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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
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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).

Feedlot
Finishing

Backgrounding/Stocker
operations
/ Cow-calf operations ‘\\
( )
"4
Figure 2. The beef production continuum visualized as a pyramid in terms of the number of producers
involved at each phase.

eoUBWY YHON Ul sisonpoud Jo #
BOLIBWY YLION Ul 911ED JO #

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
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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.

Day 0 Day 180 - 240 Day 550 +/- 100
L e el | Packers
and retail
Cow-calf Stocker/Backgrounding Feedlot
Day 0 Day 180 - 240 Day 430 +/-100
Packers

el e | and rétail

Cow-calf Feedlot

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 10 to 10° 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., 026,045, 0103, 0111, 0121, 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 10° or 10* 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” (026, 045, 0103, O111, 0121, 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 x 102 CFU/g of
feces, while shedding in calves was approximately 250-fold (2.7 x 10* 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].



Foods 2023, 12, 904

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



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 10> CFU/mL from blood to raw milk, yet supper-shedder hosts can shed
even more (10* 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

11



Foods 2023, 12, 904

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.

Author Contributions: Conceptualization, O.Y.K., I.B. and T.R.C.; writing—original draft prepara-
tion, O.Y.K. and I.B.; writing—review and editing, N.C. and T.R.C.; supervision, T.R.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by University of Georgia Foundation (UGA 20-400).
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

12



Foods 2023, 12, 904

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

National Chicken Council. Per Capita Consumption of Poultry and Livestock, 1965 to Forecast 2022, in Pounds. Available on-
line: https:/ /www.nationalchickencouncil.org/about-the-industry /statistics / per-capita-consumption-of-poultry-and-livestock-
1965-to-estimated-2012-in-pounds/ (accessed on 28 November 2022).

Shahbandeh, M. Consumption of Beef Per Capita in Canada from 1980 to 2023, by Type (in Pounds). Available online: https:
/ /www.statista.com/statistics /735166 / consumption-of-milk-per-capita-canada/ (accessed on 28 November 2022).
Estévez-Moreno, L.X.; Miranda-de la Lama, G.C. Meat consumption and consumer attitudes in México: Can persistence lead to
change? Meat Sci. 2022, 193, 108943. [CrossRef] [PubMed]

Moyer, R.; Solano, P. 9. Commission for Environmental Cooperation (CEC). Yearb. Int. Environ. Law 2015, 26, 592—601. [CrossRef]
Trenda, E. Number of Cattle in Mexico from 2010 to 2021 (in Million Heads). Available online: https://www.statista.com/
statistics /992638 / catttle-number-heads-mexico/ (accessed on 28 November 2022).

Wagpner, ].J.; Archibeque, S.L.; Feuz, D.M. The modern feedlot for finishing cattle. Annu. Rev. Anim. Biosci. 2014, 2, 535-554.
[CrossRef] [PubMed]

United States Department of Agriculture (USDA); Economic Research Service (ERS). Topics, Animal Products, Cattle & Beef. Sector
at a Glance. Available online: https:/ /www.ers.usda.gov /topics/animal-products/cattle-beef /sector-at-a-glance/ (accessed on
28 November 2022).

Hales, K.; Lourenco, J.; Seidel, D.S.; Koyun, O.Y.; Davis, D.; Welch, C.; Wells, ].E.; Callaway, T.R. The use of feedlot/cereal grains
in improving feed efficiency and reducing by-products such as methane in ruminants. In Improving Rumen Function; McSweeney,
C., Mackie, R., Eds.; Burleigh Dodds Science Publishing Limited: Cambridge, UK, 2020; pp. 693-726. [CrossRef]

Lamb, G.C.; Maddock, T.; Feed Efficiency in Cows. Florida Beef Cattle Short Course. 2009; pp. 35-42. Available online:
https:/ /animal.ifas.ufl.edu/beef_extension/bcsc/2009/pdf/lamb.pdf (accessed on 28 November 2022).

Nagaraja, T.G.; Lechtenberg, K.F. Acidosis in feedlot cattle. Vet. Clin. North Am. Food Ani. Prac. 2007, 23, 333-350. [CrossRef]
Hungate, R.E. The Rumen and Its Microbes; Academic Press: New York, NY, USA, 1966. [CrossRef]

Tokach, R.J.; Ribeiro, ER.; Chung, K.Y.; Rounds, W.; Johnson, B.J. Chromium Propionate Enhances Adipogenic Differentiation of
Bovine Intramuscular Adipocytes. Front. Vet. Sci. 2015, 2, 26. [CrossRef]

Pogue, S.J.; Krobel, R.; Janzen, H.H.; Beauchemin, K.A_; Legesse, G.; de Souza, D.M.; Iravani, M.; Selin, C.; Byrne, J.; McAllister,
T.A. Beef production and ecosystem services in Canada’s prairie provinces: A review. Agric. Syst. 2018, 166, 152-172. [CrossRef]
Rukambile, E.; Sintchenko, V.; Muscatello, G.; Kock, R.; Alders, R. Infection, colonization and shedding of Campylobacter and
Salmonella in animals and their contribution to human disease: A review. Zoonoses Public Health 2019, 66, 562-578. [CrossRef]
Rahman, M.T.; Sobur, M.A; Islam, M.S.; Ievy, S.; Hossain, M.].; El Zowalaty, M.E.; Rahman, A.T.; Ashour, H.M. Zoonotic diseases:
Etiology, impact, and control. Microorganisms 2020, 8, 1405. [CrossRef]

Jones, B.A.; Grace, D.; Kock, R.; Alonso, S.; Rushton, J.; Said, M.Y.; McKeever, D.; Mutua, E; Young, J., McDermott, J.; et al. Zoonosis
emergence linked to agricultural intensification and environmental change. Proc. Natl. Acad. Sci. USA 2013, 110, 8399-8404. [CrossRef]
Callaway, T.R.; Edrington, T.; Anderson, R.C.; Byrd, ].A.; Nisbet, D.J. Gastrointestinal microbial ecology and the safety of our food
supply as related to Salmonella. ]. Anim. Sci. 2008, 86, E163-E172. [CrossRef]

McDaniel, C.J.; Cardwell, D.M.; Moeller, R.B.; Gray, G.C. Humans and cattle: A review of bovine zoonoses. Vector-Borne Zoonotic
Dis. 2014, 14, 1-19. [CrossRef] [PubMed]

Dewey-Mattia, D.; Manikonda, K.; Hall, A.J.; Wise, M.E.; Crowe, S.J. Surveillance for foodborne disease outbreaks—United States,
2009-2015. MMWR Surveill Summ. 2018, 67, 1-11. [CrossRef] [PubMed]

McBride, W.D.; Kenneth, M., Jr. The Diverse Structure and Organization of U.S. Beef Cow-Calf Farms. United States Department
of Agriculture (USDA), Economic Research Service (ERS). 2011. Available online: https://www.ers.usda.gov/publications/pub-
details/?pubid=44532 (accessed on 28 November 2022).

Feuz, D.M.; Umberger, W.]. Beef cow-calf production. Vet. Clin. N. Am. 2003, 19, 339-363. [CrossRef] [PubMed]

United States Department of Agriculture (USDA), National Agricultural Statistics Service (NASS), Census of Agriculture. 2017.
Available online: https://www.nass.usda.gov/AgCensus/ (accessed on 28 November 2022).

Ferrari, R.G.; Rosario, D.K.; Cunha-Neto, A.; Mano, S.B.; Figueiredo, E.E.; Conte-Junior, C.A. Worldwide epidemiology of
Salmonella serovars in animal-based foods: A meta-analysis. Appl. Environ. Microbiol. 2019, 85, e00591-19. [CrossRef]

Ruby, T.; McLaughlin, L.; Gopinath, S.; Monack, D. Salmonella’s long-term relationship with its host. FEMS Microbiol. Rev. 2012,
36, 600-615. [CrossRef]

Boore, A.L.; Hoekstra, R.M.; Iwamoto, M.; Fields, P.I.; Bishop, R.D.; Swerdlow, D.L. Salmonella enterica infections in the United
States and assessment of coefficients of variation: A novel approach to identify epidemiologic characteristics of individual
serotypes, 1996-2011. PLoS ONE 2015, 10, €0145416. [CrossRef]

Boyle, E.C.; Bishop, J.L.; Grassl, G.A.; Finlay, B.B. Salmonella: From pathogenesis to therapeutics. . Bacteriol. 2007, 189, 1489-1495.
[CrossRef]

Issenhuth-Jeanjean, S.; Roggentin, P.; Mikoleit, M.; Guibourdenche, M.; De Pinna, E.; Nair, S.; Fields, P1.; Weill, F-X. Supplement
2008-2010 (no. 48) to the white-Kauffmann-Le minor scheme. Res. Microbiol. 2014, 165, 526-530. [CrossRef]

Gutema, ED.; Agga, G.E.; Abdi, R.D.; De Zutter, L.; Duchateau, L.; Gabriél, S. Prevalence and serotype diversity of Salmonella
in apparently healthy cattle: Systematic review and meta-analysis of published studies, 2000-2017. Front. Vet. Sci. 2019, 6, 102.
[CrossRef]

13



Foods 2023, 12, 904

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Laufer, A.S.; Grass, J.; Holt, K.; Whichard, J.M.; Griffin, PM.; Gould, L.H. Outbreaks of Salmonella infections attributed to
beef-United States, 1973-2011. Epidemiol. Infect. 2015, 143, 2003-2013. [CrossRef]

Conrad, C.C,; Stanford, K.; Narvaez-Bravo, C.; Callaway, T.R.; McAllister, T. Farm fairs and petting zoos: A review of animal
contact as a source of zoonotic enteric disease. Foodborne Pathog. Dis. 2017, 14, 59-73. [CrossRef] [PubMed]

Scallan, E.; Hoekstra, R.M.; Angulo, EJ.; Tauxe, R.V.; Widdowson, M.A_; Roy, S.L.; Jones, J.L.; Griffin, PM. Foodborne illness
acquired in the United States—Major pathogens. Emerg. Infect. Dis. 2011, 17, 7-15. [CrossRef] [PubMed]

Wottlin, L.R.; Edrington, T.S.; Anderson, R.C. Salmonella Carriage in Peripheral Lymph Nodes and Feces of Cattle at Slaughter Is
Affected by Cattle Type, Region, and Season. Front. Anim. Sci. 2022, 3, 859800. [CrossRef]

Nickelson, K.J.; Taylor, T.M.; Griffin, D.B.; Savell, ].W.; Gehring, K.B.; Arnold, A.N. Assessment of Salmonella prevalence in lymph
nodes of US and Mexican cattle presented for slaughter in Texas. J. Food Prot. 2019, 82, 310-315. [CrossRef] [PubMed]

Semenov, A.M.; Kuprianov, A.A_; van Bruggen, A.H. Transfer of enteric pathogens to successive habitats as part of microbial
cycles. Microb. Ecol. 2010, 60, 239-249. [CrossRef] [PubMed]

Hoelzer, K.; Moreno Switt, A.I; Wiedmann, M. Animal contact as a source of human non-typhoidal salmonellosis. Vet. Res. 2011,
42, 34. [CrossRef]

Gopinath, S.; Carden, S.; Monack, D. Shedding light on Salmonella carriers. Trends Microbiol. 2012, 20, 320-327. [CrossRef]
Rostagno, M.H. Can stress in farm animals increase food safety risk? Foodborne Pathog. Dis. 2009, 6, 767-776. [CrossRef]
Edrington, T.S.; Callaway, T.R.; Ives, S.E.; Engler, M.].; Looper, M.L.; Anderson, R.C.; Nisbet, D.]. Seasonal shedding of Escherichia
coli O157: H7 in ruminants: A new hypothesis. Foodborne Pathog. Dis. 2006, 3, 413-421. [CrossRef]

Naumova, E.N.; Jagai, ].S.; Matyas, B.; DeMaria, A.; MacNeill, I.; Griffiths, J. Seasonality in six enterically transmitted diseases
and ambient temperature. Epidemiol. Infect. 2007, 135, 281-292. [CrossRef]

Mollenkopf, D.F; Mathys, D.A.; Dargatz, D.A.; Erdman, M.M.; Habing, G.G.; Daniels, J.B.; Wittum, T.E. Genotypic and
epidemiologic characterization of extended-spectrum cephalosporin resistant Salmonella enterica from US beef feedlots. Prev. Vet.
Med. 2017, 146, 143-149. [CrossRef] [PubMed]

Karmali, M.A.; Gannon, V.; Sargeant, ].M. Verocytotoxin-producing Escherichia coli (VTEC). Vet. Microbiol. 2010, 140, 360-370.
[CrossRef] [PubMed]

Sapountzis, P.; Segura, A.; Desvaux, M.; Forano, E. An overview of the elusive passenger in the gastrointestinal tract of cattle: The
Shiga toxin producing Escherichia coli. Microorganisms 2020, 8, 877. [CrossRef] [PubMed]

Caprioli, A.; Morabito, S.; Brugere, H.; Oswald, E. Enterohaemorrhagic Escherichia coli: Emerging issues on virulence and modes
of transmission. Vet. Res. 2005, 36, 289-311. [CrossRef] [PubMed]

Karmali, M.A. Emerging public health challenges of Shiga toxin-producing Escherichia coli related to changes in the pathogen, the
population, and the environment. Clin. Infect. Dis. 2017, 64, 371-376. [CrossRef]

Buck, P. The Role of Consumer Advocacy in Strengthening Food Safety Policy. In Food Safety Economics: Incentives for a Safer Food
Supply; Roberts, T., Ed.; Springer: Cham, Switzerland, 2018; pp. 323-328. [CrossRef]

Berry, E.D.; Wells, J.E.; Bono, ].L.; Woodbury, B.L.; Kalchayanand, N.; Norman, K.N.; Suslow, T.V.; Lépez-Velasco, G.; Millner, P.D.
Effect of proximity to a cattle feedlot on Escherichia coli O157: H7 contamination of leafy greens and evaluation of the potential for
airborne transmission. Appl. Environ. Microbiol. 2015, 81, 1101-1110. [CrossRef]

Ferens, W.A.; Hovde, C.J. Escherichia coli O157: H7: Animal reservoir and sources of human infection. Foodborne Pathog. Dis. 2011,
8, 465-487. [CrossRef]

Smith, D.R. Cattle production systems: Ecology of existing and emerging Escherichia coli types related to foodborne illness. Anni.
Rev. Anim. Biosci. 2014, 2, 445-468. [CrossRef]

Majowicz, S.E.; Scallan, E.; Jones-Bitton, A.; Sargeant, ].M.; Stapleton, J.; Angulo, EJ.; Yeung, D.H.; Kirk, M.D. Global incidence of
human Shiga toxin—producing Escherichia coli infections and deaths: A systematic review and knowledge synthesis. Foodborne
Pathog. Dis. 2014, 11, 447-455. [CrossRef]

Lisboa, L.F,; Szelewicki, J.; Lin, A.; Latonas, S.; Li, V.; Zhi, S.; Parsons, B.D.; Berenger, B.; Fathima, S.; Chui, L. Epidemiology of
Shiga toxin-producing Escherichia coli O157 in the province of Alberta, Canada, 2009-2016. Toxins 2019, 11, 613. [CrossRef]
Kudva, LT.; Dean-Nystrom, E.A. Bovine recto-anal junction squamous epithelial (RSE) cell adhesion assay for studying Escherichia
coli 0157 adherence. |. Appl. Microbiol. 2011, 111, 1283-1294. [CrossRef]

Naylor, S.W.; Low, J.C.; Besser, T.E.; Mahajan, A.; Gunn, G.J.; Pearce, M.C.; McKendrick, L].; Smith, D.G.; Gally, D.L. Lymphoid
follicle-dense mucosa at the terminal rectum is the principal site of colonization of enterohemorrhagic Escherichia coli O157: H7 in
the bovine host. Infect. Immun. 2003, 71, 1505-1512. [CrossRef] [PubMed]

Pruimboom-Brees, .M.; Morgan, T.W.; Ackermann, M.R.; Nystrom, E.D.; Samuel, J.E.; Cornick, N.A.; Moon, H.-W. Cattle lack
vascular receptors for Escherichia coli O157: H7 Shiga toxins. Proc. Natl. Acad. Sci. USA 2000, 97, 10325-10329. [CrossRef]
[PubMed]

Arthur, TM.; Bosilevac, J.M.; Brichta-Harhay, D.M.; Guerini, M.N.; Kalchayanand, N.; Shackelford, S.D.; Wheeler, T.L.;
Koohmaraie, M. Transportation and lairage environment effects on prevalence, numbers, and diversity of Escherichia coli
0157: H7 on hides and carcasses of beef cattle at processing. J. Food Prot. 2007, 70, 280-286. [CrossRef] [PubMed]
Diez-Gonzalez, F.; Callaway, T.R.; Kizoulis, M.G.; Russell, ].B. Grain feeding and the dissemination of acid-resistant Escherichia
coli from cattle. Science 1998, 281, 1666-1668. [CrossRef]

14



Foods 2023, 12, 904

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

Dewell, G.; Simpson, C.; Dewell, R.; Hyatt, D.; Belk, K.; Scanga, J.; Morley, P.; Grandin, T.; Smith, G.; Dargatz, D. Impact of
transportation and lairage on hide contamination with Escherichia coli O157 in finished beef cattle. ]. Food Prot. 2008, 71, 1114-1118.
[CrossRef]

LeJeune, J.; Kauffman, M.B. E. coli O157 supershedders: Mathematical myth or meaningful monsters? In Proceedings of the 2006
VTEC Conference, Melbourne, Australia, 29 October-1 November 2006.

LeJeune, J.T.; Besser, T.E.; Hancock, D.D. Cattle water troughs as reservoirs of Escherichia coli O157. Appl. Environ. Microbiol. 2001,
67,3053-3057. [CrossRef]

Ekong, PS.; Sanderson, M.W.; Cernicchiaro, N. Prevalence and concentration of Escherichia coli O157 in different seasons and
cattle types processed in North America: A systematic review and meta-analysis of published research. Prev. Vet. Med. 2015,
121, 74-85. [CrossRef]

Stanford, K.; Johnson, R.P,; Alexander, T.W.; McAllister, T.A.; Reuter, T. Influence of season and feedlot location on prevalence and
virulence factors of seven serogroups of Escherichia coli in feces of western-Canadian slaughter cattle. PLoS ONE 2016, 11, e0159866.
[CrossRef]

Besser, T.E.; Schmidt, C.E.; Shah, D.H.; Shringi, S. “Preharvest” Food Safety for Escherichia coli O157 and Other Pathogenic Shiga
Toxin-Producing Strains. Microbiol. Spectr. 2015, 2, 419-436. [CrossRef]

Feng, P. Shiga toxin-producing Escherichia coli (STEC) in fresh produce—A food safety dilemma. Microbiol. Spectr. 2014, 2, 17.
[CrossRef] [PubMed]

Hoff, C.; Higa, ].; Patel, K.; Gee, E.; Wellman, A.; Vidanes, J.; Holland, A.; Kozyreva, V.; Zhu, J.; Mattioli, M. Notes from the Field:
An Outbreak of Escherichia coli O157: H7 Infections Linked to Romaine Lettuce Exposure—United States, 2019. MMWR Morb.
Mortal. Wkly. Rep. 2021, 70, 689-690. [CrossRef] [PubMed]

Carlson, J.C.; Chandler, J.C.; Bisha, B.; LeJeune, J.T.; Wittum, T.E. Bird-livestock interactions associated with increased cattle fecal
shedding of ciprofloxacin-resistant Escherichia coli within feedlots in the United States. Sci. Rep. 2020, 10, 1-8. [CrossRef]

Inglis, G.D.; Taboada, E.N.; Boras, V.F. Rates of fluoroquinolone resistance in domestically acquired Campylobacter jejuni are
increasing in people living within a model study location in Canada. Can. J. Microbiol. 2021, 67, 37-52. [CrossRef]

Plishka, M.; Sargeant, ] M.; Greer, A.L.; Hookey, S.; Winder, C. The prevalence of Campylobacter in live cattle, Turkey, chicken,
and swine in the United States and Canada: A systematic review and meta-analysis. Foodborne Pathog. Dis. 2021, 18, 230-242.
[CrossRef]

Sher, A.A.; Ashraf, M.A.; Mustafa, B.E.; Raza, M.M. Epidemiological trends of foodborne Campylobacter outbreaks in the United
States of America, 1998-2016. Food Microbiol. 2021, 97, 103751. [CrossRef]

Laughlin, M.E.; Chatham-Stephens, K.; Geissler, A.L. Campylobacteriosis. CDC Yellow Book. 2020. Available online: https://wwwnc.
cdc.gov/travel /yellowbook/2020/travel-related-infectious-diseases / campylobacteriosis (accessed on 28 November 2022).

Bolton, D.J. Campylobacter virulence and survival factors. Food Microbiol. 2015, 48, 99-108. [CrossRef]

Tang, Y.; Meinersmann, R.J.; Sahin, O.; Wu, Z.; Dai, L.; Carlson, J.; Plumblee Lawrence, J.; Genzlinger, L.; LeJeune, J.T.; Zhang, Q.
Wide but variable distribution of a hypervirulent Campylobacter jejuni clone in beef and dairy cattle in the United States. Appl.
Environ. Microbiol. 2017, 83, e01417-e01425. [CrossRef]

Tang, Y.; Sahin, O.; Pavlovic, N.; LeJeune, J.; Carlson, J.; Wu, Z.; Dai, L.; Zhang, Q. Rising fluoroquinolone resistance in
Campylobacter isolated from feedlot cattle in the United States. Sci. Rep. 2017, 7, 494. [CrossRef]

Thomson, S.; Hamilton, C.A.; Hope, ].C.; Katzer, F.; Mabbott, N.A.; Morrison, L.J.; Innes, E.A. Bovine cryptosporidiosis: Impact,
host-parasite interaction and control strategies. Vet. Res. 2017, 48, 1-16. [CrossRef]

Feng, Y,; Ryan, U.M.; Xiao, L. Genetic diversity and population structure of Cryptosporidium. Trends Parasitol. 2018, 34, 997-1011.
[CrossRef] [PubMed]

Checkley, W.; White Jr, A.C.; Jaganath, D.; Arrowood, M.J.; Chalmers, R.M.; Chen, X.-M.; Fayer, R.; Griffiths, ] K.; Guerrant, R.L.;
Hedstrom, L.; et al. A review of the global burden, novel diagnostics, therapeutics, and vaccine targets for Cryptosporidium. Lancet
Infect. Dis. 2015, 15, 85-94. [CrossRef] [PubMed]

de Graaf, D.C.; Vanopdenbosch, E.; Ortega-Mora, L.M.; Abbassi, H.; Peeters, ].E. A review of the importance of cryptosporidiosis
in farm animals. Int. ]. Parasitol. 1999, 29, 1269-1287. [CrossRef] [PubMed]

Di Genova, B.M.; Tonelli, R.R. Infection Strategies of Intestinal Parasite Pathogens and Host Cell Responses. Front. Microbiol.
2016, 7, 256. [CrossRef] [PubMed]

Efstratiou, A.; Ongerth, ].E.; Karanis, P. Waterborne transmission of protozoan parasites: Review of worldwide outbreaks-An
update 2011-2016. Water Res. 2017, 114, 14-22. [CrossRef]

Ryan, U.; Hijjawi, N.; Xiao, L. Foodborne cryptosporidiosis. Int. ]. Parasitol. 2018, 48, 1-12. [CrossRef]

Fayer, R.; Santin, M.; Trout, ].M.; Greiner, E. Prevalence of species and genotypes of Cryptosporidium found in 1-2-year-old dairy
cattle in the eastern United States. Vet. Parasitol. 2006, 135, 105-112. [CrossRef]

Santin, M.; Trout, ].M.; Fayer, R. A longitudinal study of cryptosporidiosis in dairy cattle from birth to 2 years of age. Vet. Parasitol.
2008, 155, 15-23. [CrossRef]

Santin, M.; Trout, ].M.; Xiao, L.; Zhou, L.; Greiner, E.; Fayer, R. Prevalence and age-related variation of Cryptosporidium species
and genotypes in dairy calves. Vet. Parasitol. 2004, 122, 103-117. [CrossRef]

Adkins, PR. Cryptosporidiosis. Vet. Clin. North. America. Food Anim. Pract. 2022, 38, 121-131. [CrossRef]

15



Foods 2023, 12, 904

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.
105.

106.
107.
108.

109.
110.

Nydam, D.V.; Wade, S.E.; Schaaf, S.L.; Mohammed, H.O. Number of Cryptosporidium parvum oocysts or Giardia spp. cysts shed by
dairy calves after natural infection. Am. J. Vet. Res. 2001, 62, 1612-1615. [CrossRef] [PubMed]

Corbel, M.J. Brucellosis in Humans and Animals; World Health Organization (WHO) Press: Geneva, Switzerland, 2006; pp. 4-10.
Available online: https:/ /apps.who.int/iris/handle/10665/43597 (accessed on 28 November 2022).

Sriranganathan, N.; Seleem, M.N.; Olsen, S.C.; Samartino, L.E.; Whatmore, A.M.; Bricker, B.; O’Callaghan, D.; Halling, S.M.;
Crasta, O.R.; Wattam, A.R.; et al. Brucella. In Genome Mapping and Genomics in Animal-Associated Microbes; Nene, V., Kole, C., Eds.;
Springer: Berlin/Heidelberg, Germany, 2009; pp. 1-64.

Dean, A.S.; Crump, L.; Greter, H.; Schelling, E.; Zinsstag, J. Global burden of human brucellosis: A systematic review of disease
frequency. PLoS Neglec. Trop. Dis. 2012, 6, €1865. [CrossRef] [PubMed]

Lai, S.; Chen, Q.; Li, Z. Human Brucellosis: An Ongoing Global Health Challenge. China CDC Wkly. 2021, 3, 120-123. [CrossRef]
[PubMed]

Baldi, P.C.; Giambartolomei, G.H. Pathogenesis and pathobiology of zoonotic brucellosis in humans. Rev. Sci. Tech. Off. Int. Epiz.
2013, 32, 117-125. [CrossRef] [PubMed]

Hassouneh, L.; Quadri, S.; Pichilingue-Reto, P.; Chaisavaneeyakorn, S.; Cutrell, ].B.; Wetzel, D.M.; Nijhawan, A.E. An outbreak of
brucellosis: An adult and pediatric case series. Open Forum. Infect. Dis. 2019, 6, 384. [CrossRef]

Negron, M.E; Kharod, G.A.; Bower, W.A_; Walke, H. Notes from the field: Human Brucella abortus RB51 infections caused by
consumption of unpasteurized domestic dairy products—United States, 2017-2019. MMWR Morb. Mortal. Wkly. Rep. 2019,
68, 185. [CrossRef]

Cossaboom, C.M.; Kharod, G.A.; Salzer, ].S.; Tiller, R.V.; Campbell, L.P.; Wu, K.; Negron, M.E.; Ayala, N.; Evert, N.; Radowicz, J.;
et al. Notes from the Field: Brucella abortus Vaccine Strain RB51 Infection and Exposures Associated with Raw Milk Consumption-
Wise County, Texas, 2017. MMWR Morb. Mortal. Wkly. Rep. 2018, 67, 286. [CrossRef]

Pereira, C.R.; de Almeida, ].V.EC.; de Oliveira, I.R.C.; de Oliveira, L.E; Pereira, L.J.; Zangeronimo, M.G.; Lage, A.P; Dorneles,
E.M.S. Occupational exposure to Brucella spp.: A systematic review and meta-analysis. PLoS Neglec. Trop. Dis. 2020, 14, e0008164.
[CrossRef]

Pappas, G.; Photini, P; Nikolaos, A.; Leonidas, C.; Epameinondas, V.T. The new global map of human brucellosis. The Lancet
Infect. Dis. 2006, 6, 91-99. [CrossRef]

Serpa, J.A.; Knights, S.; Farmakiotis, D.; Campbell, J. Brucellosis in Adults and Children: A 10-Year Case Series at Two Large
Academic Hospitals in Houston, Texas. South Med. ]. 2018, 111, 324-327. [CrossRef]

Rhyan, J.C.; Nol, P.; Quance, C.; Gertonson, A.; Belfrage, J.; Harris, L.; Straka, K.; Robbe-Austerman, S. Transmission of brucellosis
from elk to cattle and bison, Greater Yellowstone Area, USA, 2002-2012. Emerg. Infect. Dis. 2013, 19, 1992-1995. [CrossRef]
[PubMed]

Kaden, R; Ferrari, S.; Jinnerot, T.; Lindberg, M.; Wahab, T.; Lavander, M. Brucella abortus: Determination of survival times and
evaluation of methods for detection in several matrices. BMC Infect. Dis. 2018, 18, 259. [CrossRef] [PubMed]

Letesson, ].-J.; Barbier, T.; Zaniga-Ripa, A.; Godfroid, J.; De Bolle, X.; Moriyon, I. Brucella Genital Tropism: What’s on the Menu.
Front. Microbiol. 2017, 8, 506. [CrossRef] [PubMed]

Dadar, M.; Shahali, Y.; Whatmore, A.M.; Whatmore, A.M. Human brucellosis caused by raw dairy products: A review on the
occurrence, major risk factors and prevention. Int. J. Food Microbiol. 2019, 292, 39-47. [CrossRef]

Olsen, S.C.; Paola, B.; David, M.W.; Tonia, M. Biosafety concerns related to Brucella and its potential use as a bioweapon. Appl.
Biosaf. 2018, 23, 77-90. [CrossRef]

Sternbach, G. The history of anthrax. J. Emerg. Med. 2003, 24, 463—-467. [CrossRef]

World Health Organization (WHO). Anthrax in Humans and Animals. WHO. 2008. Available online: https:/ /apps.who.int/iris/
bitstream /handle /10665/97503 /9789241547536_eng.pdf (accessed on 8 February 2023).

Ackerman, G.A.; Giroux, J. A history of biological disasters of animal origin in North America. Rev. Sci. Tech. Off. Int. Epiz. 2006,
25,83-92. [CrossRef]

United States Department of Agriculture (USDA), Animal and Plant Health Inspection Service (APHIS), Veterinary Services. Dif-
ferentiation of Naturally Occurring from Non-Naturally Occurring Epizootics of Anthrax in Livestock Populations. USDA, APHIS.
2007. Available online: https://www.aphis.usda.gov/animal_health/emergingissues/downloads/finalanthraxnaturalterror.pdf
(accessed on 8 February 2023).

Fasanella, A.; Galante, D.; Garofolo, G.; Jones, M.H. Anthrax undervalued zoonosis. Vet. Microbiol. 2010, 140, 318-331. [CrossRef]
Bhunia, A.K. Bacillus cereus and Bacillus anthracis. In Foodborne Microbial Pathogens. Bhunia, A.K., Ed.; Food Science Text Series;
Springer: New York, NY, USA, 2018; pp. 193-207. [CrossRef]

Driks, A. The Bacillus anthracis spore. Mol. Asp. Med. 2009, 30, 368-373. [CrossRef]

Shadomy, S.V.; Smith, T.L. Zoonosis update. Anthrax. J. Am. Vet. Med. Assoc. 2008, 233, 63-72. [CrossRef]

Salman, M.; Steneroden, K. Important Public Health Zoonoses Through Cattle. In Zoonoses—Infections Affecting Humans and
Animals; Sing, A., Ed.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 3-19. [CrossRef]

Smith, .M. A brief review of anthrax in domestic animals. Postgrad. Med. |. 1973, 49, 571-572. [CrossRef] [PubMed]

Wallin, A.; Luksiene, Z.; Zagminas, K.; Surkiene, G. Public health and bioterrorism: Renewed threat of anthrax and smallpox.
Medicina 2007, 43, 278-284. [CrossRef] [PubMed]

16



Foods 2023, 12, 904

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Sidwa, T.; Salzer, J.S. Control and Prevention of Anthrax, Texas, USA, 2019. Emerg. Infect. Dis. 2020, 26, 2815-2824. [CrossRef]
[PubMed]

Nicholson, W.L.; Munakata, N.; Horneck, G.; Melosh, H.]J.; Stelow, P. Resistance to Bacillus endospores to extreme terrestrial and
extraterrestrial environments. Microbiol. Mol. Biol. Rev. 2000, 64, 548-572. [CrossRef] [PubMed]

Griffin, D.W.; Silvestri, E.E.; Bowling, C.Y.; Boe, T.; Smith, D.B.; Nichols, T.L. Anthrax and the geochemistry of soils in the
contiguous United States. Geosciences 2014, 4, 114-127. [CrossRef]

Blackburn, ].K.; McNyset, K.M.; Curtis, A.; Hugh-Jones, M.E. Modeling the geographic distribution of Bacillus anthracis, the
causative agent of anthrax disease, for the contiguous United States using predictive ecological [corrected] niche modeling. Am. J.
Trop. Med. Hyg. 2007, 77, 1103-1110. [CrossRef]

Yang, A.; Mullins, ].C.; Van Ert, M.; Bowen, R.A.; Hadfield, T.L.; Blackburn, J.K. Predicting the geographic distribution of the
Bacillus anthracis Al. a/Western North American sub-lineage for the continental United States: New outbreaks, new genotypes,
and new climate data. Am. |. Trop. Med. Hyg. 2020, 102, 392. [CrossRef]

Xu, S.; Harvey, A.; Barbieri, R;; Reuter, T.; Stanford, K.; Amoako, K.K.; Selinger, L.B.; McAllister, T.A. Inactivation of Bacillus
anthracis spores during laboratory-scale composting of feedlot cattle manure. Front. Microbiol. 2016, 7, 806. [CrossRef]
Himsworth, C.G.; Argue, C.K. Anthrax in Saskatchewan 2006: An outbreak overview. Can. Vet. ]. 2008, 49, 235-237.

Haake, D.A.; Levett, PN. Leptospirosis in humans. In Leptospira and Leptospirosis; Adler, B., Ed.; Springer: Berlin/Heidelberg,
Germany, 2015; pp. 65-97. [CrossRef]

Costa, F.; Hagan, J.E.; Calcagno, J.; Kane, M.; Torgerson, P.; Martinez-Silveira, M.S.; Stein, C.; Abela-Ridder, B.; Ko, A.L. Global
morbidity and mortality of leptospirosis: A systematic review. PLoS Negl. Trop. Dis. 2015, 9, €0003898. [CrossRef]

Bharti, A.R.; Nally, ].E.; Ricaldi, ].N.; Matthias, M.A.; Diaz, M.M.; Lovett, M.A_; Levett, PN.; Gilman, R.H.; Willig, M.R.; Gotuzzo,
E.; et al. Leptospirosis: A zoonotic disease of global importance. Lancet Infect. Dis. 2003, 3, 757-771. [CrossRef] [PubMed]
Nally, J.E.; Ahmed, A.A; Putz, E.J.; Palmquist, D.E.; Goris, M.G. Comparison of Real-Time PCR, Bacteriologic Culture and
Fluorescent Antibody Test for the Detection of Leptospira borgpetersenii in Urine of Naturally Infected Cattle. Vet. Sci. 2020, 7, 66.
[CrossRef] [PubMed]

Ellis, W.A. Animal Leptospirosis. In Leptospira and Leptospirosis; Adler, B., Ed.; Springer: Berlin/Heidelberg, Germany, 2015;
pp- 99-137. [CrossRef]

Casanovas-Massana, A.; Pedra, G.G.; Wunder Jr, E.A ; Diggle, PJ.; Begon, M.; Ko, A.I. Quantification of Leptospira interrogans
survival in soil and water microcosms. Appl. Environ. Microbiol. 2018, 84, €00507-18. [CrossRef] [PubMed]

Ko, A.L; Goarant, C.; Picardeau, M. Leptospira: The dawn of the molecular genetics era for an emerging zoonotic pathogen. Nat.
Rev. Microbiol. 2009, 7, 736-747. [CrossRef] [PubMed]

Centers for Disease Control and Prevention (CDC). Leptospirosis. Fact Sheet for Clinicians. 2018. Available online: https:
/ /www.cdc.gov /leptospirosis/pdf/fs-leptospirosis-clinicians-eng-508.pdf (accessed on 9 February 2023).

Sanchez-Montes, S.; Espinosa-Martinez, D.V.; Rios-Muiioz, C.A.; Berzunza-Cruz, M.; Becker, I. Leptospirosis in Mexico: Epidemi-
ology and Potential Distribution of Human Cases. PLoS ONE 2015, 10, e0133720. [CrossRef]

Sykes, J.E.; Haake, D.A.; Gamage, C.D.; Mills, W.Z.; Nally, ].E. A global one health perspective on leptospirosis in humans and
animals. J. Am. Vet. Med. Assoc. 2022, 260, 1589-1596. [CrossRef]

Putz, E.J.; Bayles, D.O.; Alt, D.P,; Nally, ].E. Complete genome sequence of four strains of Leptospira borgpetersenii serovar Hardjo
isolated from cattle in the Central United States. J. Genom. 2022, 10, 45-48. [CrossRef]

Nally, J.E.; Hornsby, R.L.; Alt, D.P; Bayles, D.; Wilson-Welder, ].H.; Palmquist, D.E.; Bauer, N.E. Isolation and characterization of
pathogenic leptospires associated with cattle. Vet. Microbiol. 2018, 218, 25-30. [CrossRef]

Talpada, M.D.; Garvey, N.; Sprowls, R.; Eugster, A.K.; Vinetz, ].M. Prevalence of leptospiral infection in Texas cattle: Implications
for transmission to humans. Vector-Borne Zoonotic Dis. 2003, 3, 141-147. [CrossRef]

Putz, E.J.; Nally, J.E. Investigating the immunological and biological equilibrium of reservoir hosts and pathogenic Leptospira:
Balancing the solution to an acute problem? Front. Microbiol. 2020, 11, 2005. [CrossRef]

Sanhueza, ].M.; Wilson, P.R.; Benschop, ].; Collins-Emerson, ].M.; Heuer, C. Meta-analysis of the efficacy of Leptospira serovar
Hardjo vaccines to prevent urinary shedding in cattle. Prev. Vet. Med. 2018, 153, 71-76. [CrossRef] [PubMed]

Rinehart, C.L.; Zimmerman, A.D.; Buterbaugh, R.E.; Jolie, R.A.; Chase, C.C. Efficacy of vaccination of cattle with the Leptospira
interrogans serovar hardjo type hardjoprajitno component of a pentavalent Leptospira bacterin against experimental challenge with
Leptospira borgpetersenii serovar hardjo type hardjo-bovis. Am. ]. Vet. Res. 2012, 73, 735-740. [CrossRef] [PubMed]

United States Department of Agriculture. Feedlot 2011 “Part IV: Health and Health Management on U.S. Feedlots with a
Capacity of 1000 or More Head” USDA-APHIS-VS-CEAH-NAHMS. Fort Collins, CO #638.0913. 2011. Available online:
https:/ /www.aphis.usda.gov/animal_health /nahms/feedlot/downloads/feedlot2011/Feed11_dr_PartlV_1.pdf (accessed on 11
February 2023).

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.

17






(O]] foods

Article

Symbiotic Husbandry

of Chickens and Pigs Does Not Increase

Pathogen Transmission Risk

Emma Kaeder '*, Samart Dorn-In 2, Manfred Gareis ! and Karin Schwaiger 2

Citation: Kaeder, E.; Dorn-In, S.;
Gareis, M.; Schwaiger, K. Symbiotic
Husbandry of Chickens and Pigs
Does Not Increase Pathogen
Transmission Risk. Foods 2022, 11,
3126. https://doi.org/10.3390/
foods11193126

Academic Editors: Frans J.M.

Smulders and Arun K. Bhunia

Received: 16 July 2022
Accepted: 30 September 2022
Published: 8 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 /
1.0/).

Chair of Food Safety and Analytics, Faculty of Veterinary Medicine, LMU Munich, Schoenleutnerstr. 8,
85764 Oberschleissheim, Germany

Unit of Food Hygiene and Technology, Institute of Food Safety,

Food Technology and Veterinary Public Health, University of Veterinary Medicine, Veterinaerplatz 1,
1210 Vienna, Austria

Correspondence: emma.kaeder@ls.vetmed.uni-muenchen.de

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 FI-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 (1 = 10) and cloacal swabs were taken once from chickens (1 = 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 (1 = 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.

Pasture 1 Pasture 2 %
1

5

1: Entrance area
2: Pig feeding place
3: Shelter
4: Neutral zone (centre)
5: Pasture 1 = Close to the chicken coop; Pasture 2 = Neutral zone

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-Konigshofen, 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 ug 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% O, 10%
CO,, Anaerocult™ C 2.51 (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 um
(VWR, Hannover, Germany). Approximately 10 uL 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 uL 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 (FI-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-pL 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 pL 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 uL of deionized water was added. Then, 15 pL 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 uL 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 ! with a spectral resolution of 3 cm ™! 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 f-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).

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

o — - || —_

Pigs, pasture 1  Chickens, pasture Pigs, pasture 2 Soil, pasture 1 Soil, pasture 2

(n=120) 1 (n=120) (n=120) (n =60) (n=60)
ANIMAL SPECIES AND HUSBANDRY TYPE

PREVALENCE (%)

C. coli BC. jejuni

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.

Inte
intens Isolate no.: 8_K 1.17

faul C. coli
””3‘1 | l l Chicken (pasture 1)

C. coli Isolate no.: 8_K 2.01
Swine (pasture 2)

E:"ejuni Isolate no.: B;K 126
l Chicken (pasture 1)

x104. C. fejuni Isolate no.: 8_K 2.04

Swine (pasture 2)

00
2000 4000 6000 8000 10000 12000 14000 T 16000 18000 T ome

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.

Pigs, pasture 1 Chickens, pasture Pigs, pasture 2  Soil, pasture 1 Soil, pasture 2

(n=120) 1 (n=120) (n=120) (n=60) (n=60)
ANIMAL SPECIES AND HUSBANDRY TYPE

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 FI-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 (1 = 120).

Total Value Degree of Asymptomatic Significance Exact Significance = Exact Significance
Freedom z (Two-Sided) z (Two-Sided) 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 (1 = 120) and chickens (n = 120) from pasture 1.

Total Value Degree of Asymptomatic Significance Exact Significance  Exact Significance
Freedom z (Two-Sided) z (Two-Sided) 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 FI-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
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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 (1 = 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 165 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 m? (organic) or 2 m? (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 4/0:3 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 4/0O: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 (1 = 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 308,000 174,000 4000 55,000
fattening pigs per year
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 23 -3 2
Cor}tact between pigs from No Yes * Yes * Yes *
different farms, lairage
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 Knife, conveyor belt ~ Knife, hanging hook  Knife, hanging hook  Knife, hanging hook
placement
Head removal and processing No No No No

on separate line

* 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 CHROMagar™ 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 4+ 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
CHROMagar™ 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 (1 = 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 4/0:3 and the negative controls were two atypical colonies selected from
CIN agar and CHROMagar™. 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 1'Etoile, France). Serotyping
was performed by agglutination of Y. enterocolitica O:3 antiserum (Statens Serum Institute,
Copenhagen, Denmark). Human isolate Y. enterocolitica 4/0:3 was used as a positive
control (courtesy of Visnja Kruzicevi¢, 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, Ascl (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 1'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 ug), Ciprofloxacin (5 nug), Ampicillin
(10 png), Cephalothin (30 pg), Cefotaxime (30 png), Tetracycline (30 ng), Nalidixic acid (30 pg),
Ceftazidime 30 pg), Trimethoprim/Sulfamethoxazole (25 ug), Chloramphenicol (30 pg),
and Streptomycin (10 pg). Zones of inhibitions were measured by automated system
Scan 1200 (Interscience, Saint-Nom-la-Breteche, 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 x? 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.
. . No. of . YE + Pigs YE + Pigs

Slaughterhouse Farm Type Biosecurity Farms YE + Farms  No. of Pigs ) (%)
1 Big integrated 3 3 3 69 20 29%
2 Medium-sized 2and 3 6 6 74 31 42%
3 5 5 62 24 39%
2 1 1 12 7 58%
3 Medium-sized 2and 3 3 3 14 12 86%
3 2 2 10 8 80%
2 1 1 4 4 100%
Small family farms 1,2and 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, x> = 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; x? = 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% (1 = 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,
x? = 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 CHROMagar™) 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 CHROMagar™, 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 CHROMagar™ 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 CHROMagar™ 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 Number of Positives (%); Y. enterocolitica Recovery
(Broth + Agar) n=234 Rate (%); n =101

PSB and CIN 14 (5.9) 139
PSB and CHROMagar™ 18 (7.7) 17.8
PSB + KOH and CIN 75 (32.0) 74.3
PSB + KOH and CHROMagar™ 66 (28.2) 65.3
ITC and CIN 50 (21.4) 49.5
ITC and CHROMagar™ 43 (18.4) 426
ITC + KOH and CIN 58 (24.8) 57.4
ITC + KOH and CHROMagar™ 42 (17.9) 41.6

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

Broth and Agar . . . . Confidence Interval
Combinations Prevalence Ratio Odds Ratio (OR)  Fisher Exact Test; p (95% CI)
PSB + KOH and CIN vs. PSB and CIN 5.42 741 <0.0001 4.07-13.47
PSB + KOH and CHROMagar™ vs.
PSB and CHROMagar™ 3.66 471 <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 CHROMagar* " vs. 0.97 0.97 1 0.60-1.55

ITC and CHROMagar™

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

Isolates (1 = 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 (1 = 66) pathogenic Y. enterocolitica 4/O:3 isolates
(Figure 1).
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Yersinia enterocolitica (67 entries)

Jaccard (Opt:0.50%) (Tol 1.5%-1.5%) (H>0.0% $>0.0%) [0.0%-100.0%]
Yersinia Yersinia

Key Year of isolation Location Slaughterhouse
13 2019 F4 I
14 2019 F4 I
15 2019 F4 I
16 2019 F4 I
17 2019 F5 I
18 2019 F5 I
19 2019 F5 I
20 2019 F5 I
21 2019 F5 I
22 2019 F5 I
23 2019 F5 I
3 2019 F3 |
5 2019 F3 |
60 2019 F2 [\
7 2015 F1 |
7 2019 F2 I
24 2019 F6 I
26 2019 F6 I
27 2019 F6 I
28. 2019 F6 I
.29 2019 F6 I
30. 2019 F6 I
31 2019 F6 I
32 2019 F1 mn
33 2019 F1 i
34 2019 F1 mn
35 2019 F1 m
36 2019 F1 mn
37 2019 F1 m
38 2019 F2 I
40 2019 F2 mn
41 2019 F2 I
42. 2019 F2 mn
43. 2019 F3 I
44 2019 F3 I
45 2019 F3 I
46. 2019 F4 I
47 2019 F4 mn
48 2019 F4 i
49. 2019 F5 mn
50 2019 F5 m
1 2019 F2 |
4 2019 F3 |
51 2019 F5 |
53 2019 F6 mn
54 2019 Fé I
57 2019 F8 i
58 2019 F2 [\
59 2019 F2 [\
61 2019 F2 v
63 2019 F2 [\
64 2019 F2 v
65 2015 F1 I
66 2015 F1 I
70 2015 F1 |
72 2015 F1 |
69 2015 F1 |
52 2019 F5 m
10 2019 F3 I
1" 2019 F3 I
12 2019 F3 I
8 2019 F2 I
9 2019 F3 I
2 2019 F3 |
77. 2015 F1 I
96. 2015 F1 [\
100. Y.enteroco.

Figure 1. PFGE profiles of Y. enterocolitica 4/0:3 from different farm types, slaughterhouses, and
years of isolation.
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3.4. Susceptibility of Y. enterocolitica 4/0:3 Isolates to Antimicrobial Agents

In total (both surveys), 36 isolates of Y. enterocolitica 4/0O: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
4/0:3 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 4/0:3 in pig tonsils from
different farm types (2014).

F T Resistance Number of Number of Tested % of Multiresistant
arm type Pattern Resistant Isolates Isolates Isolates/Patterns
NA-CHL-STR 13 54
Big integrated TET-NA-CHL-STR 1 24 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 4/0O:3 isolates
from family farms, only one multiresistant isolate was found (Table 6).

Table 6. Prevalence and resistance patterns of multiresistant Y. enterocolitica 4/0O:3 in pig tonsils from
different farm types (2019).

Farm Resistance Number of Number of % of Multiresistant
Type Pattern Resistant Isolates Tested Isolates Isolates/Patterns
- NA-CHL-STR 9 75
Big integrated TET-NA-CHL-CFX 1 12 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 4/0:3 isolates collected in two surveys of
tonsils from pigs raised in different housing systems.

- . Big Integrated Medium-Sized Small Famil Total
Antimicrobial Agent Fa%ms (ng =36) Farms (n = 84) Farms (n = 1;’) (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 4/0O:3 isolates from big inte-
grated farms.

Antimicrobial Year 2014 Year 2019
Agent (n=24) (n=12)

S 1 R S 1 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 4/0:3 isolates from medium-
sized farms.

A . Year 2014 Year 2019
Antimicrobial Agent (1 = 25) (1 = 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 Martinez et al. [26] in Belgium (44 %)
and Italy (32%). On the other hand, Fredriksson-Ahomaa et al. [27] and Martinez 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 CHROMagar™ (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 CHROMagar™ 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 4/0:3 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 4/0O: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 4/0:3 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/QO:3 in two surveys conducted in Italy (2014, 2016). The persistence of the
pathogenic Y. enterocolitica bioserotype 4/0:3 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 PEGE. 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 4/0:3 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 4/0:3 isolates were obtained by Martins et al. [13].
They compared pulsotypes of Y. enterocolitica bioserotype 4/0:3 isolates collected in 2016
and 2018 from tonsils, lymph nodes, and carcass swabs in the same slaughterhouses using
macrorestriction enzymes (Xbal or Notl) and also found high agreement between isolates,
ranging from 82.4 to 100%. The low variability of Y. enterocolitica 4/0O: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 PEGE method for distinguishing genotypes present in
pig farms using a combination of the restriction enzymes Notl, Apal, and Xhol. However,
the same genotype for bioserotype 4/0:3 isolates was found in most farms (71%).

4.3. Antimicrobial Susceptibility of Y. enterocolitica 4/0:3

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 4/0O: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 4/0:3 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 log1g reduction in caecal concentration (9 log10CFU/g to 7 log1oCFU/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
(log1o 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
cm? 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 log; 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.

INPUT

OUTPUT
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Different contaminations

Chicken skin — cl
= SR cedn sareass Faeces Bile Crop content Grease
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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 10° CFU/g for skin, 1010 for feces, 10° for crop content, 10® for bile,
and 10* 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.

.. Minimal Amount Maximal Amount
Type of Contamination
(g) (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 1cm? surface.
The spreadsheet model used an ‘average’ bird weight of 1600 g (i.e., 1600 sz), 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

58



Foods 2023, 12, 522

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.

59



Foods 2023, 12, 522

Table 2. Number of bacteria per gram in different types of contaminations expressed in logj.

Total Aerobic Enterobacteriaceae E. coli Campylobacter
Count spp-
Skin
mean =+ sd (logi/g) 4.15 +0.46 3.77 £0.13 33+06 299 +£07
reference [30] [31] [32] [26]
Feces
mean + sd (logy9/g) 3.36 4+ 1.37 8.62 4 0.58 8.44 4 0.35 6.0 +£1.52
reference [33] [34] [34] [26]
Bile
mean =+ sd (logi/g) 6.0£0.7 31£05 19+1.1 2.795 £+ 1.641
reference [35] [36] [37] [38]
Crop content
mean =+ sd (logi/g) 5.6 +£0.1 42402 39+02 3.63 +1.12
reference [39] [39] [39] [40]
Grease
mean + sd (logy0/g) 3.40 £ 0.16 1.86 +0.41 0.86 £ 1.19 0.83 £ 0.67
f own data own data own data own data
reference not published not published not published 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 log;oCFU).

Type of Contamination

Feces Bile Crop Content Grease
Bacterial Species With With With No With
i i i i
No Contam. Contam. No Contam. Contam. No Contam. Contam. Contam.  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 (log;oCFU)
increase in the total bacterial load of the average chicken carcass is given in Table 4. The
value of £0.5 log9CFU 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 (log;oCFU)
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 log;oCFU is roughly equivalent to a
three-fold increase in the total bacterial load (calculated based on CFUx10%). 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 CFUx10%) 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 log1oCFU). 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 logjo (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 logyg was close to 0%. It is important to note that the increase
by 0.5 1og1oCFU is approximately equal to a three-fold increase in bacterial load calculated
based on CFUx10* 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 logo 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 11logig 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 /51, 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, I? = 87%) and ACC (MD: —2.84, 95% CI: —3.50 to —2.18, I? = 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 0.4, I? = 90% and MD: —1.95, 95% CI: —2.40 to —1.50, I? = 96%,
respectively). Rectum sealing effectively reduces the prevalence of Y. enterocolitica on pig carcasses
(RR: 0.60, 95% CI: 0.41 to 0.89, I?= 0%). Under commercial abattoir conditions, hot water washing
significantly reduced ACC (MD: —1.32, 95% CI: —1.93 to —0.71, I? = 93%) and generic E. coli counts
(MD: —1.23,95% CI: —1.89 to —0.57, I? = 61%) on pig carcasses. Conventional dry chilling reduced
Enterobacteriaceae prevalence on pig carcasses (RR: 0.32, 95% CI: 0.21 to 0.48, I? = 81%). Multiple
carcass interventions significantly reduced Enterobacteriaceae prevalence (RR: 0.11, 95% CI: 0.05 to
0.23, 12 = 94%) and ACC on carcasses (MD: —2.85, 95% CI: —3.33 to —2.37, 12 = 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/ cm?, CFU/100 cm?, 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
2 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, I < 60%) and those that were highly
heterogeneous (p < 0.05, I? > 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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Table 1. Key characteristics of 25 relevant articles on pig interventions.

Article Characteristic Number of Articles ! %
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, I? = 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, I> = 87%). In
addition, 14 before-and-after trials from three studies showed that scalding significantly
reduced ACC on pig carcasses by 2.84 log;g CFU/cm? (MD: —2.84, 95% CI: —3.50 to —2.18,
I? = 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, I? = 90%
and MD: —1.95, 95% CI: —2.40 to —1.50, I% = 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, I?= 19%), while it increased the
risk of carcass contamination with generic E. coli (RR: 1.09, 95% CI: 0.94 to 1.27, 2 = 26%).
Water washing did not reduce ACC on pig carcasses as shown in 20 trials (MD: —0.12, 95%
CL: —0.35 to 0.11, I? = 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, I? = 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/ cm? 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 log;g CFU/cm? (MD: 1.94, 95% CI: 1.67 to 2.11, I? = 97%), while
also significantly increasing the prevalence of Enterobacteriaceae (RR: 17.36, 95% CI: 6.88 to
43.75, I> = 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.

Study Design/ RR (95% CI) or Heterogeneity

. . . a i g "
Intervention = Microorganism Condl.tlons .(No. of MD (95% CI) 2 (%) * p-Value Reference(s)
Studies/Trials) ¥
Scalding EBC BA/Comm (1/8) RR0.05(0.02,0.12)  High (87%) <0.01 [15]
Scalding ACC BA/Comm (4/14) MD __2;*?8()_ 3.50, 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 :1'19;)(’2'4' High (96%) <001 [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)  MD0.19 (—0.51,0.89)  High (100%) 0 [11,14,15]
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Table 2. Cont.

Study Design/

Intervention Microorganism ®  Conditions (No. of RR (95 /OOCI) or Hetze r(o)genelty p-Value*  Reference(s)
. . MD (95% CI) IF (%) *
Studies/Trials)
. CT_BA/Comm MD —0.12 (—0.35, . o
Water washing ACC (4/20) 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]
. Yersinia o
Rectum sealing pseudotuberculosis CT/Comm (1/5) RR 1.33 (0.24, 7.49) Low (38%) 0.17 [12]
Rectum sealin Yersinia CT/Comm (2/18) RR 0.6 (0.41, 0.89) Low (0%) 0.88 [12,34]
& enterocolitica R ° ’ ’
Pluck removal EBC CT/Comm (1/3) RR 0.98 (0.94, 1.03) Low (0%) 0.56 [13]
Pluck removal Yersinia CT/Comm (1/3) RR 0.33 (0.03, 3.18) Low (0%) 1.00 [13]
enterocolitica
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 ’8'20;1)(’0'3' Low (34%) 0.22 [13]
Standard fat EBC BA/Comm (1/8) RR1.16(1.01,133)  High (71%) <0.01 [15]
trimming
Standard fat ACC BA/Comm (1/8) ~ MD0.06(~0.16,027) High (95%)  <0.01 [15]
trimming
t CT—controlled trial; BA—Dbefore-and-after trial; Comm—commercial abattoir conditions. 2 ACC—aerobic colony
count; EBC—Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for heterogeneity; moderately
heterogeneous: p < 0.05, I < 60%; highly heterogeneous: p < 0.05, I > 60%.
Study Intervention Description Risk Ratio RR 95%-Cl Weight
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag ——f°— 1.26 [0.08;19.32] 2.0%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag —— 094 [0.23; 391] 73%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag 151 [0.38; 6.04] 7.7%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag . 0.58 [0.27; 1.24] 25.8%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag — 060 [0.10; 349] 438%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag 1.05 [0.11;10.31] 28%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag 1.60 [0.07;36.32] 1.5%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag 042 [0.12; 1.44] 98%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag = 0.63 [0.29; 1.39] 23.9%
Laukkanen (2010) Rectum sealing Manual bagging with plastic bag 042 [0.05; 387] 3.0%
Nesbakke (1994) Rectum sealing Manual bagging with plastic bag 0.11 [0.01; 202] 1.8%
Nesbakke (1994) Rectum sealing Manual bagging with plastic bag 0.09 [0.01; 161] 18%
Nesbakke (1994) Rectum sealing Manual bagging with plastic bag 0.33 [0.01; 802] 1.5%
Nesbakke (1994) Rectum sealing Manual bagging with plastic bag 0.0%
Nesbakke (1994) Rectum seaiing Manuai bagging with piastic bag 0.11 [0.01; 202] 1.8%
Nesbakke (1994) Rectum sealing Manual bagging with plastic bag 0.33 [0.01; 8.02] 1.5%
Nesbakke (1994) Rectum sealing Manual bagging with plastic bag 0.20 [0.01; 408] 1.6%
Nesbakke (1994) Rectum sealing Manual bagging with plastic bag 3.00 [0.12;72.19] 1.5%
Random effects model [ | < I | 0.60 [0.41; 0.89] 100.0%

Heterogeneity: 12 = 0%, ©2=0, p = 0.88

0.01 01 1 10 100

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, I? = 91%)
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(Figure 4). It also significantly reduced ACC (MD: —1.32, 95% CI: —1.93 to —0.71, I? = 93%)
and generic E. coli count on pig carcasses (MD: —1.23, 95% CI: —1.89 to —0.57, I = 61%)
(Table 3). Challenge trials conducted under laboratory conditions found that lactic acid
wash reduced EBC by 0.72 logjg CFU/cm? (MD: —0.72, 95% CI: —1.40 to —0.05, I> = 98%)
and ACC by 1.07 logjg CFU/cm? (MD: —1.07, 95% CI: —1.33 to —0.81, I = 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 log;g CFU/cm? for ACC and of 0.73-1.38
logig CFU/ cm? in generic E. coli count [35] (Supplementary Materials).

In 36 trials investigating pulsed light treatment, a significant reduction of 1.68 logyg
CFU/cm? in Y. enterocolitica on pig carcass meat (MD: —1.68, 95% CI: —1.99 to —1.37,
I? = 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 logyy CFU/cm? for ACC and 1.05-1.64 logjg CFU/cm? 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.

Study Design/ o .
Intervention =~ Microorganism ?  Conditions (No. of RR 95 /°0CI) ot Hetgroﬂger:elty p-Value*  Reference(s)
. . MD (95% CI) I7 (%)
Studies/Trials)
Hot water . . CT_BA/Comm . o
washing Generic E. coli 3/6) RR 0.31 (0.15, 0.64) High (91%) <0.01 [36-38]
Hot water . . CT_BA/Comm MD —1.23 (—1.89, Moderate
washing Generic E. coli /4) —057) (61%) 0.05 [36,38]
Hot water CT_BA/Comm MD —1.32 (—1.93, . o
washing ACC 3/8) —0.71) High (93%) <0.01 [36-38]
Lactic acid MD —0.72 (—1.40, . o
washing EBC ChT/Lab (2/6) —0.05) High (98%) <0.01 [39,40]
Lactic acid MD —1.07 (—1.33, . o
washing ACC ChT/Lab (2/12) —0.81) High (93%) <0.01 [39,40]
Pulsed light Yersinia MD —1.68 (—1.99, . o
treatment enterocolitica ChT/Lab (1/36) —1.37) High (97%) <001 [41]
} CT—controlled trial; BA—before-and-after trial; ChT—challenge trial; Comm-—commercial abattoir conditions.
2 ACC—aerobic colony count; EBC—Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for
heterogeneity; moderately heterogeneous: p < 0.05, 12 < 60%; highly heterogeneous: p < 0.05, 12 > 60%.
Study Intervention Description Risk Ratio RR 95%-Cl Weight
Hamilton, D (2010) Hot water wash 835°C,15s ——i 0.11 [0.04,0.27] 16.7%
Hamilton, D (2010) Hot water wash 835°C,15s o 0.32 [0.23;0.44] 21.9%
Gill (1997) Hot water wash Post-polishing, pre-evisceration, 85°C, 15 s 0.70 [0.51;0.95] 22.0%
Gill (1997) Hot water wash Post-polishing, pre-evisceration, 85°C, 15 s - 0.81 [0.59;1.11] 21.9%
Gill (1998) Hot water wash 85°C, 10 s, carcass split before —a— 0.09 [0.01;065] 8.7%
Gill (1998) Hot water wash 85°C, 10 s, carcass split after — 0.08 [0.01;059] 87%
Random effects model = 0.31 [0.15; 0.64] 100.0%

Heterogeneity: /> = 91%, > = 0.6180, p < 0.01
01 0512 10
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, 2= 81%). Likewise,
fifteen before-and-after trials showed a small but significant 0.36 log;g CFU/cm? reduction
in ACC (MD: —0.36, 95% CI: —0.61 to —0.12, I> = 94%). Conventional chilling also signif-
icantly reduced ACC (MD: —1.77, 95% CI: —2.54 to —1.01, 12 = 35%) and generic E. coli
count (MD: —2.44, 95% CI: —3.93 to —0.95, I> = 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, 2= 78%), but not the prevalence
of generic E. coli (RR: 0.61, 95% CI: 0.34 to 1.11, I? = 50%) or ACC (MD: —0.17, 95% CI:
—0.47 t0 0.12, I? = 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, I? = 57%) and
generic E. coli count (MD: —2.64, 95% CI: —4.56 to —0.73, 2= 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, I> = 46%) and actually led to increased
ACC (MD: 0.01, 95% CI: —1.00 to 2.22, I> = 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.

Study Design/ o .
Intervention =~ Microorganism ?  Conditions (No. of RR (35 /OOCI) e Hetgroogenelty p-Value *  Reference(s)
. . MD (95% CI) IF (%) *
Studies/Trials)
Conventional . o
dry chilling EBC BA/Comm (1/4) RR 0.32 (0.21, 0.48) High (81%) <0.01 [15]
Conventional MD —0.36 (—0.61, . o [11,15,33,
dry chilling ACC BA/Comm (4/15) —012) High (94%) <0.01 1]
Blast and
conventional EBC BA/Comm (1/4) RR 0.1 (0.02, 0.47) High (78%) <0.01 [15]
chilling
Blast and
conventional Generic E. coli BA/Comm (1/4) RR0.61 (0.34, 1.11) Low (50%) 0.11 [33]
chilling
Blast and
conventional ACC BA/Comm (3/10)  MP f(()).g)(fo.u, High (93%)  <0.01 [15,32,33]
chilling '
Blastand water EBC BA/Comm (2/3)  RRO055(03409)  Low (46%) 0.16 [33,43]
spray chilling
Blast and water ; o
spray chilling ACC BA/Comm (2/3)  MD0.01(—1.0,222)  High (88%) <0.01 [33,43]
Blast chilling Generic E. coli ChT/Lab (1/4) MD _366‘;3()_ 4.56, High (94%) <0.01 [44]
Blast chilling ACC ChT/Lab (1.4) MD :1675;2'81' Low (57%) 0.07 [44]
Blast vs
conventional ACC ChT/Lab (1.4) MD 7%31)(71.02, Low (30%) 023 [44]
chilling ’
Conventional MD —1.77 (—2.54, o
dry chilling ACC ChT/Lab (1/4) _1on Low (35%) 0.20 [44]
Conventional . . MD —2.44 (—3.93, . o
dry chilling Generic E. coli ChT/Lab (1/4) ~0.95) High (89%) <0.01 [44]

¥ BA—before-and-after trial; ChT—<challenge trial; Comm-—commercial abattoir conditions. * ACC—aerobic
colony count; EBC—Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for heterogeneity; moder-
ately heterogeneous: p < 0.05, I> < 60%; highly heterogeneous: p < 0.05, I? > 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, I? = 94%). Similarly, another fifteen before-and-after trials
found significant reductions (2.85 log1g CFU/ cm?) of ACC on pig carcasses (MD: —2.85,
95% CI: —3.33 to —2.37, I? = 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 logjp CFU/ cm?, 2.15 log19 CFU/ cm? and
2.20 log1g CFU/cm?, respectively [31].

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

Study Design/ .
. . s a " 8 RR (95% CI) or Heterogeneity .
Intervention = Microorganism Conditions (No. of o 2 (o) % p-Value Reference(s)
. . t MD (95% CI) I (%)
Studies/Trials)
Multiple ** EBC BA/Comm (1/8) RR 0.11 (0.05, 0.23) High (94%) <0.01 [15]
. MD —2.85 (—3.33 .
Multiple ** ACC BA/Comm (4/15) 5 37() " High (97%) <0.01 [11,15,32,35]

+ BA—before-and-after trial; Comm—commercial abattoir conditions. * ACC—aerobic colony count; EBC—

Enterobacteriaceae count. * Homogenous trials: p > 0.05 on the test for heterogeneity; moderately heterogeneous: p

<0.05, I> < 60%; highly heterogeneous: p < 0.05, I > 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.
Study Intervention Description Mean Difference MD 95%-Cl Weight
Pearce (2004) Multiple interventions Scalding, dehairing, singeing, polishing, water wash, dry chill 24 h, 2°C 322 [-355,-289] 6.6%
Pearce (2004) Multiple interventions Scalding, dehairing, singeing, polishing, water wash, dry chill 24 h, 2°C c -2.70 [-3.03;-237] 6.6%
Pearce (2004) Multiple interventions Scalding, dehairing, singeing, polishing, water wash, dry chill 24 h, 2°C : 260 [2.93;-227] 66%
Van Ba (2019) Multiple interventions Scalding, dehairing, singeing, water wash, lactic acid 2% spray, dry chill 24 h, 2°C == 425 [-4.86,-364] 6.1%
Van Ba (2019) Multiple interventions Scalding, dehairing, singeing, water wash, lactic acid 4% spray, dry chill 24 h, 2°C == | -481 [542,-420] 61%
Rahkio (1992) Multiple interventions Scalding, dehairing, singeing, blast chill -22°C for 1 h -1.34 [161;-107] 67%
Rahkio (1992) Multiple interventions Scalding, dehairing, singeing, blast chill -22°C for 1 h -1.38 [163;-1.13] 6.7%
Spescha (2006) Muttiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, blast chill, dry chill -2.32 [-247,-217] 68%
Spescha (2006) Muttiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, blast chill, dry chill ) -3.08 [-3.20;-296] 6.8%
Spescha (2006) Multiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, blast chill, dry chill * -284 [-297;-271] 68%
Spescha (2006) Multiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, blast chill, dry chill i -276 [-2.89;-263] 6.8%
Spescha (2006) Multiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, dry chill -251 [-264;-238] 68%
Spescha (2006) Muttiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, dry chill -3.06 [-3.21;-291] 6.8%
Spescha (2006) Multiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, dry chill ] -3.23 [-3.38,-3.08] 6.8%
Spescha (2006) Multiple interventions Scalding, dehairing, singeing, polishing, trimming, water wash, dry chill > 295 [-3.10;-2.80] 6.8%
Random effects model <> -2.85 [-3.33; -2.37] 100.0%

[ B |

Heterogeneity: 12 = 97%, ©*

=0.7383, p < 0.01

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 (logg
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
1log. 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 logjp CFU/ cm?), as does singeing (RR: 0.25, and 1.95 logio CFU/ cm?, 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 logyg CFU/ cm?). 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.
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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” (MRI]) or ‘other breeds’. Parity was considered as a proxy for age.

Finally, with the aid of simple 2 x 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 x 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 (MRI]) 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

93



Foods 2023, 12, 616

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.

Supplementary Materials: The following supporting information can be downloaded at:
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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 um 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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ZPEPBPE)

Impact of ovine and caprine Impact of clinical listeriosis Impact of farm management
listerial mastitis and outbreak scenarios and feeding practises

Databases consulted: PubMed, SCOPUS, Web of Science

Clinical case studies Prevalence studies
Animal experiment studies without without
impact on milk processing impact on milk processing
n=2 n=18 n=12
[50,52] [58,59,60,61,62,63,64,65, [2.8,9,10,11,12,78,79,80,81
66,67,68,69,70,71,72,73, 82,83]
74,75]
Clinical case studies Prevalence studies
Case studies with with
impact on milk processing impact on milk processing
n=6 n=3 n=6
[51,53,54,55,56,57] [1876,77] [13,14,15,16,84,85]

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 x 10° 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;
(i) 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 x 10 to 3.0 x 10° 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 > 10° per ml milk. Both sheep
shed L. monocytogenes at a mean concentration of 3.8 x 10 (range 9.0 x 10! to 4.0 x 10°)
and 2.2 x 10* (range 1.3 x 10° to 8.1 x 10%) 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 (>10° 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.

Transmission scenario 1: Impact of ovine & caprine listerial mastitis

risk scenario:
average sized flock of 30
small ruminants including

i
>
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one infected sheep/goat

Clinical results of a typical listerial mastitis in small ruminants

Animal health Shedding of L. monocytogenes
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o CMT ++ — +++ 10° CFU / ml A
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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 x 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
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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 x 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).

animals suffering from
clinical listeriosis

transient 9
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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 10° 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 x 10° to 6.4 x 10° 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 x 103
to 5.6 x 10° 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-1V)
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 (I, 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/ gto8.1 x 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
10° and 10° 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-
fogenes 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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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 -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 (1 = 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 uL) 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 3800x 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 x 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 uL 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 (Ntive BM 30) at fixed temperatures
(55 °C, 65 °C and 75 °C) for pre-determined periods of time (20270 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 puL 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 uL)
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):

1

EP(Open|Time) = T3 oM

@

Proportion of mussles opening

0 1 2 3 4 5

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
. cfu
P, = minq ——, 2
CrUut { <fiio } @
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

1
Y:m(]*PCFu) @
Y = b+ BX) + fXK) + ¢ )

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

POC= 8 = () plp-+ k) (1= p k) ®

which is similar to the binomial distribution except for the parameter ¢, 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 = 1In(cfu) (6)

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

E(Y)=upu @)

Var(Y) = 0u ®)
k,—A

pwzmzA; )

making it a Poisson distribution with an overdispersion parameter 6 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 Pcr;
(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.

=)

@ oW @0 O

log10 PCFU

o
1

=] o
I T 1
Closed Partially open Open

Mussel status

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).
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log10 CFURG

Max temperature
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130
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Figure 4. (a) Logo 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.

l0g10 CFUIg

0 50 100 150 200 250

Time (seconds)

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
Dgp 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 Dgs
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

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

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

e  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.

e  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.

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

e  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 (1 = 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 CLS], 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 Pseudononas 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 Pseudomnonas
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, B, 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 uL 1xTE 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 uL 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 pL 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.
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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 uL of the swab sample containing
each liquid medium was taken and placed in 2 mL of Pseudomonas Broth (2699101
Merck, Darmstadt, Germany) and incubated at 22 4= 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
(Ox0id-CT1616, 30-6 pg), gentamicin (Oxoid-CT0024, 10 ng), tobramycin (Oxoid-CT0056,
10 pg), amikacin (Oxoid-CT0107, 30 pg), doripenem (Oxoid-CT1880, 10 ug), meropenem
(Ox0id-CT0774, 10 pg), imipenem (Oxoid-CT0455, 10 pug), levofloxacin (Oxo0id-CT1587,
5 ng), ciprofloxacin (Oxoid-CT0425, 5 ug), norfloxacin (Oxoid-CT0434, 10 pg) and tetra-
cycline (Oxo0id-CT0054, 30 ug) 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 Sample Shannon Company Sample Shannon Company Sample Shannon

Code Name Index Code Name Index Code Name Index
Fish_S1 7.02 Fish_S33 7.03 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

Al Fish_S5 7.10 El Fish_S37 6.95 E2 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

Fish_S9 6.89 Fish_S41 6.76 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

Bl Fish_S13 7.25 D2 Fish_545 6.92 B2 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

Fish_S17 6.86 Fish_S49 6.82 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

¢l Fish_S21 6.92 C2 Fish_553 7.01 E3 Fish_585 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

Fish_S25 7.16 Fish_S57 6.99 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

b1 Fish_529 6.75 A2 Fish_S61 6.65 A3 Fish_593 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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spoilage bacteria [27] as they cannot hydrolyze fish proteins and are thus, a weak producer

and rainbow trout samples [26]. However, Acinetobacter are not recognized as important
of biogenic amines, as well as a weak degrader of ATP-related compounds [28].
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Figure 2. Distribution of bacterial communities in seabass swab samples at the phylum level.
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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, 54,
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
528 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 Pseudonionas
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 Pseudonionas
strains after Next Generation Sequencing analysis (NGS) using conventional methods [18].

Number Samples with Viable

Company Code and Fish Temperature Measurement Samples with DNA Fragments 7
Farm Number of Seabass Samples (°C) from Pseudomonas p seudon;’r:; ?tsifetrgérrlr?p(fe l;t) of NGS
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 25 8 4
5E1 1.9 8 2
E2 34 8 6
E3 2.8 8 5
Total x-Sx
Totally 258 + 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 (1 = 46) [Resistant (“R”); Intermediate susceptibility (“I”) or Susceptible (“S”)].
Distribution of Pseudomonas Distribution of Pseudomonas Strains
L Strains according to CLSI According to EUCAST
Antibiotic Groups Name of Antibiotics
R 1 S R S
(%) (%) (%) (%) (%)
T . - 46 46
Penicillins Piperacillin-tazobactam 30 pg - - (100) - (100)
G - 46 A
entamicin 10 pg - - (100) n n
Aminoglycosides 2 44
Tobramycin 10 ug “3) - (95.7) n n
- 44 4
Amikacin 30 nug - - (1060) - (1060)
. 13 33 13 33
Doripenem 10 ug -
Carbapenems (281'3) 4 (7117) (2%3) (7ii7)
Meropenem 10 pg 23) 8.6) (89.1) (10.9) (89.1)
. 6 2 38 6 40
Imipenem 10 pg (13) @4 (82.6) (13) ®7)
. 46 46
Levofloxacin 5 ug - . _
Fluoroquinolones ) ) 1 (14050 ) 1 (14050 )
Ciprofloxacin 5 pg - 22) 97.8) 22 (97.8)
Norfloxacin 10 ug - - (1%60) n n
T . . 46
etracyclines Tetracycline 30 pg - - (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 Al (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),B2n=2),Cln=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 Izmir). 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 pg/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.

Resistant
Group Antimicrobial ~ Lested MIC (g/mL), n =22 Isolates,
n=22 n=>5
0.012-0.025  0.026-0.50  0.051-0.999 1-1.5 3 4 6 12 >32 125
Doripenem ! 13 5 1 2 3 1 1 2
Carbapenems Meropenem ! 1 1 0
Imipenem ! 6 1 1 1 3 3
Aminoglycosides  Tobramycin 2 1 1 0
Fluoroquinolones Ciprofloxacin 1 1 0

1 = number of isolates; ! = MIC > 8 pg/mL indicates antimicrobial resistance according to CLSI and EUCAST;
2=MIC > 16 ug/mL indicates antimicrobial resistance according to CLSI; 3=MIC >2 ug/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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References

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]
Tatrogenic CJD, iCJD Acquired, medical or surgical treatment [17]
Variant CJD, vCJD Acquired, foodborne zoonosis [18]
Kuru Acquired, cannibalism (disease eradicated) [19]
Gerstmann-Straussler-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 (PrP¢), 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 PrPS¢) of PrPC [41,42]. In prion propagation,
PrP5¢ binds to PrPC and templates the misfolding of PrP® into the PrP5¢ conformational
state i.e., adding building blocks to the PrP* 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 PrP€ to PrP5 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 PrP* 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 1385/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 PrP%¢ in lymphoid tissues, whereas in moose
and red deer, PrP> 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 PrPS¢, 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 vC]JD 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 PrP®, seeded by the presence of preexisting PrP5
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
PrP5¢ were mixed under denaturing conditions, with an excess of PrPSe 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 PrP®
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 PrP5 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. QulC 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 QulC 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 PrP® 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 (aal65-177) identical to the elk PrP sequence. In contrast to huPrP mice,
the chimeric (huPrPe1%5-177) 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
. Brain .
ANOrt.h Europe Ckmlcal pathology, WB PrPRes Other RT-QuIC PMCA Ser‘lal
merica signs IHC, Prp passage
Neg. (0/29)
Tg40,1X,129M
Elk NA Tgl, 2X, 129M Neg. NA Neg. PTA Neg. NA NA NA [137]
(0/22)
Neg.
Elk, MD !, Neg. (selected
WID? NA Tg440, 2X 0/ e NA NA NA NA NA [138]
tested)
Tg152, 2X
129VV
Tg45, 4X Neg. 5
MD NA 129MM (0/41) Neg. Neg. PTA Neg. NA NA NA [139]
Tg35, 6X,
129MM
HuMM129, 1X Ne IDEXX
WTD NA HuMV129, 1X © /7%') NA NA Spleen, NA NA NA [140]
HuVV129, 1X Neg.
Neg. (0/12)
Pos. (7/8
Elk and Tg(huPrP) 1-2X Neg. Neg. PTA Neg.
MD NA Tg(huPrPelk166-174) E(l;/%\//{g), Pos. Pos. Pos. NA NA NA (1261
CWD)
Elk, WTD, Rt 4/52
MD , NA TgRM, 24X susg/izisnus Neg. Neg. PTA Neg. Inconclusive NA NA [141]
129M
One Tg35 2X, 129VV, O/Cl‘?ng
reindeer, Tg152c 6X Neg. Neg. NA NA NA NA [142]
two moose 129MM 0/39MO
CWD
7/18 Pos. 2nd
WTD, Myoclonus, 1/5, Brain passage to
Wisc-1, Tg650, 6X, variable remaining 8/18 Neg. Tg650 mice
116AG NA 129MM CNSsigns  animals 1720 NA brain NA 5/10 Pos. (1431
isolates in 93.8% NA 3/18 Incon- Bank vole
clusive 4/9 Pos.

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 PrPS¢, 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 PrP5¢, 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 PrP5 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 PrPS¢ 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-QulIC 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-QulIC
method. The low number of uninoculated control mice tested was insulfficient 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 PrPRe. Only one of the nine mice analyzed with WB was weakly positive,
with an unusual two-band PrPR® 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-QulC, 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 PrPR® could be detected in

159



Foods 2023, 12, 824

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-Straussler-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 2" 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 (Schétzl, 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 PrPS¢/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

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.

Bovine spongiform encephalopathy is a prion disease of cattle caused by prion-contaminated meat and bone meal.
General abbreviation of Creutzfeldt-Jakob disease in humans

Sporadic Creutzfeldt-Jakob disease, caused by spontaneous conversion of PrPC into PrPS¢ or by somatic mutation in
PRNP which is the gene encoding PrP.

Sporadic form of fatal insomnia. Extremely rare sporadic form of the inherited familial fatal insomnia

Inherited prion disease caused by germ-line mutation in PRNP.

Inherited form of Creutzfeldt-Jakob disease, caused by germ-line mutation in PRNP.

Creutzfeldt-Jakob disease, caused by infection with prion-contaminated tissue grafts or medical preparations.
Variant Creutzfeldt-Jakob disease, caused by BSE-contaminated feedstuff

Cynomolgus macaques, Macaca fascicularis, Old World monkey used in experimental transmission studies of prion
diseases, to test for zoonotic potential

Chronic Wasting disease, is an infectious prion disease affecting cervid species

Feline spongiform encephalopathy is prion disease of fields caused by intake of BSE-contaminated feedstuff
Gerstmann-Straussler-Sheinker syndrome is a human prion disease caused by germ-line mutations in PRNP
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.

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.

Protein misfolding cyclic amplification is a method whereby in vitro nucleation-dependent conversion of PrP€ into
PrP5¢ is accelerated by use of periodic fragmentation of PrP* fibrils by intense bursts of ultrasonic waves, followed
by incubation, allowing new PrP% 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.

The gene encoding the prion protein

General abbreviation of the prion protein

The physiological cellular prion protein

A misfolded and proteinase K resistant protein core of the prion protein detected in gel-electrophoresis and protein
immunoblots (western blots)

An abnormal, pathogenic, and infectious conformer of the prion protein, isolated from patients with prion disease
Recombinant prion protein, produced in bacteria

Human prion protein

Phosphotungstic acid is used to precipitate and thus concentrate prions from tissue preparations to enhance
detection sensitivity

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 QulC method achieves this by vigorous
shaking (quaking).

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.

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.

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

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.
Transmissible spongiform encephalopathy is a previously used term for the group of neurodegenerative diseases
today known as prion diseases

163



Foods 2023, 12, 824

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) I
and serogroup (SG) Ila. 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. nonocytogenes, 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].
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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, 1/2¢, 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 Ila [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]

172



Foods 2022, 11, 3679

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, Tiibingen,
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 ST, 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 P C((ﬂg;;lx Lineage  Serotype N;ls Tll;f::f Source (Isolation Year)
ST14 2016, 2017 cc1 I b 3 Pheasant faeces ((22001136)5 Wild boar organ
ST4 CC4 I 4b 1 Deer carcass (2014)
Moose carcass (2012), Pheasant faeces
ST7 2018-2021 (elev4 I 1/2a 4 (2013),
Wild boar organ (2016)
> Mallard meat (2016), Wild boar organ
S R RN )
Deer meat (2019)
ST11 CC11 1I 1/2a 1 Deer meat (2019)
Deer carcass (2013), Wild boar organ (2016),
ST18 2016 CC18 II 1/2a 5 Mallard meat (2019)
ST20 cc20 I 1/2a 3 Pheasant faeces (2013), Wild boar organ
(2016)
ST21 CcC21 11 1/2a 2 Wild boar organ (2016)
ST29 CC29 1I 1/2a 1 Moose carcass (2013)
Nﬁ)oilefcarcas(s (2013), Te)al fﬁeces (2(213),
Mallard faeces (2013-2014), Pheasant faeces
ST37 2016, 2018-2020 CC37 I 1/2a 8 (2013-2014)
Wild boar organ (2016)
ST91 2021 CC14 1II 1/2a 1 Wild boar organ (2019)
ST155 2020 CC155 1I 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 1T 1/2a 2 Mallard faeces (2013)
ST399 CC14 1I 1/2a 1 Wild boar organ (2016)
ST400 CC11 1I 1/2a 2 Mallard faeces (2013)
ST412 CC412 1I 1/2a 5 Deer carcass (2013), Mallard meat (2019)
Moose carcass (2012), Mallard faeces
(2013-2014),
ST451 2017-2021 CC11 I 1/2a 16 Mallard meat (2016), Wild boar organ
(2016),
Deer meat (2019), Wild boar faeces (2020)
ST573 CC573 1I 1/2a 1 Wild boar organ (2016)
ST585 ST585 I 1/2a 9 Pheasant faeces (2013-2014), Mallard faeces

(2013-2014), Mallard meat (2016)

2 Sequence types in bold have recently been published in other European countries [31-33]. ® 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 Ila. 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 (5Gs), 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? SG CT? CL® vpd 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 Ila 21218 2a 1 Wild boar Organ 2016

7 Ila 22874 le 1 Moose Carcass 2012

8 Ila 19030 2a 1 Wild boar Organ 2016

8 Ila 28125 8 le 2 Mallard, Deer Meat 2016, 2019

11 Ila 30149 1b 1 Deer Meat 2019

18 Ila 26674 18 la 3 Mallard Meat 2016

18 Ta 28197 la 1 Wild boar Organ 2016
20 JIE 21358 la 1 Wild boar Organ 2016

20 Ila 26681 0 1 Pheasant Faeces 2013

21 Ila 9841 2a 1 Wild boar Organ 2016

21 JIE 25363 2a 1 Wild boar Organ 2016

29 Ila 23920 le 1 Moose Carcass 2013
37 Ila 22893 le 1 Teal Faeces 2013
37 Ila 28230 le 1 Pheasant Faeces 2014

37 IE 30787 2a 1 Wild boar Organ 2016

91 JIE 20232 la 1 Wild boar Organ 2016
155 Ila 26763 155 0 3 Deer Meat 2019
224 1Ib 8887 1c 1 Mallard Faeces 2013
249 Vb 20958 1d 1 Deer Carcass 2013
391 IE 29935 0 1 Mallard Meat 2013
399 Ila 22031 2b 1 Wild boar Organ 2016
400 JIE) 28173 1b 1 Mallard Meat 2013
412 Ila 8287 3b 1 Deer Carcass 2013
412 Ila 20896 412 2d 4 Mallard Meat 2016
451 Ila 24184 0 1 Deer Meat 2019
451 Ila 11793 0 1 Wild boar Faeces 2020
451 Ila 5208 451a la 3 Mallard, wild boar Meat, organ 2016
451 Ila 11797 451b 0,1a 2 Moose, wild boar Carcass, organ 2012, 2016
451 Ila 20939 451c 0 3 Deer Meat 2019
451 Ila 28250 451d 0,1a 4 Mallard, wild boar Faeces, organ 2014, 2016
573 Ila 1569 2a 1 Wild boar Faeces 2016
585 Ila 28251 585 le,2a,3a 4 Mallard Faeces, meat 2013, 2016

2 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. ¢ CL based cgMLST (1708 target genes) using the Ridom
software. 4 VPs using the Ridom software and CGE platform.
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Isolate Source
1-3 Moose carcass
4-6 Deer carcass
7-23 Wild boar organ
24 Wild boar meat
2527 Pheasant faeces
28-32 Mallard faeces
33 Teal faeces
34-46 Mallard meat
47-55 Deer meat
Nodes coloured by ST:
@41 Qu
Q42 Q4
O18 @240
Q38 @20
01 @391
Q155 @399
03 @4
o) ©400
@220 ©s73
@u o9
Q7

Pheasant faeces
Mallard faeces
Teal faeces

Wild boar faeces
Deer carcass
Moose carcass
Deer meat
Mallard meat
Wild boar organ
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W ST20 W ST37
B Other ST

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.
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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, inl], lapB and vip) were not present in
all isolates. We designed 12 virulence profiles (VPs) based on these genes (Table 5). All

176



Foods 2022, 11, 3679

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  Number of Missing Virulence Genes (=1)
. Sequence Types

Profile Isolates act ami aut inlF inl] lapB vip
VPO 12 5T20,155,391,451 0 0 0 0 0 0 0
VPla 13 ST18,20,91,451 0 1 0 0 0 0 0
VP1b 2 ST11,400 0 0 0 1 0 0 0
VPlc 1 ST224 0 0 0 0 1 0 0
VP1d 2 ST4,249 2 0 0 1 0 0 0 0
VPle 7 517,8,29,37, 585 0 0 0 0 0 0 1
VP2a 7 ST17,8,21,37,573,585 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

2 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 Ila,
Lin II) but serotype 4b (SG IVb, Lin I) was also found. L. monocytogenes strains belonging to
SG ITIa/Lin IT 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 Ila, which is more often identified among isolates found in animal, environmental and
food samples [6,18,21]. Recently, L. monocytogenes Ila 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. nmonocytogenes 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 Ila 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, prfA and orfX) 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 ITa 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 inl]-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 \% n y 499 58 441 11.6 73.5 6.3
Aujeszky’s Disease \4 n y 108 43 65 8.6 10.8 13
CSF \% n y 158 54 104 10.8 17.3 1.6
Foot and Mouth Disease \% n y 35 13 22 2.6 3.7 14
Porcine Respiratory and
Reproductive Syndrome v n y 62 z 3 >4 o8 11
West Nile Fever \% n y 17 4 13 0.8 2.2 2.7
Hepatitis A \% y f 0 0 0
Influenza \% y f 0 0 0
Japan Encephalitis v y y 21 6 15 1.2 2.5 2.1
Rabies Vv y f y 19 6 13 12 2.2 1.8
Paratuberculosis B n y 9 7 2 14 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 18 3.5 1.9
Brucella B y m y 95 36 59 7.2 9.8 14
Campylobacter B y m 22 7 15 14 2.5 1.8
Clostridium B y f (C. botulinum) 0 0 0
Francisella B y y 12 6 6 12 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 15 2.5
Q-Fever B vy 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 14
Tuberculosis By m (M. bovis), 214 97 117 194 19.5 1.0
f (others)
Verotoxinogenic E. coli B y m 27 10 17 2.0 2.8 14
Yersinia B y f 40 13 27 2.6 45 17
Cryptosporidium P y f 18 5 13 1.0 22 22
Cysticercus P y f y 9 2 7 0.4 12 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) . RBT
13.5% (58/434) B. spp. Sera Italy (Campania) 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]
o Spain
59.3% (121/204) B. spp. Sera (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]
RBT, ELISA;

o - visceral organs from 5 seropos.

9% (8/87) B. spp. Blood Finland animals available, in 4 of which 3]
B. suis biovar 2 was detected

13.3% (139/1044) B. suis Sera Latvia RBT, CFT, ELISA, data corrected [17]

for O9-cross-reactivity
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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]
o Brazil

0% (0/61) B. spp. Sera (Santa Catarina) [43]
0.49% (1/205) B. spp. Blood Brazil Feral pigs; ;erf%ogy (BAFA, [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]

o . Australia
9.6% (8/83) B. suis Blood (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) Lymph nodes
1.7% (5/287) o epididymides

229 B. suis biovar 2 fetuses pooled Ttaly (Tuscany) DNA [29]
0% (0/287) livers, spleens
0.83% (2/240) B. spp. Inner organs Denmark culture [52]
o culture
3.8% (7/180) B. spp. Tonsils Netherlands PCR; confirmed as B. [37]
10.5% (19/180) -
suis biovar 2
22% (19/87) B. suis Feces USA (Georgia) Feral pigs, PCR [53]
o 1 Retropharyngeal
1.3% (5/389) B. suis biovar 2 lymph nodes Italy culture [54]
o o Reproductive Spain
3.7% (7/188) B. suis biovar 2 culture, PCR [34]
organs (Extremadura)
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]
Y Campylobacter spp. with levels
4?)08{; (?381//776 6)) Cumgy ;ZZ?;Z,SPP' Feces Italy up to 103 CFU/g was detected [66]
o ' in 39.5% animals
66% (188/287) Campylobacter spp. Feces Spain Oneisolate V;;i[;(li.entlfIEd as C. [57]
60.8% (79/130)  Campylobacter spp. 476 B had both C. lanienac and
46.2% (60/130) C. lanienae lun'ienazé Z;ld C Oh sintegtinal;'s
16.9% (22/130) C. coli Feces Spain X -y . : [59]
0.8% (1/130) C. hyointestinalis All the isolates were resistant to
0% (0,/130) C. ieiuni at least one antimicrobial agent
° 4 considered
38.9% (49/126) Campylobacter spp.
69.4% (34/49) C. lanienae .
16.3% (8/49) C. coli Feces Spain [58]
4.1% (2/49) C. jejuni
19.51% (8/41) Campylobacter spp.
4.88% (2/41) C. coli Feces Spain [61]
0% (0/41) C. jejuni
43.8% (53/121) Campylobacter spp. Five (16%) and 6 (29%) isolates
25.6% (31/121) C. lanienae F Japan of C. lanienae and C. [67]
17.4% (21/121) C. hyointestinalis cces p hyointestinalis, respectively,
0.8% (1/121) C. jejuni were resistant to enrofloxacin
22.1% (71/321) C. hyointestinalis Feces Japan [60]
12.5% (31/248) Campylobacter spp.
9.7% (25/248) C. hyointestinalis
1.2% (3/248) C. lanienae Feces Japan [56]
0.8% (2/248) C. coli
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Table 4. Cont.

Prevalence/Frequency Species Matrix Country Comment Ref.
6% (6/570) i Feces usa froquontm fomale e prgs 10
0% (0/87) C. jejuni Feces USA [53]
16.7% (5/30) Campylobacter spp. Carcass Italy [63]
11.1% (4/36) Campylobacter spp. Carcass Ttaly [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]. Atleast 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) Spleen
0% (0/176) Ticks Ttaly PCR [74]

5.1% (6/117) Blood of dogs Italy (Central) PCR [72]

o . Ticks collected from

0.48% (2/411) Ticks Italy (South) hunters and dogs [71]
0% (0/40)

feeding ticks . Spain
0% (0/489) Ticks (Northwest) PCR 73]

questing ticks

189



Foods 2023, 12, 1689

Table 5. Cont.

Prevalence/Frequency Matrix Country Comment Ref.
o Spain S
5.5% (4/73) Serum (Northwest) antibodies [70]
1.9% (9/484) Spleen Spain (North) PCR [69]
0% (0/2256) Ticks . Near to Barcelona, a
0% (0/167) Spleen Spain highly populated area (76l
o antibodies Serology
0% (0/8) Serum Kenya (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.
L.m. serogroup IVb,
o serovar 4b; resistant to
0. 35% (1/287) L. monocytogenes Rectal swabs Italy cefoxitin, cefotaxime [85]
and nalidixic acid
68.5% (37/54) Listeria spp. tonsils prevalence influenced
35.3% (18/51) L. monocytogenes tonsils Ital by animal age and [63]
26.7% (8/30) Listeria spp. Carcass y environmental
0% (0/30) L. monocytogenes Carcass temperature
o Spleen and -
48% (63/130) L. monocytogenes kidneys Finland [39]
Liver or tonsils or e
. . Positive in at least one of
24.5% feces or intestinal . .
L. monocytogenes Germany the different matrices [81]
(12/49) lymph nodes, .
studied
caecum content
14.3% (7/49) L. monocytogenes Tonsils Germany [81]
Liver and The same animal
o intestinal lymph resulted positive for L.m.
2% (1/49) L. monocytogenes nodes and caecum Germany in all the matrices (811
content and feces analyzed
51.8% (14/27) Listeria spp. Tonsils
40.7% (11/27) L. monocytogenes Tonsils Spain [82]
0% (0/27) L. monocytogenes Feces
37.3% (28/75) Listeria spp.
0% (0/75) L. monocytogenes Feces Japan (671
0% (0/72) L. monocytogenes Carcass Italy [86]
65% (24/37) Listeria spp.
24% (9/37) L. monocytogenes Game meat cured
32% (12/37) L. innocua sausages Ttaly Lm. <10 cfu/g [84]
8% (3/37) L. welshimeri
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 Dofnana 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
(10> 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.
Sampling in 2019-2020
Test used: bovine purified
16.7% (5/30) MTC Malaysia Selangor protein derivative [127]
(bPPD)-based indirect
in-house ELISA
Sampling in 2010-2016
Test used: in house validated
17% (326/1902) MTC Spain Basque Country enzyme-linked [143]
immunosorbent assay
(ELISA)
Sampling in 2012-2017
Test Used: Indirect ELISA
10.6% (46/434) MTC Italy Campania Region INgezim Tuberculosis DR kit [92]
based on recombinant M.
bovis protein (MPB83)
Sampling in 2006-2013
2.4% (16/278) MTC Portugal Several Counties Test used: bPPD-based [95]
indirect in-house ELISA
uMhkuze Nature
ﬁ;ﬁrﬁi‘lﬁ" liafﬁl:n Sampling in 20132015
49.0% (49/100) M. bovis South Africa ! Test used: Indirect PPD ELISA [96]
the southern border of ®
. . and TB ELISA-VK
Kruger National Park in
Mpumalanga
Sampling in 2011-2013
Test used: bPPD-based
indirect in-house ELISA
o . Montes de Toledo and Prevalence was obtained
87.7% (36/41) MTC Spain Donana National Park  adding the number of animals [132]
with lesions at necroscopy to
the number of positive
serological samples
Sampling in 2007-2015
0.0003% (1/2735) MTC USA National survey Test used: bPPD-based [137]
indirect ELISA
. Sampling in 2008-2013
2.4% (18/743) MTC Switzerland Ge“‘;,‘&?;ﬁ“%:iﬁ U8, est used: bPPD-based [109]
sau, indirect in-house ELISA
Sampling in
N 2000-2004/2009-2010
5.9% (123/2080) MTC France 58 Departments Test used: bPPD-based [144]
indirect ELISA
219 Sampling in 2010-2012
(22/'1 0057) MTC Spain Asturias and Galicia Test used: bPPD-based [111]
indirect ELISA
67.7% (87/130) MTC Spain Andalusia Sampling in 2006-2010 [115]

Test used: MPB83-ELISA
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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.
Sampling in 2013-2019
37.7% (29/77) M. bovs Brasil  RioGrandedoSul oot used: DNA extraction from )
lungs, lymph nodes, liver, spleen
and kidney followed by PCR
Sampling in 2010-2019
Test used: isolation from lymph
1.1% . nodes followed by real time PCR
(10/894) MTC Spain Basque County and spoligotyping of the isolates (8]
Positive cultures were detected
only form head lymph nodes
Sampling in 2017-2018
Test used: isolation from lymph
o MTC . - nodes + direct PCR followed by
2.8% (5/176) (mainly M. microti) ~ >"itzerland - Cantonof Ticino 'y po 1 b1 TOF MS identification [119]
High prevalence of N-MTC
identification (57.4%)
Sampling in 2011-2017
o Bieszczady Test used: isolation form lymph
38.2% (21/55) M. caprae Poland Mountains region nodes followed by PCR and 116l
spoligotyping of the isolates
Dofana National Sampling in 2006-2018
76.7% (946/1235)  Mycobacterium spp. Spain Test used: Visual inspection for [133]
Park
TBLL
1.6%
(8/495) Sampling 2014-2016
Culture M. bovis France Aquitaine, Cote Test used: isolation or direct PCR [94]
’ d’Or and Corsica form lymph nodes followed by
4.4% (17/386) spoligotyping of the isolates
PCR
Sampling in 2015
47 1% Greater Kruger Test used: Intradermal Tuberculin
n M. bovis South Africa cater fuige Test (ITT) on captured warthog. [97]
(16/34) National Park -
Lymph nodes bacterial culture
followed by PCR identification
Sampling in 2011-2017
Test used: Lymph nodes bacterial
2.4% . National scale (11 culture followed by PCR
(180/7634) M. bovis France at-risk areas) identification (98]
Detected in 7 of the 11 at-risk
areas
uMhkuze Nature
Reserve in
Kwa-Zulu Natal, Sampling in 2013-2015
37.0% . . Marloth Park on  Test used: Lymph nodes bacterial
(25/67) M. bovis South Africa the southern culture followed by PCR [96]
border of Kruger identification
National Park in
Mpumalanga
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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 Leon

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)

Muycobacterium 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 Sampling in 2006
I . . Test used: Lymph nodes histology,
5.89% M. microti Italy Lombardia Region bacterial culture, direct PCR, [123]
(35/602) REPL direct RFLP
7.5%
(23/307) Culture
Sampling in 20072011 (only wild
64.2% .
(197/307) boar with TBLL)
PCR M. microti Italy Lombardia Region  Test used: Lymph nodes histology, [123]
bacterial culture, direct PCR,
55.0% direct RFLP
(169/307)
RFPL
Sampling in 2008-2012
Test used: Visual inspection for
59% . . Ciudad Real TBLL in lymph nodes and organs.
(1512/2562) Mycobacterium spp. Spain province [146]
Generalised TBLs were detected
in 51% of the subjects
Sampling in 2008-2012
Test used: lymph nodes and
2:59% MTC Spain Asturias and ?55;2?15;11?;2:31: ‘Ac]j:i (l:ty Pi(;\R (1]
(33/1275) P Galicia 1¢ SPOUEOLpINg
of the isolates
Number of M. bovis isolates =19
and M. caprae isolates = 14
Geneva, Sampling in 20092011
Switzerland Thurgovia, Saint ~ Test used: lymph nodes and tonsil
3.64% (6/165) MTC and Gall, Grisons, culture followed by PCR [124]
Liechtenstein Tessin, identification and spoligotyping
Liechtenstein of the isolates
3739 Sampling in 1997-2007
(293'/755) M. bovis New Zealand Different areas Test used: Lymph nodes culture [114]
followed by PCR identification
Sampling in 2006-2010
88.9% Test used: Culture of pool
a 6./1 g) M. bovis Spain Andalusia homogenate of lymph nodes and [115]
lungs followed by PCR and
spoligotyping of the isolates
13.3% Test used: Culture and PCR of
(2/'1 5(; M. bovis Italy swab samples on muscle surface [142]
of wild boar without TBLL
Metadata analyses from
2010-2019.
Test used: gross pathology and
culture
. Spain and . Reproduction number (Ry)
8.7Ro Mycobacteriunm spp- Portugal 29 sites defined considering prevalence in [138]

the host species, MTC excretion in

infected host species, abundance

of the host species, transmission
rate to host species
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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) Salmonella spp Feces S. Enteritidis was the main

0.2% (1/425) Salmonella spp. Mesenrtircizslymph Serbia serotype identified [163]
Serotype identified were
3.1% (4/130) S. enterica Feces Spain monophasic S. Typhimurium, S. [59]
Bardo, S. Enteritidis
46.7% (42/90) animals were
positive in feces or lymph
nodes, of which 11.9% (5/42)
o were positive at the same time
Doy S R oy mbonmamesSAbmys (e
e PP ymp Newport, S. Agona, S. Derby, S.
Hermannswerder, S. Saintpaul,
S. Elomrane, S. salamae were
identified
o . Sampling from game-handling
7'80/0 (5/64) Salmonella spp. Mesenteric lymph Italy establishment, game collection [165]
4.7% (3/64) Salmonella spp. nodes Carcass .
point and slaughterhouse
Sampling in 2013-2017.
Isolated strains belonged to all
6% (260/4335) Salmonella spp. Liver Italy six Salmonella enterica [166]
subspecies and the main
serotype was S. Enteritidis
S. diarizonae, S. houtenae, S.
o Liver or spleen or Newport, S. Kottbus, S. London,
4.18% (12/287) Salmonella spp. rectal swab Ttaly S. Infantis, S. Rubislaw were (8]
identified.
o S. Enteritidis, S. Typhimurium,

2.4% (13/552) Salmonella spp. Feces Germany . 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) Salmonella spp. Mesenteric lymph Three animals were positive in

nodes Italy both samples [168]
3.2% (6/189) Salmonella spp. Feces P
Sampling in 2010-2015
From 148 wild boars the 3
18.69% (40/214) Salmonella spp. Tonsils matrices were collected in the
same animals and 27.02%
5.06% (21/415) Salmonella spp. Submandibular Spain (40/148) of them were positive [169]
lymph nodes P to Salmonella spp. (31/148
tonsils, 12/148 lymph nodes,
2.98% (25/838) Salmonella spp. Feces 2/148 feces) but none of them
were positive in the three
samples simultaneously
7% (4/57) S. enterica Feces Ital S. Thompson and S. Braenderup [63]
3.5% (2/57) S. enterica Mesenteric lymph ¥ were identified :
glands
Sampling from 2013 to 2015.
43.9% (194 /442) Salmonella spp. Feces USA Main serovars identified were S. [170]

Montevideo, S. Newport and S. Give
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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) Salmonella spp. Tonsils
1.8% (1/56) Salmonella spp. ITleocaecal lymph Sweden S enterica a-nd S.-d.zarzzonae were [172]
identified
nodes
1.1% (1/88) Salmonella spp. Feces
Tonsils carried both S.
33.3% (1/3) Salmonella spp. Tonsils . Gaminara and S. Newport,
33.3% (1/3) Salmonella spp. Tongue Argentina while only S. Gaminara were [173]
isolated from tongue
Salmonella enterica serotype
5% 2/40 S. enterica Feces Spain Anatum and Corvallis were [61]
isolated
S. enterica subsp. enterica
serovar Agona (3), S. Narashino
7.4% (9/121) Salmonella spp. Feces Japan (2), S. Enteritidis (1), S. Havana [67]
(1), S. Infantis (1), and S.
Thompson (1) were obtained
One animal was positive in both
carcass and feces samples.
0.3% (1/333) Salmonella spp. Feces Spain S. Bardo, S. Montevideo, S. [57]
arizonae III (16:i,v:1,5,7) and S.
Typhimurium were identified
S. enterica subsp. salamae I, S.
enterica subsp. diarizonae III b, S.
10.8% (54/499) Salmonella spp. Feces Italy enterica subsp. houtenae IV and [162]
S. Fischerhuette were the most
common isolated
Sampling from 2007 to 2010
o S. enterica subsp. enterica was
24.82% (326/1313) Salmonella spp. Feces Italy the main serovar isolated [174]
(79.5%)
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) Salmonella spp. Meat
0% (0/36) Salmonella spp. Carcass Ttaly (621
S. Veneziana, S. Kasenyi, S.
o Coeln, S. Manhattan, S.
35.7% (10/28) Salmonella spp. Meat Italy Thompson and S. [64]
Stanleyville were identified
Two S. Stanleyville and one
2.5% (3/121) Salmonella spp. Carcass Italy S. Typhimurium were [176]
identified
1.1% (1/90) Salmonella spp. Carcass Italy [164]
0% (0/37) Salmonella spp. Meat Italy Meat cut sampled were fillet [177]

and legquarter
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Table 10. Cont.

Prevalence/Frequency Species Matrix Country Comment Ref.
S. Stanleyville, monophasic S.
31.82% (7/22) Salmonella spp. Meat Italy Typhimurium, and S. [178]
Kasenyi were identified
0% (0/30) S. enterica Carcass Italy [63]
0% (0/128) Salmonella spp. Meat Japan [179]
1.4% (3/210) Salmonella spp. Skin .
1.9% (4/210) Salmonella spp. Carcass Serbia [180]
o Meat cut sampled was
4.55% (1/22) Salmonella spp. Meat Italy Longissimus dorsi muscle [181]
One animal was positive in
1.2% (4/333) Salmonella spp. Carcass Spain both carcass and feces [57]
samples
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]

7 isolates showed resistance

Oral and nasal to at least one of the

33% (30/90) S. aureus swab Portugal antibiotics tested; 1 MRSA [185]
CC398 (spa-type t899) was
identified
Isolates were resistant to all
antimicrobials tested, except
32.2% (57/177) S. aureus Nasal swab Portugal of trimethoprim- [190]
sulfamethoxazole and
vancomycin
74.5% isolates were
s cos
13.7% (51/371) S. aureus Nasal swab Spain o wnatyzed, [191]
1.96% (1/51) MRSA 19.6% were resistant to
: penicillin and 9.8% were
resistant to streptomycin
17.67% (126/713) MSSA Skin and/or Spain [187]
nasal swabs
6.8% (8/117) S. aureus Nasal swabs Germany No antibiotic resistance was [192]
' ' detected
3.2% (23/697) S. aureus Lymph nodes Italy MRSA were not detected [188]
0.87% (5/577) MRSA Nasal swab Germany [167]
8 isolates were identified
from 7 positive animals: 3
Skin and nasal from nasal swabs and 5
0.86% (7/817) MRSA Spain from skin swabs. One [186]
swabs . .
animal was MRSA positive
for both skin and nasal
swabs
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
(stal 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, [200]
WGS
6.9% (37/536) STEC Feces Germany Culture, PCR [167]
1.9% (9/474) STEC 0157 Feces Japan Culture, PCR [201]
o Italy
6.5% (13/200) STEC Feces (Tuscany) Culture, PCR [202]
1.2% (3/248) STEC Feces Japan Culture, PCR [56]
Culture, PCR;
28.3% (43/152) STEC Feces Poland includes STEC and [203]
AE-STEC
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 Finland Culture, PCR [172]
nodes, feces
0% (0/121) STEC 0157, 026 Feces Japan Culture, PCR [67]
0% (0/301) STEC 0157 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.
o STEC (stx1+ . Culture, PCR
42.9% (12/28) stx2+eae) Meat (foreleg) Italy (Campania) (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 Spain Culture, PCR [207]

products

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 14, 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.
o Valle d’Aosta Sampling in 2015-2018
0% (0/107) Italy Region Feces Test used: PCR [214]
85.7% (12/36) Carcass Sampling in 2019
. ... Testused: bacterial isolation and
%, C. :
64.3% (/36) Ttaly ?{rélpizrr?a _ Tomsils  gypR green PCR-assay for ystA and [62]
71.4% (10//36) & Muscle ystB genes. 12 animals carried ystB
gene, and 3 animals both ystA and
ystB genes
Anana, Buerte Sampling in 2018-2020
0.01% (1/110) Tunisia g Feces Test used: bacterial isolation and [215]
Nabeul and . L. e
L biochemical identification
Siliana
Parma and Carcass and Sampling in 2020
0% (0/64) Italy Bologna Mesenteric Test used: bacterial isolation and [165]
province lymph nodes biochemical identification
Sampling in 2013-2018
Test used: bacterial isolation,
Serotyping and Real Time PCR for
2.6% (126/4890) Italy Liguria Region Liver virulence genes. [216]
Biotype 1A was the most isolated
(92.9%), then biotype 1B (6.3%) and 2
(0.8%)
Sampling in 2018-2020
Test used: bacterial isolation,
Tuscan biochemical identification. and Real
18.8% (54/287) Ttaly Rosey Rectal swab Time PCR for virulence Genes. [85]
& Identification of gene ystA in 14 out
of 54 isolates, inv in 13, ail in 12, ystB
in 10 and virF in 8
0 Sampling in 2016
56.4% (102/181) Finland 12 ou.t of 19 Blood Test used: seroprevalence ELISA test. [39]
restons d Test used: Organs: real-time PCR
16.9% (22/130) Spleen an est used: Organs: real-time
' kidneys based on SYBRGreen for il gene
6.2% (19/305) Parma and Feces Sampling in 2017-2019
Ttaly . . . 1 . [217]
o Piacenza Mesenteric Test used: bacterial isolation,
3.3% (10/305) provinces lymph nodes biochemical identification, and Real
Time PCR for virulence Genes.
All isolates belonged to biotype 1A
Sampling in 2014-2016
Test used: bacterial isolation,
biochemical identification.
74.1% (40/54) Japan Not specified Feces Prevalence is reported for Yersinia [218]
spp.
97.4% of the Y. enterocolitica isolates
belonged to biotype 1A
Sampling in 2017
Campania Test used: bacterial isolation,
13.6% (3/22) Italy reg}i)on Muscle biochemical identification, and Real [178]

Time PCR for virulence Genes.
All isolates present only ystB gene
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Table 14. Cont.

Prevalence/Frequency Country Area Matrix Comment Ref.
6.7% (6/90) 13 counties in Feces Sampling in 2014-2016
o Sweden southern - Test used: bacterial isolation, and [219]
14.0% (19/136) Sweden Tonsils Real Time PCR for ail gene
o Mesenteric
4:4% (4/90) lymph nodes
Sampling in 2013-2014
Test used: bacterial isolation, and
25.3% (110/434) Poland 124 out of.16 Rectal swab multiplex PCR for ail, ystA and ystB [220]
Polish regions genes.
92.5% of the isolates belong to
biotype 1A
Tuscan Sampling in 2013-2014
0% (0/42) Italy Re iorzl Muscle Test used: bacterial isolation, and [181]
& biochemical identification
o . Moravian Sampling in 2013-2014
65.9% (89/135) Czech Republic Regions Blood Tost ueed: ELISA [221]
Sampling in 2013
Swab samples Test used: bacterial isolation, and
North-East from tonsils biochemical identification biotyping,
55.5% (11/20) Poland Poland area, serotyping and molecular [222]
peritoneum characterisation.
and perineum 90.5% of the isolates belong to
biotype 1A
Sampling in 2001-2012
o . Basque . Test used: bacterial isolation,
33.3% (24/72) Spain Country Tonsils biochemical identification, and (23]
molecular characterization
Sampling in 2013-2014
Test used: bacterial isolation,
o . MALDI-TOF identification, Real Time
15.3% (17/111) Germany Lower saxony Tonsils PCR for virulence Genes. [224]
89.55% of the isolates belong to
biotype 1A
Feces and
Central Tleocecal Sampling in 2010-2011
20.5% (18/88) Sweden lymph nodes Test used: bacterial isolation, and [219]
Sweden . .
and multiplex PCR for ail gene
tonsils
Sampling in 2010-2012
Basque Test used: bacterial isolation, and
27.3% (18/66) Spain Cou?\ . Tonsils biochemical identification and direct [225]
y real time PCR with new enrichment
protocol
Tonsils and Sampling in 2008-2012
0% (0/3) Argentina San Luis city Test used: bacterial isolation and [173]
tongue . C 1. e
biochemical identification
Viterbo Sampling in 20122013
14.8% (34/230) Italy Province Muscle Test used: bacterial isolation, and [157]

multiplex PCR for ail gene
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Table 14. Cont.

4.2% (3/72)

Italy

Prevalence/Frequency Country Area Matrix Comment Ref.
Sampling in
Upper Susa Test used: bacterial isolation,
valley Carcass biochemical identification and [86]
Piedmont molecular characterisation for inv, ail
Region and yst genes.

ail and yst genes were not detected

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.
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