. Other possible sources are sodium
tripolyphosphate, monosodium glutamate, and hydrolyzed vegetable protein.

Table 1. Salt content in a selection of meat products from different countries.

Product NaCl Content Country Reference

Beef, cured, dried beef 8.68 USA

[54]Pork, cured, bacon, cooked, broiled,
pan-fried, or roasted 3.99 USA

Pork sausage 3.23 USA

Canned meat chop 3.44 Serbia

[55]Cooked sausages 2.95 Serbia

Smoked products 3.44 Serbia

Hard pork sausage 3.18 Spain [56]

Cooked ham 2.45 Czech Republic

[57]

Frankfurters 2.44 Czech Republic

Knackauer 2.34 Germany

Schinkenwurst 2.03 Germany

Bierschinken 2.2 Germany

Pancetta 2.94 Serbia
[58]

Kulen sausage 4.24 Serbia

Chorizo 3.58 Spain

[52]Fuet-type sausage 3.94 Spain

Mortadella sausage 1.97 Spain
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3.1. Salt as a Chemical Preservative

Meat products are made primarily of muscle meat added with salt and nitrites, which
are responsible for the curing. The curing process changes the flavor and color of the meat
and improves the shelf-life and safety of the product by inhibiting spoiling microbiota
and pathogens, while certain microbial groups such as lactic acid bacteria (LAB) and
Micrococcaceae are promoted [17,59,60]. The addition of salt and other solutes (salt replacers,
sugars, humectants, proteins, etc.), together with the dehydration caused by the removal of
water by simple evaporation, decreases water activity (aw), reducing or inhibiting microbial
and enzymatic activity and, therefore, accomplishing a significant preservation effect. Meat
products manufactured with NaCl levels below those typically formulated have usually a
shorter shelf-life [8]. For instance, the shelf-life of a reduced-salt bacon (2.3% w/w NaCl)
was 28 days, whereas for the control bacon (3.5% w/w NaCl) it was 56 days [48]. Certainly,
salt is not the only barrier to spoilage microbiota and pathogens present in meat products.
The combined use of other preservation hurdles, such as low temperature, acidification [60],
antimicrobial compounds [38,61–63], limited oxygen availability or HPP treatment [64],
contributes to the inhibition of certain microbial groups and causes a shift in the prevailing
microbial populations. For example, Michelakou et al. (2021) stated that abusive storage
temperatures somehow limited the effect of salt, thus indicating that low temperatures help
to hold certain microbial growth [65]. Moreover, potassium lactate allowed a 30% reduction
from 4 to 2.8% salt in salami without repercussions in the antimicrobial capacity [62].
Several antimicrobial compounds are under research for future application as antimicrobial
food cultures in different products, among them meat products, and quite promising results
are being achieved using lactic acid bacteria and their bacteriocins [66–68].

3.2. Low Water Activity as an Environmental Stress Factor—Molecular Basis of NaCl Action as a
Preservative and the Bacterial Adaptive Response against NaCl

Water activity is an indicator of the amount of water that is available for microbial
growth and other chemical reactions in a particular food and can be defined as the ratio
between the partial vapor pressure of a given food in relation to the vapor pressure of pure
water at the same temperature. Considering Raoult’s law, where the vapor pressure is
related to the molar fraction of a solute in a solution, the higher the concentration of salt,
the lower the aw. Generally, an aw of 0.85 is considered the lowest value for any human
pathogen bacteria to grow, in accordance with the requirement for Staphylococcus aureus
toxin production (Table 2 shows the aw required by different bacterial pathogens). However,
yeast and mold are able to grow at lower aw levels, and even some rare xerophilous bacteria,
which undergo a phenomenon known as anhydrobiosis, can persist in extreme dehydration.
Nonetheless, for most foods, the aw is between 0.95 and 0.99 [69]. The aw of a food can be
reduced by increasing the concentration of solutes in its aqueous phase through drying,
water extraction, freeze drying, etc., or by adding new solutes. Salt is one of those solutes
able to reduce aw due to the association of sodium [Na+] and chloride ions [Cl−] ions with
water molecules. Water dissolves salts due to its marked polarity and capacity to form
weak hydrogen bonds; the electronegative pole of the H2O molecule (oxygen) is attracted
to the positively charged [Na+], and the electropositive pole (hydrogen) is attracted to the
negatively charged [Cl−] [70].
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Table 2. Limiting conditions regarding aw for the growth of bacterial pathogens (adapted from Table
A-1 in (FDA, 2011) [71]).

Bacterial Pathogens Min. aw
Max. % Water-Phase

NaCl
Min pH

Bacillus cereus 0.92 10 4.3

Campylobacter jejuni 0.987 1.7 4.9

Clostridium botulinum, type A, and
proteolytic types B and F 0.935 10 4.6

Clostridium botulinum, type E, and
nonproteolytic types B and F 0.97 5 5.0

Clostridium perfringens 0.93 7 5

Escherichia coli 0.95 6.5 4

Listeria monocytogenes 0.92 10 4.4

Salmonella spp. 0.94 8 3.7

Shigella spp. 0.96 5.2 4.8

Staphylococcus aureus growth 0.83 20 4

Staphylococcus aureus toxin formation 0.85 10 4

Vibrio cholerae 0.97 6 5

Vibrio parahaemolyticus 0.94 10 4.8

Vibrio vulnificus 0.96 5 5

Yersinia enterocolitica 0.945 7 4.2

Salt produces an osmotic imbalance in microbial cells by extracting water from the
cells through the membranes of both food tissues and microorganisms through the process
of osmosis. The retraction and reduction of the cytoplasmic volume is a phenomenon
known as plasmolysis. Osmotic stress due to a high concentration of solutes can occur in
food during manufacturing, forcing microbial cells to cope internally with this adverse
environment in order to survive. This event can occur suddenly, after rapid exposure to
highly concentrated solutions (e.g., osmotic shock during salting), or progressively, as the
product slowly dehydrates (e.g., during ripening). Osmotic shock provokes water efflux
and dehydration in the cells, the release of low molecular-weight compounds and cell
proteins, and the perturbation of many cellular physiological functions [72,73]. However,
the progressive exposure to osmotic stress can allow cells to adapt gradually and maintain
homeostasis by means of an adaptive response.

Cellular adaptive response. To protect the cell against the damage inflicted on func-
tions and key molecules such as enzymes and macromolecular structures, bacteria use
common adaptive stress pathways in response to a diverse range of adverse environmental
conditions (such as dehydration) [74–76]. For this purpose, they have evolved adaptive
networks, such as biofilm formation, shifts in metabolism, or changes in the cell membranes,
that allow them to cope with the challenges of a changing environment [69,77]. There are
three basic microbial strategies used to overcome exposure to a low aw environment [78]:

• some cells counterbalance the levels of inorganic ions (usually KCl) to achieve
osmotic stability;

• some are able to modify the membrane permeability, structure, and/or composition to
protect the cells; and

• some produce or accumulate low-molecular-weight compounds that have the osmotic
capacity to counteract the extreme external osmotic pressure. These osmolytes are
defined as compatible solutes and are polar, normally uncharged, molecules. Com-
patible solutes act in the cytosol to counterbalance high external osmolarity, thus
preventing water loss from the cell and plasmolysis, without adversely affecting the
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macromolecular structure and enzymatic functions. These compatible solutes belong
to several classes of compounds with some common structural motifs, some amino
acid derivatives being particularly important [79].

Bacterial cells usually activate several synergistic response pathways to survive low
water-activity environments or hyperosmolarity conditions [69]. It is generally acknowl-
edged that bacteria react to environments of elevated osmolarity by means of a biphasic
response, which involves the stimulation of potassium uptake (and its counter-ion glu-
tamate) followed by a dramatic increase in the cytoplasmic concentration (by synthesis
and/or uptake) of compatible solutes or osmoprotectants [80]. Nevertheless, it is important
to highlight that bacteria do not always activate the same responses or genetic factors when
facing osmotic stress produced by different solutes (NaCl, KCl, sucrose, etc.) [81]. For potas-
sium uptake, microorganisms have an inducible high-affinity system (Kdp) and low-affinity
systems (Trk, Kup) [82]. On the other hand, the main compatible solutes are glycine-betaine,
carnitine, ectoine, proline, and trehalose, and several genetic loci are responsible for their
synthesis or uptake [78,79,81]. For example, L. monocytogenes at high salt concentrations
(10–20%) survives mainly due to the accumulation of glycine-betaine, carnitine, and proline
taken up from the environment. The accumulation of glycine-betaine and carnitine occurs
via two glycine-betaine transporters which are encoded by the BetL gene and the Gbu
operon. On the other hand, carnitine is internalized via a carnitine transporter encoded by
the OpuC operon [77]. Some master regulators of the bacterial stress response, such as σB,
which are induced by a wide spectrum of stress conditions and which control the expression
of numerous genes that mediate the adaptation to suboptimal environments, seem to be
involved in the regulation of this complex response to hyperosmotic environments. In fact,
for example, both BetL and OpuC have putative σB-dependent promoters [73].

Some bacteria can display additional survival strategies such as the over-expression of
sodium efflux systems, the induction of modifications in cell morphology or membrane fatty
acids composition, and the synthesis of specific stress proteins [69,77,79]. In fact, it has been
described that cold-shock proteins (Csp), salt-shock proteins (Ssp), and stress-acclimatation
proteins (Sap) can contribute to osmotic stress resistance [73].

Additional effects of salt. Sodium chloride exerts its preservative action primarily by
making water unavailable for microorganisms and enzymatic reactions, but it also operates
a direct antimicrobial effect [47]. High salt concentrations may interfere with the action of
several cellular enzymes and force cells to expel Na+ ions, which can be very effective in the
inhibition of some microorganisms that do not have the necessary tools to counteract those
effects. In addition, salt can favor lipid oxidation and thus can affect the quality of meat.
Salt (0.5–2%) was found to be pro-oxidant on ground beef and in pork (1.5% salt). The
pro-oxidant action of NaCl could be explained because NaCl can disrupt the cell-membrane-
liberating ions that form the molecules and finally inhibit the enzymes that are in charge of
antioxidant activity [83]. Enzymatic activity can also be affected by low aw values caused
by the addition of salt. It was observed that cathepsins, aminopeptidases, and neutral
lipases were strongly affected as aw values were lowered from 1 to 0.85 during ham dry
curing. Nevertheless, other enzymes like calpain, acid lipase, or acid phospholipase were
less or not affected at all [84]. It should also be considered that salt is usually formulated
not as pure NaCl but as curing salt (sodium chloride containing around 12% of sodium
nitrite) [9,57]. Sodium nitrite has a particular inhibitory effect on some pathogens, such as
C. botulinum, and helps modulate the microbiota of meat products [85,86].

Consequences for microbial behavior (growth, survival and inactivation). When ex-
posed to high salt concentrations, microbial cells are forced to consume energy for home-
ostasis, maintenance, and reparation tasks, to the detriment of other energy-demanding
cellular processes, such as growth and multiplication [87]. As a rule of thumb, the lag
time increases and the growth rate progressively slows down as the conditions in the
surrounding environment deviate from the optimal situation [88].

Another consequence is that the susceptibility of microbial cells to other stress factors
can be modified [89]. The induction of cross-protection responses by exposure to low
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aw environments can modulate the fate of pathogenic microorganisms in food products,
impacting shelf-life and food safety. Indeed, it has been reported that microbial cells are
more resistant to different processing technologies, such as thermal treatments or high
hydrostatic pressure (HHP) at low aw conditions [90,91], and that previous exposure to
salt or osmotic stress conditions can increase microbial tolerance to them [92–94]. In meat
processing, the co-existence or succession of two or more stresses is common, and the
sequence of events can be an important factor. For example, an acid stress placing a large
energy demand on the cell could greatly sensitize the cell to successive treatments, such
as aw stress. Certain cellular components such as cold-shock proteins (Csps) have been
shown to contribute to resistance to osmotic stress by means of an adaptive response [95].
Therefore, the combined or sequential exposure of cells to two or more stresses in food
environments might induce cross-protection responses [96,97].

4. Changes in the Microbiota of Meat Products Due to Salt

Fresh meat is particularly prone to microbial spoilage due to the abundance of nu-
trients and favorable intrinsic properties that do not hamper the metabolism of bacteria.
When microbial activity impairs organoleptic properties, such as odor, taste, texture, or
appearance, the food is considered unfit for human consumption and rejected [98–100].

The manufacture of meat products can be seen as a successful preservation method
based on the shifting of microbial populations from spoilage and (sometimes) pathogenic
Gram-negative bacteria to desirable and beneficious Gram-positive ones (such as many
species of Lactobacillaceae and Micrococcaceae), which confer attractive sensory properties
and achieve long shelf-lives [101]. This shift is attained mainly by processes and factors
such as salting/curing, temperature control, atmosphere modification, acidification, drying,
or the use of antimicrobials and can be reinforced by the addition of selected starter
cultures [60,102,103]. Thus, salt contributes to enlarging the shelf-life of meat products and
improving safety because it fosters a shift in the dominant microbial populations originally
occurring in the raw material [104].

Salt is able to inhibit the growth of many spoilage and pathogenic bacteria, yeasts, and
molds, albeit to a different extent depending on the microbial group [77]. Halophiles have
been shown to contain enzymes active in solutions of very high ionic strength [105], while
the salt tolerance of non-halophiles is related to their ability to accumulate potassium and
other compatible solutes within the cells [106]. In general, Gram-positive bacteria isolated
from foods are more tolerant to salt than Gram-negatives.

The inhibitory effect on microorganisms takes place in the aqueous phase of the
product. Therefore, data such as salt concentration in the aqueous phase and/or aw are
preferable for estimating the inhibitory effect on the microbiota. The majority of spoilage
bacteria grow at aw above 0.90, but some can grow at aw as low as 0.85 and in extreme
cases even lower [69,91]. Yeasts and molds in general tolerate a lower aw and many can
grow at an aw down to about 0.7 (down to 0.6 for some xerophile species) [69]. Among
them, some fungi can produce mycotoxins under low aw conditions. Salt is a powerful
inhibitor of Gram-negative bacteria, which commonly colonize the surface of aerobically-
stored refrigerated fresh meat and degrade low-molecular-weight compounds with the
ultimate production of substances that contribute to off flavors and tastes [107,108]. Non-
motile aerobic rods and coccobacilli belonging to Pseudomonas, Moraxella, Psychrobacter,
Acinetobacter, and psychrotrophic Enterobacteriaceae are major components of the spoilage
microbiota of refrigerated raw meat stored aerobically [107,108]. Fresh meat spoilage is
preceded by a time-variable phase in which bacteria use low-molecular-weight compounds
such as glucose and glucose-6-P as a carbon and energy source. Later on, Gram-negative
bacteria use amino acids at refrigeration temperatures and typical pH conditions in post-
mortem meat to obtain energy [109,110], which occurs when high amounts of bacteria
(more than 107 CFU/cm2) are present.

If environmental conditions change, a selection pressure on the bacterial community is
exerted, and certain groups become dominant. The prevailing conditions during ripening
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(aw, pH, Eh, NaCl concentration, etc.) favor the growth of microbial groups such as
lactic acid bacteria (LAB), Micrococcaceae, certain yeasts, and molds, which dominate the
microbiota of meat products [102]. These microbial groups are able to decrease the pH and
convert lipids and proteins into desirable substances during the curing process [111,112].
The spoilage capacity of these groups is usually limited, and the end-products of their
metabolism are not overtly offensive, although some Gram-positive species can be very
detrimental [110]. In the industrial manufacture of some fermented meat products, ad hoc
starter cultures from the above-mentioned groups are used to improve the quality and
safety of the product by accelerating the change in microbial populations, displacing the
spoiling microbiota [112–115].

4.1. Microbiological Safety Assessment and Shelf-Life of Low Salt Meat Products

Reducing the salt content of a particular meat product can represent a challenging
task for the industry. The contribution of salt to the technological and sensory quality
of the final product can be replaced, but the potential safety risks linked to reformula-
tions should be assessed more carefully [20,53,116]. When microbiological safety is the
major issue considered, the straightforward approach is to determine the likelihood of
the growth or survival of spoilage and pathogenic microorganisms in the specific low-salt
meat product [16,48]. For this purpose, it is necessary to initially identify the hazards and
other microbiota occurring in the product; secondly, to evaluate the inhibitory capacity of
other intrinsic and extrinsic conditions (hurdles) in the product; and, finally, to consider the
technological steps that are feasible and suitable for achieving microbial stability. Predictive
models, challenge testing, and shelf-life tests are suitable tools to obtain accurate estimates
of the likelihood of the growth, survival, or inactivation of microorganisms in the prod-
uct [117–119]. The implementation of an efficient strategy to guarantee the microbiological
safety of low-salt meat products is achievable once all data are gathered and the adequate
tools are suitably used.

Most of the scientific literature published on low-salt meat products deals with the
sensory and technological issues, although there are also some articles that investigate the
microbiological aspects [17,65,120,121]. Numerous articles show that, when NaCl levels
used are below those typically formulated in meat products, the shelf-life is significantly
reduced [53,104]. For example, the shelf-life of a typical Greek pork meat product (4.85%
w/w NaCl) was reduced by between 10 and 78 days when the salt content was 50%
reduced and samples were stored between 15 and 0 ◦C, respectively. In this research
article, Michelakou et al. (2021) evaluated the influence of 50% reduced salt and incubation
temperatures (0, 5, 10, and 15 ◦C) on a pork product. It is important to consider that, at
higher incubation temperatures, the incubation period was reduced, both for the control
samples and the reduced-salt samples [65]. A salt reduction promoted faster spoilage of
raw sausages by lowering the overall bacterial diversity (both richness and evenness) in
the product, including Gram-negative as well as Gram-positive bacteria [104]. Although
no apparent changes were noticed in shelf-life, both aerobic and LAB counts increased
significantly after 60 days of storage in low-salt turkey sausage formulations [122]. The
authors concluded that a salt replacer could effectively and completely substitute NaCl
in smoked turkey sausages, although some sensorial optimization may be required. The
results obtained by Charmpi et al. (2020) suggest that the salt level (between 1 and 4%)
influenced the diversity of microbial communities during the fermentation of pork minced
meat. The highest salt concentration lowered the bacterial diversity, as Enterobacterales
were detrimentally affected. LAB and coagulase-negative staphylococci predominated
during the fermentation process, as they are well adapted to higher-salt environments
(6% NaCl in regular sausage products) [60,115].

4.2. Microbial Hazards Associated with Low-Salt Cured Meat Products (Hazard Identification)

Bacterial pathogens can occur in the meat product because the raw materials are
contaminated (meat, offal, spices, and other ingredients) or as a consequence of non-
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hygienic manipulation, bad manufacturing practices, and cross-contamination from utensils
and equipment at the processing facilities. Once they have reached the products, the
manufacturing and storage conditions (including temperature-time combinations, aw of
the foodstuff, and preservative concentration) dictate whether bacteria can grow, survive,
or are inactivated [99,100,123]. If a significant inhibitory barrier, such as the salt, is reduced,
the ability of pathogens to survive and grow increases, but the risk is likely greater for
those microorganisms more susceptible to salt inhibition. Table 2 shows the tolerance limits
for aw of selected bacteria.

The identification of microbiological hazards linked to a product as one of the steps in
a HACCP plan is a necessary phase that the industry should complete. The assessment has
to consider the prevalence and concentration of biological hazards potentially present in
the raw materials or introduced during food handling and processing, the intrinsic and
extrinsic conditions during processing, and the conditions of storage and distribution [124].
The safety assurance is improved when, in addition to a proper risk evaluation, procedures
for assessing the lethal effect of the treatments are included, as well as mechanisms to
monitor, evaluate, optimize, and validate the lethal burden of the process. Epidemiological
data from outbreaks linked to meat products [125], expert elicitation, and data from source
attribution are all useful in identifying and ranking the main pathogens associated with
meat products [126]. The published scientific literature and risk assessments constitute
valuable data to carry out a hazard identification, but the most important data are aspects
related to the hygienic and manufacturing conditions in a given factory (e.g., hygienic
quality of raw materials, intrinsic factors such as fermentation temperature, storage time,
etc.) [26].

Salmonella has usually been reported as a causative agent in outbreaks and cases
of infection linked to the consumption of meat products [127]. The contamination with
Salmonella of raw products of animal origin (meat, fat, spices, etc.) can occur very frequently
and has been reported in many research articles [127,128]. Warm-blooded animals are
frequent Salmonella reservoirs, and, therefore, Salmonella can contaminate the meat during
slaughtering and meat processing. Cross-contamination and recontamination events linked
to Salmonella during meat processing and preparation are also recurrently described in the
literature [129,130]. The low aw values achieved during the curing of traditional dry-cured
salami or loins have been linked with a reduction in Salmonella presence [131,132], although
the NaCl content did not significantly affect the probability of finding Salmonella [131].
Salmonella enterica can survive hyperosmotic stress conditions due to high NaCl concen-
tration (6%), and its survival ability is influenced, as in other Gram-negative foodborne
pathogens, by the alternative sigma factor RpoS [133]. Raybaudi-Massilia et al. (2019)
did not find any significant differences regarding the occurrence of Salmonella enteritidis
when comparing control samples from three meat products (cooked ham, 1.14% g Na:
turkey breast, 1% g Na: and Deli type sausage, 1.33% g Na) with samples with up to a 30%
reduction in salt content [19].

Shiga-toxin-producing Escherichia coli (STEC) are zoonotic agents characterized by the
production of Shiga-like toxins commonly associated with foodborne disease episodes that
can lead to severe health complications and sometimes death. Although the majority of
reported STEC cases have been linked to strains of serotype O157, other serotypes, such as
O45, O26, O91, O103, O111, O121, and O145, are emerging as causative agents of foodborne
disease [127]. In the European Union, 4446 confirmed cases of STEC infections were
reported in 2020, with a notification rate of 1.49 cases per 100,000 population. STEC has
usually been associated with meat from ruminants, and the main food vehicles implicated
as the source of outbreaks are bovine meat and meat products, together with other types of
food and water [127]. As with Salmonella, E. coli is susceptible to low aw values, and the
numbers decrease as the curing process advances [134]. A short curing period has been
identified as one of the factors responsible for an outbreak attributed to fermented sausages
due to STEC [135].
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Listeria monocytogenes also represents a hazard in meat and meat products. In 2020,
1876 confirmed cases of listeriosis were reported in the EU. It was the zoonosis that had the
highest case-fatality rate (13.0%). No statistically significant increasing trend was observed
during the 2016–2020 period [127], although a significant increasing trend was observed in
previous years (2008–2016) [136]. L. monocytogenes is considered salt tolerant [137]. Indeed,
it has been reported that growth can occur at NaCl concentrations as high as 10% and
even more in the case of adapted strains [73]. Thus, microbial reduction in response to a
low aw is less accentuated when compared to other pathogens [92,132]. In sliced chouriço,
salt acted as an effective hurdle to control L. monocytogenes growth, and manufacturing
meat products with lower salt content (1.5% as compared to 3%) allowed the growth of the
pathogen [67].

In general, Gram-positive bacteria are able to grow at lower aw conditions compared
to Gram-negative bacteria, and Staphylococcus aureus is the pathogenic bacteria with the
lowest minimum growth aw. S. aureus can grow in conditions of high salt concentration
(10–20%) (aw = 0.83 to 0.86) and performs better than other competitive flora under low aw
due to its great adaptative response to osmotic stress [138], although it does not produce
enterotoxin in such conditions (it only produces enterotoxin at aw > 0.90). Stress conditions,
such as NaCl stress (4.5%), were shown to decrease seb (staphylococcal enterotoxin B)
promoter activity [139].

In meat products, botulism outbreaks have usually been associated with food pro-
cessing failures (thermal treatment) and the irregular distribution of curing salts, which
allows spore outgrowth and botulism toxin production [140,141]. The products that are
often implicated are home-made canned meat products and cured hams with curing defects
and anaerobic conditions in the inner parts of the product that allow the germination of
C. botulinum spores. Curing salts (nitrate and/or nitrite), independently of the salt formu-
lation, have been shown to be adequate preservatives for the control of C. botulinum in
dry-cured hams salted with formulations including replacers such as KCl and/or CaCl2
and MgCl2 [85].

A lower level of biogenic amines (particularly cadaverine, histamine and tyramine)
has been reported in blood dry-cured sausages and traditional Portuguese sausages manu-
factured with a level of 3% salt as compared to 6% [115,142].

4.3. Processing Intrinsic and Extrinsic Hurdles Affecting Microbial Hazards in Meat Products

Salting, together with other classical food preservation processes (drying, freezing,
thermal treatment, etc.), imposes extreme physical and chemical barriers on microbial
growth and has traditionally been used in many instances as common methods of preser-
vation (Table 3). For all these preservation processes, microbial stability for long periods of
time is achieved using stringent conditions that constitute robust obstacles or “hurdles” for
bacteria, even though they dramatically change the organoleptic characteristics of fresh
meat. Meat products manufactured in this way are very different from fresh meat in their
organoleptic characteristics [143].

In contrast, modern strategies in food preservation seek to apply mild treatments
to inactivate or permanently inhibit injured microorganisms by using multiple barriers,
especially in the case of minimally processed foods [144]. This is the reaction of the food
industry to the demands and preferences of modern consumers in relation to quality, health-
iness, nutrition, convenience, and hedonic perception [144,145]. Low-salt meat products are
a perfect example, in which sensory attributes and microbial stability should be achieved
using a combination of methods or preservation technologies and favorable intrinsic and
extrinsic factors. This approach has been visualized as a sequential or simultaneous group
of hurdles acting synergistically to inhibit the growth of or inactivate microbes [20,144].
An effective and stable system capable of prolonging the shelf-life and assuring the safety
of the end-product is accomplished when the combined hurdles inactivate most of the
spoilage and pathogenic microorganisms while survivors are inhibited. Microbial growth
and pH remained within the normal range in sausages when the sodium chloride was
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replaced with 20% potassium chloride and 38% calcium chloride in combination with an
olive oil emulsified alginate [27]. Some hurdles can achieve a complete microbial inactiva-
tion and thus have a bactericidal effect, (e.g., thermal treatment, HHP, acidification), while
others only slow down or arrest the microbial growth (bacteriostatic effect) depending
on the intensity of the hurdle (salting, refrigeration, use of modified atmospheres) [146].
As part of the recent methods to be used in hurdle technology, the use of food cultures
and/or their metabolites (i.e., bacteriocins) as natural preservatives in food should be
highlighted [68,147–150].

From a safety viewpoint, when meat processing does not include a killing step, the
use of cumulative and synergistic hurdles is strictly necessary to maintain the safety and
stability of the meat product since the inactivation of pathogens or spoilage agents cannot
be completely guaranteed. In general, a number of microorganisms would be able to
grow at the NaCl concentrations (<5%) encountered in most meat products in conditions
of optimal temperature, pH, and nutrient availability. However, the presence of these
additional growth barriers (acidity, refrigeration storage, vacuum or modified atmosphere
packaging, the presence of other antimicrobial compounds such as nitrites, preservatives,
food cultures, etc.) can slow down or stop microbial metabolism when combined with the
relatively mild salt concentrations prevailing in this type of meat product.

The restrictions in the application and intensity of those hurdles come from constraints
such as the maintenance of the sensory quality of the product (flavor, texture . . . ), its
conformity with legislative requirements (additive maximum limits), and the ability to
meet the economic industrial demands (reduced costs, water loss . . . ) [53,146]. Some
non-thermal preservation technologies (pulsed electric fields, irradiation, electromagnetic
fields, etc.) are not appropriate for the manufacture of meat products for technological
reasons or limited consumer acceptance. On the other hand, technologies such as HHP
are very suitable for the manufacture of low-salt meat products due to their capacity to
inactivate the microbiota while contributing to protein solubilization [20,151–156].

Table 3. Use of cumulative and synergistic hurdles with salt to achieve the safety and quality of
meat products.

Product Combined Hurdles Results Reference

Raw pork meat 350 MPa HPP + 1, 1.5 or
3% NaCl

Synergism between HPP and salt
showed to control bacteria recovery

(aerobic mesophiles, LAB and
Enterobacteriaceae) more than each

hurdle alone during storage.

[156]

Sliced dry
cured ham 2.8% NaCl + 600 MPa

Combined hurdles achieved
Salmonella and L. monocytogenes

inactivation 14 and 42 days earlier
than HPP alone.

[157]

Sausage (chorizo)

1.01% NaCl + 0.48% KCl
+ 0.91% CaCl2 + olive oil

emulsified alginate
replacing pork fat

A reduction of 58% NaCl in sausages
seems to be feasible since no pH and

microbial counts remained in the
normal values.

[27]

Pork sausage
600 Mpa HPP + carrot

fibers or potato starch +
1.2% NaCl

Reducing salt content from 1.8% to
1.2% with the addition of HPP and

hydrocolloids did not negatively
influence the water binding capacity,

color, or texture of sausages.

[154]

Sheep natural
sausage casings

0, 4, 7 or 12% NaCl + 0,
100, 150, 200 ug/g nisin

Combined hurdles greatly controlled
L. monocytogenes than salt and

nisin alone.
[158]

Pork

Ultrasound (9 and
54.9 W/cm2) + 5% NaCl

or a commercial
salt replacer

Ultrasound only enhanced NaCl
diffusion into the meat but did not

influence the replacer diffusion.
[159]
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5. Strategies to Guarantee the Microbiological Safety of Low-Salt Meat Products

Several strategies have been devised to guarantee the microbiological safety of low-salt
meat products (salt replacers, antimicrobial compounds, flavor enhancers, improved salt
application techniques, processing technologies) [20]. The strategies can be classified using
different approaches (Table 4).

Table 4. Approaches to guarantee the microbiological safety of low-salt meat products.

Approach Main Mechanism Advantages * Disadvantages

Use of
preservatives that

supplement or
replace inhibitory

power of salt

Low aw and
inhibition power of
preservatives (KCl,

MgCl2, CaCl2,
MgSO4, food cultures,

bacteriocins, etc.)

Characteristics of the
product remain

(almost) unchanged.

Need to evaluate
inhibitory power.

Synergy with other
hurdles absent.

Sensory and
technological properties

of replacer should be
assessed.

No green label.

Increase intensity
of remaining

hurdles

Stricter conditions
that inhibit
microbiota

(acidification, drying,
freezing)

Green label.
No need to change

formulation,
processing
equipment.

Products of quite
different sensory quality.

Economic constraints
(e.g., water loss).

Processing
technologies.

Decontamination

Inactivation of
microbiota (HHP)

Avoids
recontamination

(product packaged).
Green label.

Useful also for
technological

properties.

No application to raw
materials.

Efficacy depends on the
characteristics of product.
High initial investment.

High level of
hygiene in
production

Raw materials of
good quality with low
numbers of spoilage

and absence of
pathogenic

microorganisms
(Hygiene, HACCP,

GMP)

Strategy that it is
beneficial and needed

in any event.

Insufficient on its own,
needs supplementation

with other strategies.
Depends on the raw

material supplier.

* In addition to those linked to health due to salt reduction.

First approach is to replace NaCl (totally or partially) using other additive(s) with
similar properties [38,61,143,160]. A 20% sodium reduction was obtained in turkey breast
by replacing NaCl with Na2HPO4 prepared in a 50:50 blend [161]. The replacement needs
to be carefully adjusted since the inhibitory barrier of the substitute may be lower than
that of NaCl [162–164]. In addition, there is a synergistic effect of NaCl with other hurdles,
which may be absent with the replacer [165]. The reduction of the sodium content (by
reducing both salt and sodium nitrite) allows a rapid growth of lactic acid bacteria and pro-
teolytic microorganisms in cured meats, resulting in a product that spoils more rapidly [48].
Dry fermented sausages with a 58% NaCl substitution with KCl and CaCl2 showed a
more pronounced growth of Lactobacillus than the control sample (2.4% NaCl). Moreover,
Lactobacillus counts in the control decreased (2–3 log cfu/g) during ripening, while they
maintained more or less stable levels in reduced sausages [27]. NaCl is very effective in
controlling pathogens and spoilage organisms, thus it can be necessary to substitute its
inhibitory action by using some other preservatives in case of replacement [121]. A higher
amount of yeast (4.7–5.4 log cfu/g) was found in a 10% salt content bacon, while lower
counts (1.3–3.9 log cfu/g) were found in 1.4% salt content bacon, which might indicate
that a higher salt content is expected to suppress the growth of bacteria, enabling the
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slower-growing yeast to better grow in the product [16]. Alternative salts (e.g., KCl, MgCl2,
CaCl2, MgSO4, etc.), sugars, proteins, and humectants decrease the aw in foods, but they
usually have an inferior inhibitory action. Replacers of salt and other sodium-containing
preservatives, such as KCl [20], mixtures of potassium lactate and sodium diacetate [166],
or mixtures of KCl, MgCl2, and CaCl2 [167,168] are not as effective in the inhibition of un-
desirable microbiota. Other aw depressors have no inhibitory effect at all. The replacement
should also consider the other functions of salt (sensory, technological role, flavoring agent)
in the meat product [9,143,169–172]. In a mortadella product, lower sensory acceptabil-
ity, especially regarding flavor, was found when blends containing 1% NaCl, 0.5% KCl,
and 0.5% MgCl2 and 0.5% NaCl, 1% KCl, and MgCl2 0.5% were used in the formulation
compared to the 2% NaCl control [173].

Another strategy is to increase the intensity of the remaining (intrinsic and extrinsic)
hurdles, so they compensate for the reduction of salt and its inhibitory potential. Examples
of these meat products are commercially-sterile canned products, products with a pH
under 3.8 (submitted to an intense acidification), frozen products intended for immediate
consumption after thawing, products with a low aw achieved by other means (e.g., ex-
tensive drying that increases concentrations of solutes in the final product), and natural
seasonings [174]. García-Lomillo et al. (2017) achieved a 1% salt reduction when using 2%
red wine pomace seasoning. However, these types of products may present a strong or
defective sensory profile, due to an extreme application of one single barrier.

One more procedure is to include a further processing step, i.e., a decontamination
treatment, applied either to the raw materials before processing or to the final meat product
once it has been manufactured and packaged [8]. The introduction of an inactivation step
for raw materials (thermal treatment, HHP, light pulses, chemical decontamination, etc.)
may be difficult to put into practice, due to unwanted modifications that occur in fresh
meat and sensory changes in the final product [175]. The second option (treatment of
the final product) is very effective since the process’s safety assurance is enhanced, as
recontamination is prevented [176–178]. In any case, the introduction of an inactivation
step in the food-manufacturing process requires a careful assessment of microbiological
risks, including an adequate calculation of the lethality effect. There is also a need to have
tools and instruments to monitor, optimize, and validate the process on-line and procedures
to model the lethal effect of the treatment [179–181]. A combination of this option and a
replacer or other additional hurdles in the formulation have also been proposed, with HHP
as the most favored choice [20,155,182].

A final option is to use raw materials of optimal microbiological quality in the manufac-
ture of low-salt meat products by increasing the hygienic standards at the slaughterhouse
and cutting plant and strictly adhering to HACCP and GMP (good manufacturing prac-
tices), including environmental monitoring and sanitation. On its own, this procedure is
considered insufficient to produce stable low-salt meat products and should be comple-
mented by other methods, such as those listed above. In any circumstance, it is always
necessary that the processing of meat products should adhere in all circumstances to the
strictest conditions of process hygiene [175].

Either way, the safety of the whole process (formulation, hurdle combination, and
processing steps) should preferably be verified by challenge testing and aided by mathe-
matical modelling.

6. Use of Challenge Testing and Shelf-Life Tests

Challenge testing and shelf-life tests are useful tools that help food processors deter-
mine the quality of foods and estimate the ability of foodborne pathogens to grow during
the foreseeable conditions of distribution and storage. This is especially necessary when
changes in the product formulation (e.g., lowering salt content) are introduced, as the
possibility of reformulated low-salt meat products having shorter shelf-life or causing
foodborne illness has already been emphasized. Salt replacement or reduction has an
impact on the aw of the food and, therefore, will undoubtedly modify the growth behavior
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of pathogenic and spoilage microorganisms; therefore, there is a need for effective tools
ensuring the manufacture of safe foods with changes in the shelf-life [62,183].

The microbial growth ability in food products can be estimated based on specifications
of the physico–chemical characteristics of the product, consultation of the available scientific
literature, or predictive mathematical modelling (see below). In many cases, a growth
assessment will have to involve laboratory-based studies, so-called challenge tests, and
shelf-life studies [75]. Challenge and shelf-life testing is normally performed on a case-by
case basis, which means that it can be very expensive and time-consuming, particularly
if a range of products, formulations, and different bacteria have to be tested. Results
can take many days until they are available, since they are usually obtained by classical
microbiological analysis. Nonetheless, both tests can provide valuable information on
microbial stability to food processors.

Challenge testing. As a primary objective, challenge tests aim to determine whether a
particular food product has the ability to support the growth of a particular microorganism.
Simulation of conditions in an artificially contaminated product allows us to study the fate
of pathogens or spoilage microbiota. In any case, results should be analyzed with care
(including fail-safe approach), considering all the constraints and assumptions introduced
in simulating the natural contamination present in foods and the accurate reproduction of
conditions of foods during storage, distribution, sale, and preparation. Challenge testing is
a technique commonly employed in research [62,184–188]. Up to a 40% NaCl reduction was
achieved during a challenge test in a pre-packed cooked meat product when it was replaced
with a commercial mixture of potassium lactate and sodium diacetate without statistically
affecting the shelf-life [166]. In a challenge test carried out in salami with 4% NaCl and
2.8% NaCl plus 1.6% potassium lactate, the reduced and replaced sample showed to be
effective with respect to microbial benefits without compromising the product quality [62].
According to the authors, a limitation of this challenge test could be the absence of exposure
to abusive temperatures, which does not allow the interpretation to be further extended to
other storage temperatures.

Shelf-life studies. In the European Union, Regulation (EC) No 2073/2005 allows food-
business operators to carry out shelf-life studies, as necessary, to investigate compliance
with the food-safety criteria throughout the product’s lifespan. They are conducted to study
whether particular microorganisms are able to survive and grow in naturally contaminated
foods during storage and distribution beyond the limits imposed by the Regulation. The
consultation of the available scientific literature and specifications of physico-chemical
characteristics of the product is encouraged. For example, referring to L. monocytogenes,
according to the EURL Lm technical guidance document for conducting shelf-life studies
on Listeria monocytogenes in ready-to-eat foods [183], shelf-life tests for L. monocytogenes
would not be needed for the following meat products [189]:

• foods produced for immediate consumption (with a shelf-life of less than five days);
• foods (meat products) which are intended to be cooked or subjected to any other

bacterial inactivation step before human consumption;
• foods which have received a heat treatment or other processing effective to elimi-

nate L. monocytogenes, when recontamination is not possible after this treatment (e.g.,
products treated in their final package);

• meat products with pH ≤ 4.4, or aw ≤ 0.92, or pH ≤ 5.0 and aw ≤ 0.94, conditions
which are already known as unable to support the growth of L. monocytogenes; and

• other categories of product can also belong to this category, subject to scientific justifi-
cation (e.g., frozen products).

Moreover, historical data on the prevalence of the particular microbial species in
the specific food product at the end of its shelf-life and particularly on results of dura-
bility studies (the number of samples exceeding 100 CFU/g) and outputs of predictive
microbiology modules may be useful in deciding whether a test is required or not for a
particular foodstuff.
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Meat products contain several hurdles that impose a series of restrictions affecting
the microbial growth potential of a given pathogen (see above). This growth potential can
serve to classify foods or to evaluate particular food products with regards to shelf-life and
safety. When the growth potential is lower than 0.5, it is considered that the intrinsic and
extrinsic properties of the product are able to restrict pathogen growth during shelf-life, in
case an accidental contamination of the product has taken place. Nonetheless, this aspect
does not eliminate the risk or probability of diseases associated with these products, as the
sole presence of the pathogen in the product implies a certain degree of exposure.

7. Predictive Microbiology in the Safety Assessment of Low-Salt Meat Products

Predictive microbiology uses mathematical functions to describe the behavior of mi-
croorganisms subjected to intrinsic and extrinsic factors in foods. For this purpose, diverse
software tools (ComBase, Monte Carlo simulation, Decision Tools @Risk, MicroHibro, etc.)
are available that allow to users calculate the growth, survival, and inactivation of bacteria
in foods. Models attempt to estimate the quantitative or qualitative evolution of microbial
populations over time and, therefore, the food shelf-life and pathogen fate.

Models that describe the growth of a population of microorganisms are being increas-
ingly used to adopt strategies to improve food safety. From such a point of view, models
have to be able to calculate and describe the growth, survival, or inactivation of spoilage
or pathogenic bacteria in the food matrix under a defined set of extrinsic and intrinsic
conditions and, eventually, when microbial numbers might reach a level compromising
human health [117]. A variety of deterministic models describing the bacterial growth,
survival, and inactivation in meats in response to environmental factors (temperature, pH,
water activity, etc.) have been proposed [92,190,191]. Models are based on variations of
the Bigelow, Baranyi, Gompertz, Logistic, or Richards models, with the environmental
effects being expressed through changes in the equation parameters (Lopez et al., 2004). In
addition, some models have also been published describing the fate of pathogens (growth,
inactivation, and survival) under (static or dynamic) conditions of processing, studying the
impact of extrinsic and intrinsic factors on meat products [92,179–181,192–195]. A model
to describe the combined effect of salt and heating temperature on the heat tolerance of
L. monocytogenes was described for meat and seafood products to achieve ≥3 log10 reduc-
tions. Only the products with salt influenced the model, thus being independent from
strains, temperatures, and type of food [196]. Nevertheless, the authors are aware that other
intrinsic factors might influence the model, and that it needs deeper research. In another
modelling study, L. monocytogenes growth was stimulated at 0.92–0.94 aw when 4% NaCl
was applied [197].

New genetic, physiological, and molecular information is increasingly available, which
will improve the prediction capacity of models. In any case, the use of this methodology
requires a high level of expertise [198]. Assumptions and limitations should be taken into
account, e.g., information available is often obtained from studies carried out under optimal
conditions (37 ◦C, neutral pH, etc.) and in laboratory-based rich media.

Using software with growth/no growth boundary modules, it is possible to obtain
information on the growth probability of pathogens according to pH, aw, and temperature.
The models that investigate the growth–no growth interface of target microorganisms are
particularly useful for these purposes, since they can afford information on the impact of
intrinsic and extrinsic factors to determine the behavior of pathogens or spoilage microor-
ganisms in the final product. Similarly to other processes, the validation of mathematical
models in foods is necessary, together with challenge tests and shelf-life tests, especially if
the assessments are performed in model systems.

8. Conclusions

Most of the scientific literature published on low-salt meat products deals with sen-
sory and technological issues, while the safety viewpoint has been somehow overlooked.
There is a need to further investigate the microbiological implications of salt reduction
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in meat products, since the inhibitory barrier offered by salt may not be adequately re-
placed. The assessment of the safety risk associated with meat products with a low salt
concentration should be unavoidably performed on a case-by-case basis. To achieve this
aim, mathematical modelling, challenge tests, and shelf-life studies are very useful tools
that should be used by experienced personnel. In the industry setting, all this information
should be assessed and integrated into an HACCP plan that includes a comprehensive
hazard-identification phase and adequate tools able to control and monitor the critical
points. To guarantee the microbiological safety of low-salt meat products, approaches can
be addressed towards finding suitable replacers (salts or other depressors of aw), processing
changes that increase the intensity of remaining hurdles (intrinsic and extrinsic factors),
the use of processing technologies able to decontaminate the end product, the use of more
than one strategy as a part of hurdle technology (HPP, use of food cultures and/or natural
antimicrobial compounds, etc.), or the (always) necessary hygienic strategies able to obtain
raw materials with a low amount of microbial contaminants. The reduction or elimination
of salt associated with a product reformulation has to ensure the same safety level, must be
economically and technologically viable, and must be accepted by the consumer from a
sensory point of view.
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Abstract: Assuring the safety of muscle foods and seafood is based on prerequisites and specific
measures targeted against defined hazards. This concept is augmented by ‘interventions’, which are
chemical or physical treatments, not genuinely part of the production process, but rather implemented
in the framework of a safety assurance system. The present paper focuses on ‘Cold Atmospheric
pressure Plasma’ (CAP) as an emerging non-thermal intervention for microbial decontamination.
Over the past decade, a vast number of studies have explored the antimicrobial potential of different
CAP systems against a plethora of different foodborne microorganisms. This contribution aims at
providing a comprehensive reference and appraisal of the latest literature in the area, with a specific
focus on the use of CAP for the treatment of fresh meat, fish and associated products to inactivate
microbial pathogens and extend shelf life. Aspects such as changes to organoleptic and nutritional
value alongside other matrix effects are considered, so as to provide the reader with a clear insight
into the advantages and disadvantages of CAP-based decontamination strategies.

Keywords: cold atmospheric plasma; antimicrobial effects; physical-chemical properties; foodborne
pathogens management; longitudinally integrated safety assurance; shelf-life extension

1. Introduction

In the food production sector, ‘shelf life’ is one of the most essential quality parameters.
Even when microbial contamination and subsequent growth of pathogenic organisms are
successfully counteracted, microbial and/or chemical spoilage will cause foods of animal
origin to be withdrawn from the market. The latter is one of the main worries of the United
Nations (UN), as such represents the main reason for food waste. Approximately one-third
of the world’s foods of animal origin is lost through waste and this markedly reduces food
security [1]. According to estimates of the UN’s Food and Agricultural Organisation (FAO),
published in 2015, it results in approximately USD 940 billion per year in economic losses.
It also results in significant environmental impacts. For example, food loss and waste
are responsible for 8% of the world’s greenhouse gas emissions [2]. In fact, if food loss
and waste were contained to one country, that country would be the world’s third-largest
emitter after the United States and China [1].
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Arguably, food security is not only dependent on minimising food waste, but also on
the enhancement of the efficacy of meat production. Thus, farm-animal species play crucial
roles in satisfying demands for meat on a global scale, and environmental as well as genetic
factors [3] need to be optimised. In particular, one of the important aims is to increase
skeletal muscle growth in farm animals [4,5]. The enhancement of muscle development
and growth is crucial to meet consumers’ demands for meat [5,6].

The veterinary medical curriculum includes enough elements of biology and phys-
iology to allow graduates to function as ‘doctors’, yet many of them end up working in
the food industry as ‘veterinary public health’ (VPH) professionals. These have the legal
responsibility to remain aware of the latest technologies and techniques applied by industry
to assure their products are safe, nutritious and have the desirable physical-chemical and
sensory properties to appeal to the customer. Over the past decades, VPH officials have
gradually shifted their attention from ‘end-product oriented inspection’ towards ‘longitu-
dinally integrated safety assurance’ (LISA; [7]) and as health officials they concentrate on
assuring the absence of pathogenic microorganisms in foods of animal origin as evidence
for ‘quality’. However, in the current political climate, public health authorities need to
assure that besides ‘food safety’ (the first, apparently most significant parameter), also ‘food
security’ and ‘sustainability’ issues are adequately addressed. ‘Food security’ has been
defined by the UN’s FAO as: ‘assuring that 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’, and ‘sustainability’ as: ‘meeting the needs of the present without
compromising the ability of the future generations to meet their own needs’ [8]. The paramount
importance of food security was emphasised in the UN World Commission on Environment
and Development Report in 1987 [9].

Concentrating on safety, security and sustainability is ‘part and parcel’ of the EU’s
current pathogen management strategy, which has been summarised in its May 2020
strategy paper ‘From Farm to Fork’ [10]. For this contribution, this means that the authors
take an approach beyond merely judging the antimicrobial efficacy of risk management
strategies against pathogens, but rather additionally consider effects on variables such as
shelf life and physical-chemical and sensory attributes. In particular, the exposure of foods
to reactive species produced in an ionised gas—‘plasma’—and their effects on microbial
contaminants and on the food matrix (in terms of sensory quality and alterations of proteins
and lipids) will be discussed. To this end, we provide (i) an introduction on the composition
and generation of plasma, and (ii) an overview of the application of plasma technology
for the microbial decontamination of selected food commodities of animal origin, with
(iii) special consideration of the effects of plasma on the sensory quality of meat products, in
particular those related to oxidative reactions. The antibacterial potential of the application
of plasma on meat-based products was emphasised recently [11], but the oxidation of
lipids [12] and proteins [11] has been identified as a potential drawback. Although protein
modification can have positive side effects (e.g., improving gelling quality, [13]), protein
oxidation has been identified as a major cause for quality loss in muscle-based foods [14,15].

2. What Is ‘Cold Atmospheric Plasma’ and How Is It Generated?

2.1. Generation of Plasma

The term ’plasma’, originally coined by Nobel prize winner Irving Langmuir, desig-
nates in physical sciences a gas where a fraction of the particles is ionised; that is, stripped
of one electron and converted into an electron–ion couple. The plasma state, which is
considered as the fourth state of matter, is thus a mixture of electrons, ions and neutral
particles [16]. The fraction of charged to total particles, called ‘degree of ionization’, is a
function of several factors, among which the most notable one is the power density used
to produce the plasma, and can range from very low values (weakly ionised plasma) to 1
(fully ionised plasma). The plasmas typically used for the treatment of food are considered
weakly ionised, so most of the gas particles are electrically neutral.
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In almost all practical situations, plasma is produced by the application of an electric
field. The electric field accelerates free electrons to the energy required to ionise neutral
atoms and molecules in the gas (typically between 5 and 25 eV). This is, however, opposed
by collisions that electrons undergo in their motion through the gas: in particular, inelastic
collisions cause electrons to lose energy, which is transferred to the neutral gas in the form
of the excitation of bound electrons to higher energy levels, or the excitation of the rotation
or vibrational states of molecules. Incidentally, the emission of photons when the excited
bound electrons return to their original state is the source of visible light, which gives plas-
mas their typical glowing appearance, and can also be a source of biocidal ultraviolet (UV)
radiation. Given this balance between acceleration and collisional energy loss, a minimum
applied voltage is required for plasma ignition, a phenomenon called ‘breakdown’, because
the presence of free charged particles converts the previously dielectric neutral gas into an
electrical conductor.

To achieve breakdown, it is required that the few free electrons naturally present in the
gas are increased in number. This occurs through a process, by which collisions between
neutral species and sufficiently energetic electrons result in ionisation events, causing the
number of free electrons in the gas to grow exponentially. This process is known as an
‘electron avalanche’. Subsequent processes strongly depend on the manner in which the
electrical energy is applied. In the case of a stationary (direct current, DC) or slowly varying
electric field, the positive ions produced in ionisation events are accelerated towards the
negative electrode, called the cathode (assuming that the electric field is obtained by
applying a potential difference between two electrodes), and have a certain probability of
extracting an electron called the ‘secondary electron’ from its surface. When this process
is sufficiently intense to provide a new electron for each electron lost to the anode, the
process becomes self-sustaining. A second approach is to vary the electric field fast enough
that electrons perform an oscillation with an amplitude smaller than the electrode gap. In
this case, there is no electron flux to the anode, and each electron can produce others in its
oscillatory motion (the electron number does not grow indefinitely because of diffusion
losses). For typical system sizes, ranging from mm to cm, the required oscillation frequency
is in the order of a few MHz or larger: this defines the so-called ‘radio frequency (RF)
plasmas’, or, when frequencies are in the GHz range, ‘microwave plasmas’.

Since the electric field readily transfers energy to electrons, they typically have high
temperatures, in the order of 1 eV or higher (in plasma physics, temperatures are given
through their equivalent mean kinetic energy: 1 eV corresponds to a temperature of
11,600 K). Still, unless very high power is used, and the plasma is very well confined (for
example, by magnetic fields, as is the case in thermonuclear fusion studies), most electrons
do not have the time to transfer their energy to the ions and to the neutral gas, which
thus remain at relatively low temperatures. In this case, which is the one of interest in
the following, the plasma can be described as ‘non-thermal’. If the ions and the neutral
gas remain at, or very near room temperature, the notion of ‘cold plasma’ arises. This is
exactly the concept of interest here since the use of plasma for food decontamination must
avoid thermal effects. For a detailed description of the underlying principles of plasma
generation and applications in materials modification, the reader is referred to Lieberman
and Lichtenberg [17].

The interest of plasmas in the context of disinfection and decontamination (as in many
other fields) stems from the fact that the free hot electrons shift chemical equilibria, giving
rise to a wealth of reactive species, which interact in a destructive way with microbes. In
particular, reactive oxygen and nitrogen species (ROS and RNS) are of relevance for this ap-
plication, due to their interaction with the cell membrane [18,19]. Furthermore, the plasma
is responsible for generating other agents, namely UV radiation, intense electric fields and
charged species, which may also play a role in the decontamination process [20,21].
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2.2. Low Pressure Plasma vs. Atmospheric-Pressure Plasma

Plasmas are most easily produced at low pressure (several orders of magnitude below
atmospheric pressure) because the electrons do not undergo too many collisions and are
easily accelerated to the energy required for ionisation. This results in a reduced breakdown
voltage, typically of the order of a few hundred volts. However, low-pressure plasmas
are not well suited for food treatment. On the contrary, generating plasma at atmospheric
pressure requires higher voltages, typically a few kV [22]. Consequently, the requirement
of keeping the neutral component at or near room temperature results in the need to limit
the current achieved after breakdown, otherwise it is very easy to obtain high power levels.
There are different solutions for this problem, which can be summarised into two main
approaches. One is the dielectric barrier discharge (DBD), where the high-voltage electrode
is separated from the grounded electrode by at least one layer of dielectric material. After
the breakdown, charge quickly accumulates on the dielectric surface, and extinguishes the
current. These devices are typically operated at a frequency of a few kHz, although lower
frequencies can be used, or with pulsed voltages [23]. The second one is the use of radio
frequency (RF) voltage, which changes polarity so quickly that the peak current is limited.
In the context of plasma food treatment, RF is seldom used, as such plasmas are typically
‘hotter’ than those generated using the DBD approach.

2.3. Application of Atmospheric-Pressure Plasma to Tissues, Foods and Food Contact Surfaces

The potential of atmospheric-pressure plasma to inactivate bacteria and other pathogens
has been known for a long time [24]. However, only in the last twenty years has the devel-
opment of low-power plasma sources enabled the treatment of organic substrates without
thermal damage, leading to its use in the emerging discipline of ‘plasma medicine’ [25].
This includes not only disinfection [26], but also the use of the plasma-produced chemical
species to manipulate cellular processes or structures [19] giving rise to therapeutic effects.
For example, the stimulation of wound healing is a well-studied process [27–30], which has
found application also in the context of veterinary medicine [31]. A field where the use
of plasma-based decontamination may prove to be a game changer is that of food decon-
tamination [32]. A particular mode of plasma generation has been studied more recently,
with a view to assess its suitability as a means of antimicrobial intervention during food
production [33]. The scientific principles on which the generation of reactive gas species
is based, and the modes of antimicrobial action of cold atmospheric plasma (CAP) when
applied to various foods of animal origin, with special reference to meat and meat products,
have been reviewed recently [34].

It is essential to realise that CAP exerts its antimicrobial action primarily on the
surface of a treated food item. Hence, bacterial (or viral) surface contamination resulting
from slaughter and subsequent processing could therefore—at least partly—be inactivated
before further processing/packaging. Obviously, the chosen method of applying plasma
determines the antimicrobial efficacy of exposing microbial contaminants to plasma.

The specific mix of reactive species produced by a plasma source depends on several
interlinked factors. First is the gas used for the process, which is typically either air or a
noble gas (helium or argon) mixed with small fractions of air or air constituents. Second is
the amplitude, frequency and waveform of the voltage used to produce the plasma, the
applied power and the gas flow (if applicable). For example, in the case of an air DBD, the
prevalence of ROS or RNS will be dictated by the power level [35]. As another example,
humidity will affect ozone production [36], and this may lead to the loss of bactericidal
effect [37]. The closer the target is to the plasma source, the shorter the time needed for
reactive species to reach the target. In settings with a distance between electrodes and the
sample, the presence of long-lived radicals such as NO2, O3 and N2O is an important factor
co-determining the array of reactive compounds.

In recent years, a plethora of different plasma systems have been developed for the
decontamination of food contact surfaces [38] and food products [39]. Typically, but not
exclusively, these prototype systems have been based on the DBD family of discharges. Two
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distinct modes of application have arisen, and the first involves plasma interacting directly
with food products, typically achieved by placing the product between the electrodes of
a parallel plate reactor or in the effluent of a plasma jet (Figure 1a,b, respectively). Direct
contact systems are highly efficient as reactive and short-lived chemical species, such as O,
N and OH, directly impinge on, and interact with, the food matrix. Despite their efficiency,
a direct contact between plasma and food poses a number of technical challenges; for
example, the plasma characteristics are inevitably and inextricably linked to the electrical
characteristics of the food product, a situation that can compromise repeatability. Another
challenge relates to the complexity of the discharge chemistry reaching the product and
its impact on the food matrix, a process that could potentially involve over 1000 complex
biochemical reactions. Without a clear understanding of the underpinning processes that
give rise to the intriguing antimicrobial effects associated with plasma treatment, the
regulatory approval necessary for the commercial application of direct-contact plasma
technology may not be forthcoming.

 
Figure 1. Typical DBD systems used for the treatment of food products: (a) direct-contact parallel
plate reactor, (b) direct-contact plasma jet, (c) indirect contact surface barrier discharge and (d) pilot-
scale surface barrier discharge system developed at the University of Liverpool.

The second mode of application relates to the indirect exposure of food products
to plasma, typically achieved by generating plasma in close proximity to a product and
relying on the diffusion and/or convection of chemical species to its surface (Figure 1c). In
this scenario, short-lived chemical species react before reaching the food product, yielding a
number of longer-lived intermediaries; for example, in the case of air plasma O3, NO, N2O
and NO2 [40]. Due to the absence of highly reactive chemical species, indirect approaches
are often considered less effective for microbial inactivation compared to their direct-contact
counterparts. Conversely, a vast reduction in the variety of chemical species reaching the
product is conducive when attempting to elucidate the underpinning mode of action. A
further benefit of many indirect treatment approaches is their ability to be easily scaled to
cover large areas (Figure 1d), and they remain unaffected by the electrical properties of the
food product, enhancing repeatability.

2.4. In-Package Cold Plasma Treatment

Direct exposure to CAP can also be achieved for already packed products. In this
case, the packaging material itself is used as the dielectric barrier and external electrodes
are used to apply a high voltage, resulting in plasma formation directly within the sealed
pack. This efficacy of ‘in-pack’ plasma treatment of foods has been demonstrated against
foodborne pathogens [41,42] and spoilage microorganisms to extend the shelf life of end
products [43–47]. As products are already sealed within the package prior to plasma
disinfection, there is little opportunity for further contamination, which is considered a
major advantage of the approach.

A drawback of the approach is the requirement that the packaging material can with-
stand plasma treatment without degradation, which could potentially contaminate foods
sealed within. Very few studies have considered the impact of in-package plasma on the
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packaging material, or how the material influences the production of plasma species [46,47].
Previous studies have shown that the physical-chemical and microbiological condition of
fresh beef, packaged in a polyethylene–polyamide–polyethylene (PE/PA/PE) film after
it had been inoculated with S. aureus, L. monocytogenes and E. coli, is in no way affected
by subjecting it to treatment with atmospheric-pressure cold plasma ([48]; some details in
Section 3).

Using in-package plasma treatment (2 to 60 s), statistically significant reductions
(0.8–1.6 log cycles) in Listeria innocua contamination of ‘Bresaola’ (a dried, ready-to-eat beef
ham product) were recorded [49]. Using ‘dielectric barrier’ electrodes and air as gas, a
3 min plasma treatment of packaged chicken cubes allowed reductions in Salmonella, E.
coli O157:H7 and L. monocytogenes of up to 3.7 log [50]. Similar findings were recorded by
Jayasena et al. [51], who established antimicrobial effects of up to 2.6 log S. typhimurium
and L. monocytogenes in PE-packaged beef and pork using a DBD system.

British studies have shown that at retail level a sizeable portion of the cross-contamination
of fresh meat occurs via both the external and internal surfaces of the packaging film [52]. Until
the CAP exposure of food and food products has gained the necessary regulatory approval,
the application of CAP to inactivate pathogens on the external surfaces of packaging materials
is a viable way forward, provided one can demonstrate that the packaging matrix is not
breached by cold plasma and hence that the packaged product does not have to be classified
as a ‘novel food’ according to EU Regulation 2015/2283 [53]. According to the latter regulation,
any lasting change incurred beyond what could be expected naturally as a result of plasma
exposure would require ‘novel food‘ certification [53]. As regards plasma generated from
ambient air, it is debatable if the action of ROS and RNS would qualify plasma-treated food as
‘novel food‘ (i.e., food with intentionally modified molecular structures that were not present
in foods within the Union before 15th May 1997, or ‘food resulting from a production process
not used for food production within the Union before 15 May 1997, which gives rise to significant
changes in the composition or structure of a food, affecting its nutritional value, metabolism or level of
undesirable substances’; Article 3, paragraphs (i) and (vii) of Regulation (EU) 2015/2283; [53]).
European partner countries initiated a COST project (013/20) with the purpose of creating
a database that will ultimately allow ‘understanding plasma’s most important processes
including aspects of (Novel food) legislation, energy consumption, food safety and quality’.
However, provided a CAP treatment does NOT cause a lasting change, it can be considered
a processing aid and can be applied without extra labelling or consumer information [54].
A case-by-case evaluation of plasma-matrix combinations has been suggested [55]. In 2017,
Ekezie et al. [56] reported that CAP had not been implemented in food industry settings
because of uncertainties about matrix modifications and subsequent legal issues. In the last
years, this knowledge gap has been at least partially filled; see the following sections.

3. Effects of CAP Treatment of Fresh Meat and Meat Products

3.1. Fresh Meat

Microbial contamination of meat occurs at slaughter and numerous contamination
scenarios are possible along the fresh-meat chain [57,58]. Control of such contamination is
essential to prevent food from becoming ‘unsafe’, i.e., either hazardous to human health
or unfit for human consumption due to spoilage (Regulation (EC) No 178/2002) [59]. The
prospects and limitations of ‘Good Hygiene Practice’ and, more specifically, of ‘Hazard
Analysis Critical Control Point’ systems in safeguarding fresh meat have been extensively
discussed [60,61] and the usefulness of interventions as additional tools has been proposed
and studied [62–68].

Typically, such methods would be preservation or processing, but these usually alter
product appearance or other characteristics. Thus, the array of intervention methods for
fresh meat is rather limited. Treatment with cold or hot water or with steam and dilute
organic acids may be applied by rinsing, spraying or immersion, with no or negligible
effects on the appearance of fresh meat and without leaving residues [69–76]). Since nearly
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a decade, the application of dilute lactic acid has been allowed in the EU, albeit only as part
of the pre-chill treatment of beef carcasses (Commission Regulation (EU) No 101/2013) [77].

The possibilities of exposing meat surfaces to further decontaminating treatments that
aim to eliminate both pathogens and spoilage flora has remained a relevant topic. Treatment
with CAP has been suggested as a promising option [33,48]. Three major questions need
to be addressed, i.e., ‘What level of microbial reduction can be achieved?’, ‘Are there
significant ‘side-effects’ on the meat matrix’ and, in in-pack exposure settings: ‘How do
packaging material and headspace in the package influence the effect of CAP?’ The latter
issue has already been addressed in this paper (see Section 2.4). A number of studies have
demonstrated the antibacterial activity of CAP on meat surfaces, considering the possibility
of changes in the meat matrix due to lipid oxidation, protein denaturation and the state of
haem pigments.

The magnitude of the reduction in contaminant bacteria by CAP technology is in-
fluenced by the nature and abundance of plasma gas species, which, in turn, is different
depending on the medium in which the plasma is generated and on the way the gas species
get in contact with the food matrix, e.g., direct exposure or circulating gases or liquids.
Thus, it has been suggested to consider key parameters when comparing the outcomes
of different studies [11]. Since our aim was not to identify the ‘best treatment protocol’,
we refrained from presenting all experimental details in the various studies discussed in
this paper. Still, the matrix in which plasma was generated (gases or liquids) and exposure
conditions are given.

There are also differences in susceptibility between bacterial genera and the physical
state of the meat samples (e.g., chilled or deep-frozen). For example, Choi et al. [78]
contaminated samples of frozen and fresh pork with L. monocytogenes and E. coli. Samples
were then exposed to CAP generated by a corona discharge plasma system (20 kV DC,
58 kHz) with a fan delivering air to the plasma source. A 120 s exposure to CAP effectuated
a reduction in the numbers of E. coli by about 1.6 log CFU in fresh, but significantly more
(about 2.7 log) in frozen pork. Reductions in Listeria were ca. 1.1 log CFU, with no significant
difference between chilled and deep-frozen pork. Arguably, all contaminated surfaces must
be exposed to CAP to achieve optimum results. Thus, Yong et al. [79] found that E. coli
on raw chicken breast was reduced by 1.14 log CFU when one side was exposed to CAP
(generated from an O2:N2 mix) for 5 min, but by 1.44 log CFU, when both sides of the fillet
were exposed for 2.5 min each.

Depending on the distance from the plasma source to the target surface, either a wide
array of reactive gas species may reach and interact with the target, or only long-lived
species may arrive; see Section 2.3. The gas species will react with compounds of the cell
wall (including the cell membrane) and with cytoplasmic components and nucleic acids [80].
Most compounds (with the exception of cell wall components) are not exclusive for bacteria,
but also prevail in eukaryotic cells. Thus, it can be expected that the majority of the arriving
reactive species will react with the more abundant food matrix rather than with the bacterial
cells. Since penetration depth is low and the underlying meat parts will act as buffers, the
‘average’ immediate effect on a piece of meat with several cm diameter can be expected to
be negligible. A somewhat different situation may exist with respect to triggering the auto-
oxidation of lipids. Since (apart from water) protein and lipids are the major constituents
of meat [81], numerous studies have focused on the consequences of CAP exposure to
lipids [12,82] and proteins, including haem proteins [83]. In addition to chemical tests,
colour measurement has proven to be able to assess sarcoplasmic denaturation (indicated by
an increase in L*) [48] or oxygenation or oxidation of myo- and haemoglobin (indicated as
changes in a* values). Finally, nitrate generated in water exposed to CAP can be ultimately
reduced to NO, resulting in the development of NO-myoglobin, which, after heat treatment
or other type of denaturation, turns into the pink NO-haemochrome [83]. Notably, in
water exposed to CAP generated in air, nitrate will accumulate, which would allow the
use of such plasma-activated water as a curing agent (see Section 4). RNS are typically
produced in atmospheric pressure air plasmas with a high-power density at higher voltage,
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whereas plasma generated at lower powers are dominated by ROS [52]. In principle,
voltage adjustment would allow fine-tuning if antibacterial action with the side-effect of
oxidation (low power) or curing (high power)—with an antioxidative side-effect—is aimed
at [84,85].

Bauer et al. [48] studied the effects of plasma treatment of packaged fresh beef. Vacuum
packaged and non-packaged beef longissimus samples were treated with CAP (generated
from ambient air, at different powers) over a 10-day period of vacuum, and a subsequent
3-day period of aerobic storage. It is important to realise that their approach was fundamen-
tally different from treating foods ‘in-pack’ (i.e., after packaging) as described above under
Section 2.4. Exposure of ‘non-covered’ beef samples to high-power CAP conditions resulted
in increased a*, b*, Chroma and Hue values, but CAP treatment of packaged loins did not
impact colour (L*, a*, b*, Chroma, Hue), lipid peroxidation, sarcoplasmic protein denatura-
tion, nitrate/nitrite uptake or myoglobin isoform distribution [48]. Colour values measured
after 3 days of aerobic storage following un-packaging (i.e., at 20 days post-mortem) were
similar and all compliant with consumer acceptability standards. Exposure to CAP of the
polyamide-polyethylene packaging film inoculated with Staphylococcus aureus, Listeria mono-
cytogenes and two Escherichia coli strains resulted in a >2 log reduction without affecting the
integrity of the packaging matrix. Results indicate that CAP can reduce microbial numbers
on the surfaces of beef packages without affecting the characteristics of the packaged beef.

3.2. Meat Products

The potential use of CAP as a decontamination technology has also been studied in
meat products. This included dried—‘jerky style’ [84–86]—products as well as dried-cured
meat products such as dry ham [37,49].

In cooked/cured meat products, CAP has been used mainly as a curing agent—either
by direct curing or by making use of plasma-treated water (PTW)—through the formation
of reactive nitrogen species (RNS) when relying on N2 as part of the carrier gas mixture
leading to the formation of nitrite, and hence producing a curing effect [87–91].

Cooked/cured meat products are generally microbiologically safe due to the combina-
tion of heat and nitrite [92,93]. However, post-processing handling such as cutting, slicing
and packaging may lead to recontamination of the surface [94,95]. Thus, it is advantageous
that CAP is effective on the product surface due to the nature of plasma [48]. As regards the
post-processing and pre-packaging contamination of ready-to-eat cooked meats, Listeria
monocytogenes is the pathogen of concern [96], the more so as pH and water activity are
often not low enough [97] to prevent the multiplication of L. monocytogenes during the shelf
life of the product. In a study on typical Austrian cooked ready-to-eat meat products [98],
this issue was addressed in detail, and a decision tool was developed to estimate to what
extent pH or water activity of a given product need to be adjusted, albeit the authors
concluded that there are limited possibilities to do so without altering sensory product
characteristics and impacting consumers´ acceptance. This issue has been studied in detail
in typical Austrian cured-cooked meats, see Csadek et al. [99], with respect to Listeria
and E. coli and to colour changes after exposure to CAP generated from ambient air. The
authors found that E. coli was more readily reduced than Listeria. It has been speculated
that Gram-negative bacteria (E. coli) are more susceptible for CAP than are Gram-positives
(Listeria), since the membrane lipids in Gram-negative organisms are directly exposed to
CAP molecules, in particular ozone, whereas the cell wall of Gram-positive organisms
would protect the cell membrane. However, experimental data are inconclusive [37,39,48].
Differences were also observed between the high and low power settings of the CAP device,
but also between similar products from different manufacturers. Since the composition
of the samples was—according to the information provided on the label—practically the
same, it remains to be explored why different results were obtained.
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4. Effects of CAP Treatment of Aquatic Foods of Animal Origin: Review of Recent
Model Experiments

‘Aquatic food’ means food grown in or harvested from water (including all types of
fish, reptiles and amphibians) and mixtures containing aquatic foods and synthetic foods,
such as surimi. It is important to realise that the terms ‘aquatic foods’ and ‘seafoods’ are
not necessarily considered to be synonymous. Generally, the term ‘seafood’ is understood
to stand for ´any form of sea life regarded as foods by humans, prominently (but not exclu-
sively) including fish and shellfish´ [100]. Shellfish include various species of molluscs (e.g.,
bivalve molluscs such as clams, oysters and mussels and cephalopods such as octopus and
squid), crustaceans (e.g., shrimp, crabs and lobster) and echinoderms (e.g., sea cucumbers
and sea urchins).

In recent years, a considerable number of scientific studies have been dedicated
to analysing the microbiological (and sensory) effects of the CAP treatment of fish and
‘seafoods’. In the following, we will restrict ourselves to seafoods of animal origin.

From a nutritional viewpoint, fish species may be conveniently divided into oily
fish (i.e., fish in which lipids in the soft tissues and the coelom are present as oil) and
whitefish [101]. Fish oil from ‘oily fish’ species is valued for its in vitamin and omega-3-
fatty acid contents [102]. Arguably, studies on the antibacterial action of CAP in oily fish
species need to consider lipid oxidation as well.

Rathod et al. [103] concluded that CAP treatment would retard bacterial spoilage
(i.e., protein degradation and lipid oxidation) and, thus, CAP could be recommended as a
minimal processing intervention for preserving the quality of seafood of animal origin.

4.1. Oily Fish
4.1.1. Atlantic Mackerel

Atlantic mackerel [(Scomber scombrus), a swarm fish caught in coastal waters, is
one of the most abundant fish species in Europe, containing high levels of long-chain
polyunsaturated fatty acids (PUFAs), which, consequently, are highly susceptible to oxida-
tion, and, thus, may cause the production of off-flavours and -odours. The effects of CAP
(generated from ambient air) on fillets of fresh mackerel were investigated in 2017 [104].
When fresh mackerel fillets were stored in packages and subjected to CAP using a ‘large-
gap’ (i.e., the target is placed between the electrodes, see Section 2.4) DBD (70–80 kV for 1,
3 and 5 min), microbiological and quality characteristics were improved significantly. The
spoilage bacteria (i.e., psychrotrophic aerobic flora, Pseudomonas and Lactic acid bacteria) of
mackerel fillets were reduced by ca. 1 log cycle through CAP within 24 h of post-CAP treat-
ment. A significant increase in lipid oxidation parameters (i.e., peroxide values, dienes) was
observed in CAP-treated samples. The intensity and duration of CAP treatment of mackerel
fillets also have a great impact on their microbiological condition. Nevertheless, no changes
in pH and colour (with the exception of L* values) were recorded as a result of CAP treat-
ment. These results imply that CAP could be considered as a means of reducing spoilage
bacteria and thus extending the shelf life of mackerel, provided an antioxidant is added
during storage to keep lipid oxidation in check. Recently, Trevisani et al. [105] confirmed
that mackerel subjected to CAP using a DBD (3.8 kV at 12.7 Hz) did not, with the exception
of slightly higher lightness (L*) values attributed to the oxidation of haemoproteins [106],
appreciably change sensory traits when stored for 5 days at 4 ◦C. CAP had been generated
from ambient air, and exposure was under wet conditions. Trevisani et al. [105] conclude
that the treatment of fish fillets before long distance transportation (under challenging
environmental conditions) may contribute to safety and extend their shelf life.

4.1.2. Tuna

The latest update on global fish consumption shows that Tuna (Thunnus obesus) is the
world’s most popular fish food and Pan et al. [107] recently investigated the effects of CAP
on its quality. Tuna slices of 10 g (2.5 cm × 5 cm) were subjected to 40 kV CAP, generated
from ambient air, in a ´large gap’ DBD design (i.e., the electrodes are at a distance which
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allows the sample to be placed between them, see also Section 2.4). No changes in sensory
effects on tuna sashimi (i.e., raw, fresh, finely filleted tuna) were reported, but significantly
different levels of a volatile compound (‘1-hexanol’, a chemical known to indicate the level
of protection against flavour changes that negatively affect shelf life) indicate a superior
‘freshness’ of CAP-treated tuna [107].

4.1.3. Herring

Albertos et al. [108] investigated the use of a ‘large gap’ DBD design to generate a
CAP discharge within the headspace of packaged herring (Clupea harengus) fillets, and its
effects on microbiological and quality markers after 11 days storage at 4 ◦C. DBD plasma
treatment conditions were 70 kV or 80 kV for 5 min treatment time. The results showed
that the microbial load (total aerobic mesophilic-/total aerobic psychrotrophic bacteria,
Pseudomonas, lactic acid bacteria and Enterobacteriaceae) was significantly (p < 0.05) lower
in the treated samples, compared with untreated controls. Samples exposed to the lowest
applied voltage better retained key quality factors (i.e., lower oxidation and less colour
modification). DBD-treatment caused a reduction in ‘trapped water’ in the myofibrillar
network, as assessed by the ‘low-field nuclear magnetic resonance of protons‘ technique.
The results indicate that in-package DBD plasma treatment could be employed as an
effective treatment for reducing spoilage bacteria in highly perishable fish products.

4.2. Whitefish
4.2.1. Alaska Pollock

Choi et al. [109] investigated the effect of a corona discharge plasma jet (CDPJ) us-
ing ambient air on microbial reduction and the physical-chemical and sensory charac-
teristics of dried Alaska Pollock (Pollachius pollachius, a cod species) shreds. All of the
spoilage or pathogenic bacteria, moulds and yeasts researched were significantly reduced
by 1–2.3 log units. A 3 min exposure reduced the water content from 15 to 8.6%, and a
significant increase in Thiobarbituric Acid Reactive Substances (TBARS) was observed. Al-
though individual colour coordinates (L*, a*, b*) remained unchanged, a significant increase
in ΔE (up to 2.2 units) was noted. This change, although rated as ‘distinct’ [110], would not
necessarily be perceived by consumers. Delta-E [(ΔE = (ΔL*)2 + (Δa*)2 + (Δb*)2)0.5] [111]
was used as a proxy for visually perceived colour changes. ΔE is a single number that
represents the ‘distance’ between two colours, the idea being that a ΔE of 1 is the smallest
colour difference the human eye can perceive [112]. More specifically, ΔE < 2 indicates a
colour change visible to an experienced observer only and ΔE > 5 indicates the impression
of two different colours [111].

Likewise, there was a change in texture, with CAP-exposed samples rated as ‘more
crispy’. Other sensory quality parameters were not affected. Both oxidation and drying
may have contributed to the changes in ΔE, and crispiness was most likely affected by
drying. The authors concluded that 2 min exposure time would yield an optimal condition
in terms of quality traits and the inactivation of bacteria.

4.2.2. Hairtail Fish

Koddy et al. [113] studied the effect of CAP at 50 kV with different treatment times on
the crude protease extract and muscle protein from Hairtail fish ((Trichiurus Lepturus), a
saltwater species (‘daiyu’ in Chinese), one of the most popular fish species on the Chinese
table). The results suggest that implementing CAP at 50 kV can inhibit the activity of crude
protease extract to the lowest value of 0.035 units/mg protein after 240 s. Protein oxidation
indices (carbonyls and sulfhydryl) varied significantly after crude protease enzyme was
exposed to plasma active species. An enhancement in the colour and water-holding capacity
properties was observed in hairtail samples treated with CAP. Therefore, CAP treatment
could be used as an effective non-thermal method to maintain the quality of hairtail fish and
extend the shelf life. Supplementary research is needed to provide knowledge concerning
the effect of CAP treatment on the lipid oxidation of hairtail muscle.
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4.3. Shrimps
4.3.1. Pacific White Shrimp and Greasyback Shrimp

In recent years, some CAP research has been conducted on Pacific white shrimp
((Lito-)Penaeus vannamei), primarily with a view to investigate if ‘melanosis’ (the enzymatic
oxidation of shrimps leading to ‘black spots’, a condition associated with serious eco-
nomic losses) can be counteracted by a 10 min CAP treatment (DBD configuration, plasma
generated from air, 500 Hz, 40 kV; [114]). Although, immediately after CAP exposure, mi-
crobiological variables (i.e., counts of mesophilic/psychrotrophic bacteria, Staphylococcus)
were lower in the treated group than in the control group, no significant differences were
noted after 3 and 6 days of storage. However, treated samples had significantly lower pH
values, higher water-binding capacity and (for a storage period of up to 9 days), a lower
cooking loss than controls, and ΔE values were lower. The assessment of overall sensory
quality (index composed from six factors) indicated that the shelf life of plasma-treated
shrimps was >4 days longer than that of the controls (14.1 vs. 9.8 days), which would
increase marketability enormously.

Recently, Elliot et al. [115] suggested to incorporate CAP in the traditional processing
chain of fresh shrimp (Penaeus vannamei), i.e., immediately after the traditional double wash
preceding refrigerated storage at 4 ◦C for 12 days—a minimal treatment with cold plasma
(DBD, 60 kV, 69/90/120 or 150 s). This treatment results in more desirable quality outcomes.
The latter are characterised by low malondialdehyde concentration, low volatile nitrogen
products content and comparable proximate composition as compared with the traditional
approach without CAP. Texture, pH and colour are remarkably retained at 120 and 150 s of
CAP pre-treatment and protein degradation is negligible up to 90 s, as opposed to 120 and
150 s of pre-treatment [115].

Whereas most trials subjecting shrimps to CAP rely on direct treatment of the surface
with the gases, and positive effects, particularly on some reported physical-chemical effects,
there are few data on microbiological effects. Several years ago, a group of Chinese
researchers [116] reported the superior quality of Greasyback Shrimps (Metapenaeus ensis)
that had been stored in ice prepared from plasma-activated water (PAW), as compared with
tap water. The former treatment group exhibited less microbial growth, thus extending the
storage life 4 to 8 days. During storage, pH values remained < 7.7 and less off-colours and
surface ‘hardness’ were observed. The total volatile basic nitrogen (TVBN) values remained
at levels < 20 mg/100 g, i.e., at levels significantly lower (p < 0.05) than the controls not
stored in ice prepared from CAP-treated water.

4.3.2. A Short Note on Freshwater Shrimps’ Role in Spreading Antibiotics Resistance

Recently, serious concerns have been raised about veterinary drug residues in im-
ported shrimp from Asia [117]. The Chinese freshwater grass-shrimp (Paleomonetes sinensis,
generally used as an aquarium ‘cleaner’ rather than as food for human consumption) is a
shrimp species that eats dead/decaying plants and animals). It has recently been indicated
that this shrimp could play a significant role in spreading antibiotic resistance.

In the USA, laboratory tests have shown that most frozen freshwater shrimp samples
imported from Asia (e.g., Thailand, China, India, Indonesia, Bangladesh) and Ecuador
contain residues of, e.g., oxytetracyclin, nitrofurantoin, fluoroquinolone and malachite
green, i.e., antibiotics that are restricted or banned under US food standards. Apparently,
existing screening protocols and enforcement measures are insufficient to prevent this
from happening. There are also serious doubts if, currently, adequate labelling rules are
followed [117].

The use of freshwater shrimp as a human food is generally advised against [118].
Although freshwater shrimp is entirely edible, its reputation is that it is ‘not worth the
effort’ (as there is hardly any meat to eat, and it is classified as a ‘gooey’ (syrupy, viscous,
sticky) substance that is better left for ‘monster fishes’ to eat) [118,119].
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Arguably, alternative antibacterial interventions could help to reduce the use of an-
timicrobials in shrimp production. This might include the application of CAP to sanitise
the water in the breeding/holding pens.

4.4. Squid

Choi et al. [120,121] investigated the effect of a CDPJ, with plasma generated from
air, on microbial reduction and the physical-chemical and sensory characteristics of semi-
dried and dried squid (Todarodes pacificus) shreds. All the spoilage or pathogenic bacteria,
moulds and yeasts researched were significantly reduced. In semi-dried squid shreds,
exposure times > 3 min resulted in a change of flavour and significant increase in TBARS
and L*and b* values, with ΔE up to 6.6 after 10 min exposure. The levels of TVBN and
trimethylamine were not affected. The overall sensory acceptance was not impaired.
Likewise, a 3 min. exposure of dried shreds resulted in increases in L* (ΔE maximum
2.5) and TBARS, indicative for oxidative changes. Again, the overall acceptance was not
impaired. The authors concluded that a 2 min. exposure would warrant a sufficient
reduction in bacteria without compromising product characteristics.

4.5. Molluscs (Mussels and Oysters)

Mussels and oysters have been implicated in foodborne poisoning, either by contami-
nant bacteria or viruses [122–131]. Unlike fish, this type of seafood is often traded alive and
some species are even consumed raw (e.g., oysters). Thus, no traditional food processing
techniques with antimicrobial or antiviral effect (e.g., heat treatment; [132]) can be applied.
Choi et al. [133] exposed an oyster (Crassostrea gigas) slurry to plasma generated by a jet-type
CAP device for 30 min and could demonstrate a reduction (>1 log) in human norovirus
without compromising the colour and pH of the oyster [133]. Although the authors selected
a highly relevant viral pathogen, biosafety concerns make the use of surrogate viruses more
feasible, which is an issue discussed in more detail in the following section.

Csadek et al. [134] studied the inactivation of surrogate viruses on an oyster slurry,
but employed a DBD instead of a jet-type plasma generator. Plasma was generated from
ambient air. The authors observed a higher antiviral effect towards a double-stranded DNA
virus (Equid Alphaherpesvirus 1, EHV-1; 2.3–2.8 log) than against a single-stranded RNA
virus (Bovine Coronavirus, BCoV; 1.4–1.0 log) in Dulbecco’s Modified Eagle’s Medium
(DMEM). Plasma generated at low power (ozone dominated) had a higher virus inactivation
effect than was the case at high power (nitrogen dioxide dominated). Plasma exposure
caused a decline of glucose contents in DMEM, which might have been caused by a reaction
of carbohydrates with amino acids (Maillard reaction). The exposure of an oyster slurry
to CAP did not result in any change of pH and colour, corroborating the findings of
Choi et al. [133]. However, the oyster matrix resembles a buffered medium, and, thus, pH
changes were not really expected. Regarding colour, different mechanisms may apply than
in muscle foods, since the electron acceptor is haemocyanin instead of haemoglobin [135].
Thus, the absence of colour changes is maybe less suitable for assessing CAP-induced
changes. The authors observed an accumulation of nitrogen in the oyster slurry due to CAP
exposure, which could only in part be explained by higher nitrate and nitrite contents. The
(entirely plausible) assumption that nitrate from the plasma reacted with the compounds
of the oyster matrix remains to be substantiated.

Both Choi et al. [133] and Csadek et al. [134] studied oyster tissue and not live oyster,
and it was a contamination scenario, not an infection. However, the antiviral effects of CAP
exposure can also be expected for live oysters, whereas the significance of the observed
nitrogen accumulation in oyster slurry for live animals is not entirely clear. It can be
assumed that the exposure of the cells to nitrate is a stressor for cell homoeostasis. Studies
on exposure to ACP of oyster cell monolayers with or without viral contaminants might
allow the obtainment of an estimate if the extent and the benefit of antiviral action are
counteracted by oyster cell damage.
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Admittedly, the direct exposure of oysters to CAP is not very practical, compared to
sanitising the (salt) water in the holding tanks. Although the concept of applying CAP
to reduce viral contamination in water is promising [136], it will largely depend on the
composition of the plasma species. When NOx are generated, they will be dissolved in
water and lower the pH [134]. This pH drop is an additional stressor for the oysters.

A CAP-based system for sanitising water in holding tanks for live oysters could allow
the water to circulate from the holding tank via a compartment for CAP exposure to a
station adjusting the pH (either by adding alkali or by denitrification) and again back to
the holding tank. Denitrification is usually a biological process, but there are also chemical
systems available [137,138]. Based on these references, the authors of this article suggest
studies on a circulating system (Figure 2), in which CAP treatment would prevent re-
infections or new infections and eventually reduce the pathogen load of already-infected
oysters and mussels.

Figure 2. Concept of a circulation system for denitrification and cold atmospheric plasma treatment
of stored molluscs (source: authors).

5. A Note on Food-Contaminating Viruses; Why Surrogate Viruses Are Used for
Studying the Virucidal Effect of Cold Atmospheric Plasma

While food-transmitted pathogenic viruses are of concern for food safety, food security
is threatened by viruses causing disease in production animals, e.g., Newcastle disease virus
(NDV) and porcine reproductive and respiratory syndrome virus (PRRSV), sometimes with
zoonotic potential (highly pathogenic avian influenza virus, HPAIV). It can be assumed
that CAP would effectuate virus inactivation on the surface of biological materials the same
way as it acts on food surfaces.

The most recent authoritative review on cold plasma effects on viruses stems from
Filipić et al. [139], who acknowledge that, so far, insufficient data are available that would
allow selecting the correct treatment options. Unfortunately, the literature on plasma effects
against foodborne viruses is rather scarce and relevant parameters (including a treatment
duration that would allow optimal interaction with contaminated material) have not yet
been studied sufficiently. The biosecurity problems associated with studying pathogenic
viruses have been mentioned above and might also be a reason why so few studies have
been conducted on viruses. Thus, it is worth addressing the use of surrogate viruses in
more detail.

The literature on foodborne viruses focuses on noroviruses, enteric adenoviruses
and hepatitis A virus, which are the leading causes of acute gastroenteritis, the second
most infectious disease worldwide, responsible for high levels of hospitalisation and
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mortality [139,140]. The infectivity of these agents explains why research on the effects of
CAP on these viruses is rather limited and usually relies on the use of ‘surrogate’ viruses
that are relatively easy to culture/propagate and are safe to work with [141]. By the
same token, it has been proposed to use bacteriophages as surrogates or indicators for the
presence of enteric infectious viruses in wastewater [140].

Pathogenic viruses have always posed a great risk to humans and animals alike, and
pandemics can quickly wreak havoc on the livelihood of millions of people, as currently
seen due to SARS-CoV-2. Apart from human-to-human transmission, contaminated sur-
faces are another source of viral infections, and the ingestion of dangerous pathogens on
food surfaces frequently results in significant morbidities and mortalities [142]. Apart
from considerable evidence of the microbicidal effect of atmospheric-pressure cold plasma
on bacteria and fungi, several studies indicate that CAP treatment also induces virus
inactivation and is therefore considered a promising tool to combat human pathogenic
viruses [143].

An evaluation of the efficacy of inactivation methods for pathogenic human viruses
may imply significant health hazards, which may require specialised buildings and equip-
ment, such as biosafety level 3 (BSL-3) laboratories, which are not generally available.
Furthermore, such resources are not only expensive, but also depend on specially trained
personnel; thus, extensive testing of such viruses is often not economically justified. As a
consequence, surrogate viruses that can be handled in BSL-1 or BSL-2 facilities are usually
favoured for testing and optimising plasma technology [142]. In addition, most food-
related viruses cannot be propagated in cell culture (e.g., hepatitis viruses and caliciviruses),
and/or do not cause cytopathic effects, which would be required to directly assess a viral
reduction caused by, e.g., cold plasma in cell culture. Thus, ways to inactivate infectious
viruses are most commonly investigated by the use of cultivable surrogate viruses, or by
the detection of viral nucleic acids by real-time polymerase chain reaction (RT-)PCR, which,
however, does not provide information about infectivity [141], unless free DNA or RNA
molecules released from destroyed viral particles are removed prior to PCR by DNase or
RNase treatment, respectively [144].

Surrogate viruses should be closely related or have very similar traits to mimic the
pathogen of interest as well as possible, including biological, biophysical and biochemical
characteristics [141]. For instance, noroviruses are single-stranded, non-enveloped RNA
viruses belonging to the family Caliciviridae. Thus, viruses from the same family are the
best surrogate choice, such as feline calicivirus, which is cultivable (but does not cause a
cytopathic effect) and has been used as a surrogate for norovirus in several studies since
the 1970s [141]. When murine norovirus, which is even more closely related to food-
contaminating noroviruses, was discovered in 2003, researchers turned to this virus, as it is
also resistant to low pH values. However, when it was found that the murine norovirus
is highly sensitive to alcohols, the search expanded to other cultivable caliciviruses [141],
which shows that, aside from genetic and morphologic similarity, there are several other
features of a surrogate that have to be considered.

6. Conclusions and Future Perspectives

Cold plasma technology is a cornerstone of modern society given its ubiquitous use
in materials manufacturing applications (e.g., semiconductor fabrication and polymer
treatment). Recently, its action on biological material has been studied extensively, with
three major fields of application, i.e., medical treatments (e.g., cell regeneration and wound
healing), non-thermal surface disinfection and food science. Food science applications
are more complex, since they aim at inactivating contaminant bacteria and viruses on
food surfaces, but need to take into account that plasma species will also react with the
food matrix.

In this contribution, we have shown that cold atmospheric-pressure plasma can be
generated with low energy consumption simply using air as the precursor for the generation
of reactive chemical species. A large number of studies have shown that not only the gas
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composition, but also the mode of plasma generation and the spatial-temporal distance
from the plasma source to the target govern which chemical species will reach the surface of
the target, which in turn affects the ability of the CAP to inactivate microorganisms. In this
contribution, we have shown that, on the surfaces of meat and seafood treated with indirect
CAP systems, ozone and nitrate are the major reactive gas species, and their inactivating
action on bacteria and viruses is known. By the same token, their effects on the food matrix
are well described (i.e., lipid oxidation, the action of NO on haem pigments and eventually
the oxidation of (haem) proteins, oyster tissue) but are not plasma-specific.

In summary, this contribution has shown that atmospheric-pressure cold plasma is
capable of effectively reducing the load of bacteria and viruses on the surfaces of fresh
as well as processed meat and seafood. Available data suggest, in most cases, no or only
negligible effects of plasma species on food matrices in terms of chemical composition,
colour and physical-chemical properties; nitrogen accumulation on oyster tissue being
an exception.

Going forward, the insight gained from an expert opinion published in 2012 must be
considered, where the diversity of plasma-generation devices, conditions and treatment
protocols was identified as a drawback in conducting a detailed risk assessment with respect
to the applicability of CAP in sanitising fresh meat and thus could not clearly answer if
such treated food items would be ‘novel foods’ according to EU legislation [55]. Given the
multitude of data generated in the last 10 years, the application of atmospheric-pressure
cold plasma on meat and fish (products) deserves a formal re-assessment in this respect.
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Abstract: Ready-to-eat meat products have been identified as a potential vehicle for Listeria monocy-
togenes. Postprocessing contamination (i.e., handling during portioning and packaging) can occur,
and subsequent cold storage together with a demand for products with long shelf life can create a
hazardous scenario. Good hygienic practice is augmented by intervention measures in controlling
post-processing contamination. Among these interventions, the application of ‘cold atmospheric
plasma’ (CAP) has gained interest. The reactive plasma species exert some antibacterial effect, but
can also alter the food matrix. We studied the effect of CAP generated from air in a surface barrier
discharge system (power densities 0.48 and 0.67 W/cm2) with an electrode-sample distance of 15 mm
on sliced, cured, cooked ham and sausage (two brands each), veal pie, and calf liver pâté. Colour of
samples was tested immediately before and after CAP exposure. CAP exposure for 5 min effectuated
only minor colour changes (ΔE max. 2.7), due to a decrease in redness (a*), and in some cases, an
increase in b*. A second set of samples was contaminated with Listeria (L.) monocytogenes, L. innocua
and E. coli and then exposed to CAP for 5 min. In cooked cured meats, CAP was more effective in
inactivating E. coli (1 to 3 log cycles) than Listeria (from 0.2 to max. 1.5 log cycles). In (non-cured)
veal pie and calf liver pâté that had been stored 24 h after CAP exposure, numbers of E. coli were not
significantly reduced. Levels of Listeria were significantly reduced in veal pie that had been stored for
24 h (at a level of ca. 0.5 log cycles), but not in calf liver pâté. Antibacterial activity differed between
but also within sample types, which requires further studies.

Keywords: cold atmospheric plasma; dielectric barrier discharge; antimicrobial effects; Listeria;
Escherichia coli; cooked cured meat products; colour

1. Introduction

Listeria (L.) monocytogenes is an important food-borne pathogen and can thrive and
persist in a wide range of environmental conditions, even under industrial conditions
in food processing companies [1]. Asymptomatic ‘healthy’ animals and humans may
carry and shed the pathogen [2,3]. However, clinical symptoms may develop and range
from mild fever to severe diarrhoeal disease, fatalities or even miscarriages, with young,
old, and immunocompromised consumers at particular risk. Predominant symptoms are
not necessarily specific, e.g., chills, headache, arthralgia, prostration, malaise, swollen
lymph nodes [4].

Food intended for human consumption can be contaminated with L. monocytogenes
at virtually any level in the food chain, i.e., primary production at the farm level, during
processing or at the retail or consumer level due to insufficient hygiene precautions [3].
As early as 1983, Schlech et al. reported transmission of the bacterium via food [5].
L. monocytogenes is considered the most important food-borne pathogen in ready-to-eat
(RTE) foods due to its ability to survive and multiply under cold storage conditions, in
vacuum or modified atmosphere packed foods and due to its persistence in food processing
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premises [6]. Although thermal treatment at temperatures > 65 ◦C is effective in killing
L. monocytogenes, all cooked meats can become contaminated with listeriae during slicing
and further handling. Thus, it is not surprising that not only unheated RTE foods (e.g., dry-
cured or cold-smoked foods) have been identified as source for food-borne listeriosis [7] but
also pasteurized products that are portioned and packed. Post-processing contamination of
an otherwise nearly sterile product and prolonged shelf life under refrigerated conditions
contribute to a risk scenario for introduction and multiplication of L. monocytogenes [8].
RTE foods implicated in food-borne listeriosis outbreaks are often of traditional type and
manufactured by small local producers [9,10]. In 1993, for example, listeriosis outbreaks in
France were associated with the consumption of rillettes (an RTE delicatessen food with
ham cooked in grease) [11]. Besides the direct negative consequences for the health of
consumers, contamination with Listeria requires ceasing delivery or recalls of food batches,
which impairs development of domestic producers [12].

Ferreira et al. [13] reported that 50% of human listeriosis cases in the US were linked
to the consumption of ready meals and that contamination was found at the retail level.
In Europe, the number of listeriosis cases was found to be alarming [14]. In the European
Union (EU), L. monocytogenes was the most serious zoonotic food-related disease with
the highest fatality rate [15]. Out of 1876 cases of listeriosis, 780 were hospitalized and
167 died [15]. In November 2022, an RTE product (fish cake) from Denmark caused
listeriosis in seven people (up to the publication of this manuscript, there was no further
follow-up information available) [16].

In 2021, a food-borne outbreak caused by L. monocytogenes was reported in Austria.
Five people were affected and two fatalities were noted caused by contaminated meat and
meat products. Due to such cases and given the fact that every year up to two outbreaks of
food-borne listeriosis are reported in Austria, 3835 samples were examined for the presence
of listeriae in the year 2021, including 1300 samples of RTE food. Two of these were harmful
to health and three were judged unfit for human consumption [17].

According to EU legislation [18], levels of L. monocytogenes in RTE foods must not
exceed 100 cfu/g throughout the product’s shelf life. At the end of the manufacturing
process, before the food item leaves the processing plant, the food business operator has
to assure that L. monocytogenes is not detectable in 5 × 25 g food. For RTE foods that are
considered not to support growth of L. monocytogenes, a limit of 100 cfu/g applies. This
latter category comprises products (i) with pH ≤ 4.4 or aw ≤ 0.92, (ii) with pH ≤ 5.0 and
aw ≤ 0.94 or (iii) with a shelf life of less than 5 days [18].

In Austria, there is a large number of RTE traditional specialties made from cured,
boiled, chopped meat [19]. The standards of identity in the Austrian Food Codex [20] give
no requirements in terms of pH or aw for those dishes. Meat is very popular in Austria
and often finds a place on the dining table at home. The Agricultural Marketing Agency
(AMA) reported that in 2020, the per capita consumption of meat (including poultry) in this
country was 90.8 kg, ca. 50% of which was consumed as sausages and other specialties [21].

2. Rationale for Application of CAP to Cooked and/or Cured Meat Products

‘Plasma’ designates a gas where a fraction of the particles is in an ionized state. This
can be accomplished under various conditions, e.g., by exposing gases to an electrical field
under atmospheric pressure [22]. The array of plasma species is, among others, dependent
on the gases used. When ambient air is used, reactive oxygen species dominate al lower
electrical voltage [23], whereas at higher voltages (10 kV), more reactive oxygen/nitrogen
species (RNS, RONS) are formed [24]. The antibacterial effect of cold, atmospheric plasma
(CAP) on cured meats has already been documented in a number of studies [25–28].

Generation of NOx in plasma-treated water has received much attention, since nitrate
will accumulate and such treated water allows curing of meats without the addition
of nitrite salt [29–33]. Nitrite/nitrate curing of foods serves (besides other effects) as a
protection against microorganisms [34,35]. However, recontamination can occur during
further processing, such as shredding, portioning and packaging. Unless pH and/or water
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activity are sufficiently low, L. monocytogenes will be able to thrive in these contaminated
foods [18]. A study on typical Austrian cooked ready-to-eat meat products addressed this
issue in detail [36] and presented a decision tool to estimate to what extent pH or water
activity of a given product need to be lowered to render a food that does not favour the
multiplication of L. monocytogenes. The authors concluded that few, if any, options exist to
lower water activity or pH without changing the sensory characteristics and impacting on
acceptance of consumers.

Given the abovementioned constraints in post-processing control of L. monocytogenes
and in consideration of the mode of action of CAP on contaminant bacteria on food
surfaces, we studied the potential of CAP for reducing numbers of contaminant bacteria
on two brands (‘A’, ‘B’) of sliced, cooked, cured ham (ham ‘A’, ham ‘B’), on two brands of
sliced/pasteurized emulsified sausages (sausage ‘A’, sausage ‘B’) and on veal pie and calf
liver pâté. We used not only L. monocytogenes isolates but also L. innocua as a surrogate [25]
and E. coli as an established marker of (faecal) contamination [37].

3. Materials and Methods

3.1. Characterisation of the Samples and Exposure to CAP

Cured sliced meats and non-cured meat pies and pâtés were obtained pre-packed and
had a shelf life > 5 days.

Samples were exposed to CAP generated by a surface barrier discharge (SBD) plasma
generator (described in [38]), with two power settings (see Table 1), placed at a distance
of 15 mm from the product and an exposure time of 2 and 5 min (cooked cured ham and
sausages) or 3 and 5 min (non-cured meat pie and pâté). For technical reasons, 15 mm
was the nearest distance we could go without running the risk of the CAP device being
contaminated by contact with samples containing listeriae or E. coli. Selection of exposure
times was based on assessment of sample colour changes during CAP exposure.

Table 1. Settings of the CAP device.

Comment

CAP device SBD-type, 9 kHz frequency Device described in Bauer et al. [38]

CAP settings low power
Power input 20.7 W

Output voltage 8.16 kV
Power density 0.48 W/cm2

high power
Power input 29.9 W

Output voltage 9.44 kV
Power density 0.67 W/cm2

Exposure time 2 or 5 min for cooked cured ham and cooked cured sausage

3 or 5 min for veal pie and calf liver pâté

Distance sample to electrode 15 mm for all samples

3.2. Measurement of Water Activity and pH

Water activity (aw) (Lab-Swift, Novasina, Lachen, Switzerland) and pH (penetrating
electrode LoT 406-M6-DXK-S7/25; Mettler-Toledo, Urdorf, Switzerland, and pH-Meter
Testo 230; Testo AG, Lenzkirch, Germany) were measured and the average of five such
measurements reported.

3.3. Colour Measurement

Colour (L*, a*, b*) was measured in the centre of the sample’s surface using a double-
beam spectrophotometer with an aperture size of 8 mm and a D65 illuminant and an
observer angle of 10◦ (Phyma Codec 400, Phyma, Gießhübl, Austria). Surface colour was
measured immediately before and after CAP treatment. Control samples (i.e., stored at
ambient air under ambient light without CAP exposure) were measured at the same time
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intervals. Each measurement was the average of five scans and the number of replicates
was 4–5. The total number of samples per product was 28 for ham and sausage, and 30 for
pie and pâté.

Delta-E [(ΔE = (ΔL*)2 + (Δa*)2 + (Δb*)2)0.5] [39] was used as a proxy for visually
perceived colour changes. ΔE is a single number that represents the ‘distance’ between two
colours, the idea being that a ΔE of 1 is the smallest colour difference the human eye can
perceive [40]. More specifically, ΔE < 2 indicates a colour change visible to an experienced
observer only and ΔE > 5 indicates the impression of two different colours [41].

3.4. Preparation of the Inoculum and the Samples

A second set of samples was contaminated with E. coli (mix of NCTC 9001 and
ATCC 11303), Listeria monocytogenes (NCTC 11994 and in-house isolate 17001) and L. innocua
(in-house isolates 16777 and 16908-2). E. coli had been stored on slant agar and was
activated by overnight incubation in buffered peptone water (Oxoid CM1049; Oxoid,
Basingstoke, UK) at 37 ◦C. Likewise, freeze-dried pellets of L. monocytogenes and L. innocua
were separately inoculated into brain–heart infusion broth (Merck 110493; Merck KG,
Darmstadt, Germany) and incubated overnight at 30 ◦C. Serial decimal dilutions from
the overnight cultures were prepared in 0.89% sterile saline. Aliquots from the dilutions
were streaked onto plate count agar (PCA; Merck 105463), colonies were counted after
24 h incubation at 37 ◦C, and cell concentration/mL was calculated. In the meantime,
1:10 dilutions of the overnight cultures were maintained at 0–2 ◦C. This dilution was then
adjusted to 7 and 6 log cfu/mL for E. coli and Listeria species, respectively. Adjusted
dilutions were mixed and used within 3 h.

Samples were cut using a sterile 30 mm cork borer. On each sample surface, 100 μL or
20 μL of the mix was evenly spread. It was observed that 20 μL inoculum was easily spread
on the surface (i.e., the area of the sample facing the mesh electrode of the CAP generator,
taking care that there was no drip to the unexposed sides of the sample), whereas for the
100 μL inoculum, a moisture film remained. After a period of 5 min, samples were either
directly vacuum-packed (control group) or exposed to CAP and then vacuum-packed
(treatment group). Ham and sausage samples were stored for 24 h in the dark at 2 ± 2 ◦C.
Veal pie and calf liver pâté samples stored for 1 and 7 days. Subsequently, the entirety
of the samples was suspended in 9 parts of maximum recovery diluent (Oxoid CM0733)
and macerated in a Stomacher lab blender (Seward Medical, Worthing, UK) for 3 min.
Serial decimal dilutions were plated onto Listeria-selective agar (OCLA; Oxoid CM1080;
incubation 72 h at 37 ◦C; with a turbid halo around a colony indicative of L. monocytogenes)
and on Chrom ID E. coli agar (BioMerieux 42017; BioMerieux, Marcy l’Etoile, F; incubation
24 h at 42 ◦C). After incubation, typical colonies were counted and results given as log
cfu/g. Experiments were done in triplicate, with a total number of samples of n = 18
per product.

3.5. Statistical Analysis

The colour values before and after treatment were analysed by pairwise comparison
(paired t-test), with a level of significance set to p < 0.05. Within each product group
(cured ham; cured sausage; non-cured meats), water activity and pH of the two samples
each were compared by t-test. For each storage day, numbers of bacteria in CAP-exposed
samples were compared to those in the control samples (multiple sample comparison
procedure; Statgraphics 3.0, Statistical Graphics Corp., Warrenton, VA, USA), with a level
of significance set to p < 0.05.

354



Foods 2023, 12, 685

4. Results

4.1. Water Activity and pH of Samples

Water activity and pH of samples are reported in Table 2. According to current EU
legislation [18], samples were considered to be able to support growth of L. monocytogenes.

Table 2. Physicochemical sample characteristics.

Characteristics

Product Code pH (n = 5) Water Activity (aw) (n = 5)

Sliced cooked
cured ham

Ham ‘A *’
Ham ‘B *’

6.28 ± 0.03
6.32 ± 0.02

0.96 ± 0.01
0.96 ± 0.01

Sliced cooked
cured sausage

Sausage ‘A *’
Sausage ‘B *’

6.27 a ** ± 0.02
6.33 b ± 0.02

0.95 ± 0.01
0.96 ± 0.01

Sliced cooked
meats

Veal pie
Calf liver pâté

5.95 a ± 0.01
5.48 b ± 0.04

0.92 c ± 0.01
0.94 d ± 0.01

* ‘A’ and ‘B’ indicate the manufacturer. ** Figures with different superscripts differ significantly (p < 0.05).

Statistically significant, yet small differences were observed for pH between the two
sausage samples, and for pH and water activity between the two non-cured meats.

4.2. Changes in Colour

After CAP treatment of cooked cured ham ‘A’, a statistically significant decrease in
a* values was observed immediately following 2 min CAP exposure at low power, and
after 5 min exposure to high and low power. An increase of b* was observed after 5 min
exposure. ΔE values were in the range of 1.4 to 2.1. No statistically significant changes in
colour parameters were observed in controls (Table 3). In ham ‘B’ (high power), statistically
significant changes in a* were observed only after exposure to high power CAP. As for ham
‘A’, an increase of b* was observed after 5 min exposure, and no statistically significant
changes in colour parameters were observed in controls. ΔE values were in the range
of 1.2 to 1.9 (Table 3).

For the two sliced cured sausage samples, a statistically significant decrease in
a* values was observed immediately following CAP exposure, regardless of the mode
of CAP exposure protocol and of sample type (Table 4), whereas no significant decrease
was observed in non–CAP-exposed controls. Likewise, a significant, yet small increase
in b* values was observed in CAP-exposed sausage ‘A’ samples and in sausage ‘B’ at
5 min. However, the differences were small, and did not exceed 1 for a* and b* at 2 min
exposure or 3 at 5 min. exposure. Average ΔE values were in the range of 0.9 to 1.3 for
2 min exposure, and slightly higher after 5 min exposure (1.6–2.7).

Similar findings were found for CAP-exposed veal pie and calf liver pâté, with average
ΔE values in the range of 0.7–1.7 and 1.1–2.0, respectively (Table 5). In all treatments, a
small, yet significant increase was found for redness (a*). In liver pâté, lightness (L*)
decreased significantly. In control samples exposed to air and ambient light, no significant
differences were observed.

Although ΔE values > 2 indicate changes in colour visible also for inexperienced
observers, it is assumed that a change in colour is perceived by the majority of consumers
at higher ΔE values of >3 [42]. Thus, we used the 5 min exposure protocol for subsequent
experiments with bacterial contaminants.
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Table 3. Colour (L*, a* and b*) of cooked cured ham before and after CAP exposure, with colour
difference expressed as ΔE.

Brand Power Time (min) Prior to or after Treatment L* a* b* ΔE

A low 2 P 72.8 ± 0.9 4.0 a ± 0.4 8.3 ± 0.8
a 74.2 ± 1.9 2.4 b ± 0.8 8.4 ± 0.5 2.11

high 2 P 71.9 ± 2.8 4.7 ± 1.0 8.9 ± 0.5
a 70.2 ± 1.0 4.4 ± 0.7 8.8 ± 0.4 1.75

no (control) 2 P 72.0 ± 1.1 4.2 ± 0.5 8.5 ± 0.9
a 71.6 ± 1.4 4.1 ± 0.6 8.6 ± 0.8 0.42

low 5 P 71.0 ± 3.3 5.3 a ± 1.3 7.3 c ± 0.3
a 70.8 ± 2.4 4.2 b ± 1.1 8.5 d ± 0.2 1.61

high 5 P 71.3 ± 2.4 4.7 a ± 0.8 8.7 c ± 1.1
a 71.5 ± 2.6 3.9 b ± 0.8 9.9 d ± 1.3 1.39

no (control) 5 P 72.0 ± 1.1 4.2 ± 0.5 8.5 ± 0.9
a 71.3 ± 1.5 4.0 ± 0.8 8.36 ± 0.7 0.74

B low 2 P 68.2 ± 2.3 8.0 ± 1.0 8.6 ± 0.3
a 67.5 ± 2.8 7.0 ± 1.3 8.6 ± 1.0 1.21

high 2 P 68.6 ± 2.1 6.8 a ± 1.0 8.5 ± 1.0
a 69.4 ± 2.0 5.9 b ± 0.9 8.9 ± 1.0 1.18

no (control) 2 P 71.0 ± 1.6 7.3 ± 1.3 7.1 ± 0.5
a 71.1 ± 1,9 6.9 ± 0.9 7.3 ± 0.3 0.46

low 5 P 70.3 ± 3.5 7.0 ± 1.5 7.0 c ± 0.3
a 70.2 ± 3.4 6.2 ± 1.3 8.1 d ± 0.6 1.35

high 5 P 71.0 ± 2.8 7.3 a ± 1.2 7.5 c ± 0.6
a 71.5 ± 2.0 6.0 b ± 0.9 8.8 d ± 0.3 1.85

no (control) 5 P 71.0 ± 1.6 7.3 ± 1.3 7.1 ± 0.5
a 71.2 ± 1,5 6.7 ± 1.5 7.2 ± 0.6 0.64

Note: n = 5 for low- and n = 4 for high-power treatment. Within-sample treatment combinations, differ-
ent superscripts indicate statistically significant (p < 0.05) differences between colour parameters before and
after treatment.

Table 4. Colour (L*, a* and b*) of cooked cured sausage before and after CAP exposure, with colour
difference expressed as ΔE.

Brand Power Time (min) Prior to or after Treatment L* a* b* ΔE

A low 2 P 74.8 ± 0.6 6.4 a ± 0.3 9.7 c ± 0.5
a 74.9 ± 1.5 5.6 b ± 0.2 10.2 d ± 0.5 0.89

high 2 P 74.8 ± 1.0 6.5 a ± 0.3 9.8 c ± 0.6
a 73.5 ± 1.9 6.0 b ± 0.2 10.7 d ± 0.6 1.64

no (control) 2 P 74.5 ± 0.6 6.7 ± 0.5 9.0 ± 0.5
a 74.1 ± 0.9 6.8 ± 0.6 9.3 ± 0.4 0.51

low 5 P 74.1 ± 0.7 6.5 a ± 0.4 9.7 c ± 0.1
a 74.3 ± 0.6 5.5 b ± 0.3 10.3 d ± 0.1 1.19

high 5 P 74.1 ± 1.6 7.0 a ± 0.1 8.9 c ± 0.2
a 73.7 ± 0.8 5.3 b ± 0.1 10.1 d ± 0.4 2.16

no (control) 2 P 74.5 ± 0.6 6.7 ± 0.5 9.0 ± 0.5
a 73.9 ± 1.0 7.0 ± 0.8 9.2 ± 0.6 0.71

B low 2 P 66.2 ± 1.0 11.9 a ± 0.7 9.6 ± 0.8
a 65.4 ± 1.1 10.8 b ± 0.8 9.7 ± 0.6 1.33

high 2 P 66.1 ± 0.8 12.4 a ± 0.5 9.6 ± 0.6
a 65.5 ± 1.3 11.8 b ± 0.7 9.7 ± 0.8 0.89

no (control) 5 P 64.0 ± 1.2 13.2 a ± 0.7 8.7 ± 0.4
a 64.6 ± 1.2 12.9 b ± 0.4 9.0 ± 0.5 0.73

low 5 P 64.3 ± 1.0 13.3 a ± 0.6 8.5 c ± 0.2
a 64.8 ± 1.3 10.6 b ± 0.2 9.1 d ± 0.3 2.73

high 5 P 65.4 ± 1.1 13.3 a ± 0.2 8.6 c ± 0.4
a 65.2 ± 0.5 10.7 b ± 0.4 9.4 d ± 0.3 2.72

no (control) 5 P 64.0 ± 1.2 13.2 ± 0.7 8.7 ± 0.4
a 63.1 ± 1.7 12.7 ± 1.0 8.9 ± 0.7 0.81

Note: n = 5 for low- and n = 4 for high-power treatment. Within-sample treatment combinations, differ-
ent superscripts indicate statistically significant (p < 0.05) differences between colour parameters before and
after treatment.
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Table 5. Colour (L*, a* and b*) of (non-cured) veal pie and liver pâté before and after CAP exposure,
with colour difference expressed as ΔE.

Product Power Time (min)
Prior to or after

Treatment
L* a* b* ΔE

Veal pie low 3 P 57.5 ± 0.5 12.9 c ± 0.2 15.0 ± 0.2
a 56.8 ± 0.7 13.8 d ± 0.2 15.3 ± 0.2 1.21

high 3 P 57.9 ± 0.5 13.1 c ± 0.2 15.2 ± 0.2
a 57.5 ± 0.4 14.8 d ± 0.2 15.5 ± 0.3 1.68

no (control) 3 P 57.9 ± 0.5 13.1 ± 0.2 15.2 ± 0.3
a 57.8 ± 0.5 13.6 ± 0.7 15.5 ± 0.3 0.58

low 5 P 56.6 ± 0.9 13.5 c ± 0.4 15.2 ± 0.2
a 56.1 ± 0.7 14.5 d ± 0.1 14.9 ± 0.1 1.12

high 5 P 57.0 ± 0.8 13.1 c ± 0.2 14.7 ± 0.4
a 57.2 ± 0.8 13.7 d ± 0.4 15.0 ± 0.2 0.74

no (control) 5 P 57.9 ± 0.5 13.1 ± 0.2 15.2 ± 0.3
a 57.7 ± 0.4 13.5 ± 0.7 15.5 ± 0.3 0.52

Liver pâté low 3 P 63.9 a ± 1.6 12.2 c ± 0.5 15.5 ± 0.5
a 62.9 b ± 1.2 12.6 d ± 0.6 15.9 ± 0.7 1.10

high 3 P 63.3 a ± 0.6 11.9 c ± 0.2 15.8 ± 0.3
a 62.5 b ± 0.5 12.7 d ± 0.5 16.4 ± 0.3 1.28

no (control) 3 P 63.9 ± 0.6 12.5 ± 0.3 15.6 ± 0.4
a 63.5 ± 0.7 12.6 ± 0.3 16.0 ± 0.6 0.58

low 5 P 64.0 a ± 0.7 12.1 c ± 0.3 15.6 ± 0.4
a 63.1 b ± 0.4 13.1 d ± 0.3 16.1 ± 0.6 1,39

high 5 P 63.0 a ± 1.0 12.5 c ± 0.3 16.0 ± 0.4
a 61.4 b ± 1.1 13.6 d ± 0.3 16.4 ± 0.5 1.96

no (control) 5 P 63.9 ± 0.6 12.5 ± 0.3 15.6 ± 0.4
a 63.5 ± 0.5 12.6 ± 0.4 16.1 ± 0.6 0.61

Note: n = 5 for low- and high-power treatment. Within-sample treatment combinations, different superscripts
indicate statistically significant (p < 0.05) differences between colour parameters before and after treatment.

4.3. Changes in Bacterial Load

Numbers of E. coli were significantly lower (p < 0.05) in CAP-exposed cured sausage
and ham than in controls (Figure 1). Significant reductions of numbers of listeriae in CAP-
exposed samples were found in cured ham ‘B’, and in sliced sausage samples ‘A’ and ‘B’
(only 20 μL inoculum). For the sake of simplicity, only L. monocytogenes will be reported in
the following, since we observed the same ratio between L. monocytogenes and L. innocua in
the inoculum as well as on controls and CAP-exposed samples.

CAP was obviously more effective in inactivating E. coli (1 to 3 log cycles) than Listeria
(from 0.2 to max. 1.5 log cycles; sliced sausage ‘A’). There was no consistent pattern as
regards the effect of inoculum size and plasma type (low power or high power).

In veal pie and calf liver pâté, no significant reductions were observed for E. coli 24 h
after CAP exposure, whereas after 7 days’ storage, a significant reduction was observed
only for samples exposed to low-power CAP (up to 1 log cycle). In veal pie, levels of Listeria
were significantly reduced in samples tested at 24 h (at level of ca. 0.6 log cycles), but not in
calf liver pâté. Significant reductions in listeriae were observed only in liver pâté 7 days
after low-power CAP exposure (ca. 0.4 log cycles; Figure 2).
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Figure 1. The effects of a 5 min exposure to high-power vs. low-power cold atmospheric pressure
plasma treatment on the survival of L(isteria) and E(scherichia) coli, inoculated on the surface of
cured/cooked/sliced meat products (n = 3) manufactured in two different enterprises (‘A’ and ‘B’).
Note that the limit of detection is 2.0 log cfu/g, i.e., bars at 2.0 log with a standard deviation of 0
indicate that bacterial counts were actually <2 log. Within the 100 μL or 20 μL inoculum groups,
statistically significant differences (p < 0.05) between numbers of bacteria on treated and control
samples are indicated by different superscripts (a,b,c for E. coli and d,e, for L. monocytogenes) above
the columns.

Figure 2. Numbers of L(isteria) monocytogenes and E(scherichia) coli inoculated on veal pie and calf
liver pâté (n = 3) and subjected to 5 min exposure to high- vs. low-power cold atmospheric pressure
plasma, followed by 1 to 7 days’ storage at 2 ± 2 ◦C. For the 1- and 7-day storage groups, statistically
significant differences (p < 0.05) between numbers of bacteria on treated and control samples are
indicated by different superscripts (a,b for E. coli and c,d for L. monocytogenes) above the columns.
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5. Discussion

5.1. Effect on Contaminant Bacteria

We considered typical cured and non-cured, heat-treated, ready-to-eat meat pro-ducts
that can easily be contaminated during portioning and slicing. Physicochemical charac-
teristics indicated that the products can favour the multiplication of Listeria monocytogenes
during the shelf life of these products [18]. For such high-risk products, strict adherence to
good hygiene practices is a prerequisite, and the establishment of operation prerequisite
programs should be considered [43].

The implementation of additional antibacterial measures/interventions has been sug-
gested repeatedly, but the magnitude of the effect of biological agents is not always certain
(e.g., anti-listerial bacteriophages [44,45]) and limitations may apply to physicochemical
treatments in terms of residues or changes of organoleptic properties of properties (see
EFSA series of scientific opinions).

Surface pasteurization of vacuum-packed cooked ready-to-eat meat products requires
temperatures of 96 ◦C and holding times of 10 min to effectuate a 2 to 4 log reduction in
Listeria monocytogenes [46], but such conditions are not feasible for all meat products. A
1% cetylpyridinium chloride (CPC) spray applied on Polish-style sausage before vacuum-
packing was highly effective against L. monocytogenes (depending on the inoculation level,
an immediate reduction of 1–3 log cycles was observed, and after 42 days of storage it was
2–4 log units) [47], but such additives are not accepted by all consumers.

Cold atmospheric plasma has demonstrated its ability to reduce numbers of bacteria on
food surfaces and is thus well suited for managing bacterial contamination post-processing
and pre-packaging [25]. With regard to ready-to-eat meats, the reductions of Listeria
we observed (up to 1.5 log) are in the range as reported in other studies [25–28], albeit
differences in experimental design make detailed comparisons difficult.

Our results support the assumption that Gram-negative bacteria (E. coli) are more sus-
ceptible to CAP than are Gram-positives (Listeria). This assumption would be logical since
the membrane lipids in Gram-negative organisms are directly exposed to CAP molecules
in particular ozone, whereas the cell wall of Gram-positive organisms would protect the
cell membrane [48]. However, experimental data are inconclusive [26,37]. While the higher
susceptibility of E. coli could be explained, it is unclear why Listeria reduction differed
between similar products (‘A’, ‘B’) from different producers, the more so as the ingredient
list was nearly identical. The lower reductions observed in pâté and pie compared to cured
meats deserves attention and warrants further studies, particularly as on the labels of these
products, no antioxidants were declared. We observed no consistent pattern as regards
the effect of inoculum size (with respect of the moisture film on the sample surface) or
plasma type (low power or high power), although it has been established that humidity or
water films influence plasma composition [26,49,50] and that ROS and RONS act differently
on bacterial cells [48]. Since our studies were designed as pilots, further experiments are
envisaged to study these issues in detail.

A limitation of the methodology we applied for enumeration of bacteria after CAP
exposure is that direct plating onto selective agar media for enumeration of bacteria does
not consider the possibility of sublethal injury or a viable but not culturable (VBNC) state
of the contaminant bacteria [51] post-CAP exposure. The VBNC issue has been studied for
thermal and acidic stress in Listeria [52–55], but specific studies on CAP are still lacking.

Likewise, instead of the pre-packaging CAP exposure we studied, an in-package CAP
treatment with formation of the plasma species in the headspace of the package could be more
feasible, since the product is then already sealed and protected from contamination [25,56].

5.2. Effect on the Food Matrix

The role of the food matrix in the CAP–bacterium interplay is poorly studied. It
can be expected that-given the abundance of meat protein, fat and water in the food
matrix compared to that in the bacterial cells, the majority of CAP species react with the
food matrix. As regards plasma generated from ambient air, it is debatable if reactive
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oxygen substances and reactive nitrogen substances in the plasma would react with the
food matrix in a way that would result in a ‘novel food’, i.e., in molecular structures that
were not present in foods within the EU before 15 May 1997 (Article 3 of Regulation (EU)
2015/2283 [57]). With respect to muscle foods, we recently reviewed the effect of CAP on
myoglobin forms and thus on colour [58]. In the cured meat products, veal pie and calf
liver pâté, a decrease in redness (a*) was most frequently observed, indicating some effect
on the myoglobin forms present in the meat products, and in fewer cases a significant, yet
small increase in b*. Lightness (L*) was not affected at all, indicating that CAP exposure
had no effect on water-binding capacity.

The magnitude of changes in a* and b* was moderate: ΔE values of up to 2.2 were
observed for some 2 min exposure protocols, and values up to 2.7 for 5 min exposure.
Notably, in the control samples, ΔE values were consistently <1, whereas in all treatment
groups, it was >1. ΔE values < 1 are not likely to be recognised as differences, and values of
>2 indicate changes in colour also visible to inexperienced observers, and it is assumed that
a change in colour is perceived by the majority of consumers at ΔE values of >3 [39–42].
Further experiments should explore if or to what extent colour differences are observed in
CAP-exposed samples after cold storage.

The small increase in redness (a*) in non-cured products is most probably not due to a
curing reaction, since the myoglobin is already heat-denaturated. A decrease in lightness
in CAP-exposed liver pâté might simply indicate that the product is more sensitive to
drying [59] than other products under study.

6. Conclusions

CAP treatment of sliced, cured, cooked ham and sausage effectuated significant
reductions in E. coli (up to 3 log units), but less pronounced reductions in listeriae. In
traditional non-cured cooked meats, CAP was less effective. Colour changes (expressed as
ΔE values) were in an acceptable range, although changes in redness (a*) indicated some
effect of CAP on the myoglobin present in cured foods. Differences were observed between
cured and non-cured meats, but also between products of similar type, which warrants
further studies.

Author Contributions: Conceptualization, F.J.M.S., P.P. and I.C.; methodology, P.P.; formal analysis,
I.C.; investigation, U.V., J.S., M.G., I.C. and P.P.; resources, K.S.; data curation, U.V., J.S. and M.G.;
writing—original draft preparation, P.P. and F.J.M.S.; writing—review and editing, P.P., F.J.M.S., I.C.,
S.B., K.S. and B.P.; supervision, P.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This study received no funding.

Data Availability Statement: Data are contained in the DVM Diploma Theses from Ute Vankat, Julia
Schrei and Michelle Graf. These are available at https://permalink.obvsg.at/AC15668870 (accessed
on 24 January 2023), https://permalink.obvsg.at/AC15615153 (accessed on 24 January 2023), and
https://permalink.obvsg.at/AC15615235 (accessed on 24 January 2023).

Acknowledgments: The authors thank J. Walsh for his comments on the manuscript draft and S. Vali
for his technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Camargo, A.C.; Woodward, J.J.; Call, D.; Nero, L.A. Listeria monocytogenes in Food-Processing Facilities, Food Contamination, and
Human Listeriosis: The Brazilian Scenario. Foodborne Pathog. Dis. 2017, 14, 623–636. [CrossRef] [PubMed]

2. Schoder, D. Chapter 425. Listeria: Listeriosis. In The Encyclopedia of Food and Health, 1st ed.; Caballero, B., Finglas, P.,
Toldrá, F., Eds.; Academic Press: Oxford, UK, 2015; pp. 561–566.

3. Schoder, D.; Guldimann, C.; Märtlbauer, E. Asymptomatic Carriage of Listeria monocytogenes by Animals and Humans and Its
Impact on the Food Chain. Foods 2022, 11, 3472. [CrossRef] [PubMed]

4. Bintsis, T. Foodborne pathogens. AIMS Microbiol. 2017, 3, 529–563. [CrossRef] [PubMed]

360



Foods 2023, 12, 685

5. Schlech, W.; Lavigne, M.; Bortolussi, R.; Allen, A.; Haldane, V.; Wort, J.; Hightower, A.; Johnson, S.; King, S.; Nicholls, E. Epidemic
Listeriosis—Evidence for Transmission by Food. N. Engl. J. Med. 1983, 308, 203–206. [CrossRef]

6. Kerry, J.P.; Kerry, J.F. Processed Meats: Improving Safety, Nutrition and Quality; Woodhead Publishing Series in Food Science,
Technology and Nutrition 1st Edition; Woodhead Publishing: Sawston, UK, 2011.

7. Kurpas, M.; Wieczorek, K.; Osek, J. Ready-to-eat Meat Products as a Source of Listeria monocytogenes. J. Vet. Res. 2018, 62, 49–55.
[CrossRef]

8. Nesbakken, T.; Kapperud, G.; Caugant, D.A. Pathways of Listeria monocytogenes contamination in the meat processing industry.
Int. J. Food Microbiol. 1996, 31, 161–171. [CrossRef] [PubMed]

9. Samelis, J.; Metaxopoulos, J. Incidence and principal sources of Listeria spp. and Listeria monocytogenes contamination in processed
meats and a meat processing plant. Food Microbiol. 1999, 16, 465–477. [CrossRef]

10. Vitas, A.I.; Aguado, V.; Garcia-Jalon, I. Occurrence of Listeria monocytogenes in fresh and processed foods in Navarra (Spain).
Int. J. Food Micro. 2004, 90, 349–356. [CrossRef] [PubMed]

11. Goulet, V.; Rocourt, J.; Rebiere, I.; Jacquet, C.; Moyse, C.; Dehaumont, P.; Salvat, G.; Veit, P. Listeriosis Outbreak Associated with
the Consumption of Rillettes in France in 1993. J. Infect. Dis. 1998, 177, 155–160. [CrossRef]

12. Farber, J.M.; Zwietering, M.; Wiedmann, M.; Schaffner, D.; Hedberg, C.W.; Harrison, M.A.; Hartnett, E.; Chapman, B.; Donnelly,
C.W.; Goodburn, K.E.; et al. Alternative approaches to the risk management of Listeria monocytogenes in low risk foods.
Food Control 2021, 123, 150–170. [CrossRef]

13. Ferreira, V.; Wiedmann, M.; Teixeira, P.; Stasiewicz, M.J. Listeria monocytogenes Persistence in Food-Associated Environments:
Epidemiology, Strain Characteristics, and Implications for Public Health. J. Food Prot. 2014, 77, 150–170. [CrossRef]

14. EFSA Panel on Biological Hazards (BIOHAZ); Ricci, A.; Allende, A.; Bolton, D.; Chemaly, M.; Davies, R.; Fernández Escámez, P.S.;
Girones, R.; Herman, L.; Koutsoumanis, K. Listeria monocytogenes contamination of ready-to-eat foods and the risk for human
health in the EU. EFSA J. 2018, 16, e05134.

15. EFSA; ECDC. The European Union One Health 2020 Zoonoses Report. EFSA J. 2021, 19, 6971. [CrossRef]
16. Rapid Alert System for Food and Feed (RASFF). Notification 2022.6589 Listeria Monocytogenes in Fishcakes. Available online:

https://webgate.ec.europa.eu/rasff-window/screen/notification/579466 (accessed on 30 November 2022).
17. Agency for Health for Humans, Animals & Plants (AGES). Pathogen Listeria. Available online: https://www.ages.at/mensch/

krankheit/krankheitserreger-von-a-bis-z/listerien (accessed on 26 November 2022).
18. European Commission. Commission Regulation (EC) No 2073/2005 of 15 November 2005 on microbiological criteria for

foodstuffs. OJ 2005, L338, 1–26.
19. Traditional Foods in Austria (Meat). Available online: https://info.bml.gv.at/themen/lebensmittel/trad-lebensmittel/Fleisch.

html (accessed on 30 November 2022).
20. Codex Alimentarius Austriacus. Available online: https://www.lebensmittelbuch.at/ (accessed on 27 November 2022).
21. Agricultural Market Analysis (AMA). Available online: https://www.ama.at/marktinformationen/vieh-und-fleisch/

konsumverhalten (accessed on 28 November 2022).
22. Paulsen, P.; Csadek, I.; Bauer, A.; Bak, K.H.; Weidinger, P.; Schwaiger, K.; Nowotny, N.; Walsh, J.; Martines, E.; Smulders, F.J.M.

Treatment of Fresh Meat, Fish and Products Thereof with Cold Atmospheric Plasma to Inactivate Microbial Pathogens and Extend
Shelf Life. Foods 2022, 11, 3865. [CrossRef]

23. Shimizu, T.; Sakiyama, Y.; Graves, D.; Zimmerman, J.; Morfill, G. The dynamics of ozone generation and mode transition in air
surface micro-discharge plasma at atmospheric pressure. New J. Phys. 2012, 14, 103028. [CrossRef]

24. Zimmermann, J. Cold Atmospheric Plasma in Medicine—From Basic Research to Application, Max Planck Institute of Pathology,
Technical University Munich, Habilitation Treatise. 2013. Available online: http://mediatum.ub.tum.de/?id=1219297 (accessed
on 2 September 2022).

25. Rød, S.K.; Hansen, F.; Leipold, F.; Knøchel, S. Cold atmospheric pressure plasma treatment of ready-to-eat-meat: Inactivation of
Listeria innocua and changes in product quality. Food Microbiol. 2012, 30, 233–238. [CrossRef] [PubMed]

26. Lis, K.A.; Boulaaba, A.; Binder, S.; Li, Y.; Kehrenberg, C.; Zimmermann, J.L.; Klein, G.; Ahlfeld, B. Inactivation of Salmonella
Typhimurium and Listeria Monocytogenes on Ham with Nonthermal Atmospheric Pressure Plasma. PLoS ONE 2018, 13, e0197773.
[CrossRef]

27. Zeraatpisheh, F.; Tabatabaei YazdI, F.; Shahidi, F. Investigation of effect of cold plasma on microbial load and physicochemical
properties of ready-to-eat sliced chicken sausage. J. Food Sci. Technol. 2022, 59, 3928–3937. [CrossRef]

28. Yadav, B.; Spinelli, A.C.; Misra, N.N.; Tsui, Y.Y.; McMullen, L.M.; Roopesh, M.S. Effect of in-package atmospheric cold plasma
discharge on microbial safety and quality of ready-to-eat ham in modified atmospheric packaging during storage. J. Food Sci.
2020, 85, 1203–1212. [CrossRef]

29. Jung, S.; Kim, H.J.; Park, S.; Yong, H.I.; Choe, J.H.; Jeon, H.-J.; Choe, W.; Jo, C. The use of atmospheric pressure plasma-treated
water as a source of nitrite for emulsion-type sausage. Meat Sci. 2015, 108, 132–137. [CrossRef] [PubMed]

30. Jung, S.; Kim, H.J.; Park, S.; Yong, H.I.; Choe, J.H.; Jeon, H.J.; Choe, W.; Jo, C. Color Developing Capacity of Plasma-treated Water
as a Source of Nitrite for Meat Curing. Korean J. Food Sci. Anim. Resour. 2015, 35, 703–706. [CrossRef] [PubMed]

31. Lee, J.; Jo, K.; Lim, Y.; Jeon, H.J.; Choe, J.H.; Jo, C.; Jung, S. The use of atmospheric pressure plasma as a curing process for canned
ground ham. Food Chem. 2018, 240, 430–436. [CrossRef] [PubMed]

361



Foods 2023, 12, 685

32. Yong, H.I.; Park, J.; Kim, H.-J.; Jung, S.; Park, S.; Lee, H.J.; Choe, W.; Jo, C. An innovative curing process with plasma-treated
water for production of loin ham and for its quality and safety. Plasma Process. Polym. 2018, 15, 1700050. [CrossRef]

33. Jo, K.; Lee, S.; Yong, H.I.; Choi, Y.-S.; Jung, S. Nitrite sources for cured meat products. LWT-Food Sci. Technol. 2020, 129, 109583.
[CrossRef]

34. Guerrero-Legarreta, I. Meat and poultry—Spoilage of Cooked Meat and Meat Products. In Encyclopedia of Food Microbiology,
2nd ed.; Batt, C.A., Tortorello, M.L., Eds.; Academic Press: Oxford, UK, 2014; pp. 508–513.

35. Honikel, K.-O. The use and control of nitrate and nitrite for the processing of meat products. Meat Sci. 2008, 78, 68–76. [CrossRef]
36. Awaiwanont, N.; Smulders, F.J.M.; Paulsen, P. Growth potential of Listeria monocytogenes in traditional Austrian cooked-cured

meat products. Food Control 2017, 50, 150–156. [CrossRef]
37. Ekici, G.; Dümen, E. Escherichia coli and Food Safety. In The Universe of Escherichia coli; Starčič Erjavec, M., Ed.; IntechOpen:
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