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Abstract

Purpose of Review This editorial review aims to provide readers with an introduction to the Current Clinical Microbiology
Report Special Issue “Meat Microbiology and Hygiene.” It will provide an overview of overarching trends and develop-
ments in this field, introduce the articles presented in this Special Issue, and attempt to offer a glimpse into the future of
meat microbiology and hygiene.

Recent Findings Meat production has been subjected to transformative changes within the last decade, and the focus of
assuring meat safety has shifted to account for changing consumer demands as well as new microbial risks such as strains
carrying antimicrobial resistance determinants.

Summary Assuring that meat products meet high safety standards remains crucial to consumers worldwide. New risk-based
meat safety assurance systems leveraging latest technological advances are needed to protect consumers and promote public

health.

Keywords Meat safety assurance systems - Antimicrobial resistance - Surface treatment - Game meat - Interventions

Introduction

The field of food safety has radically changed over the past
two decades. The application of next-generation sequenc-
ing to outbreak detection now allows for the detection of
much smaller outbreaks. On the other hand, increasingly
globalized food supply chains lead to much more dispersed
outbreaks and pose new and sometimes impossible chal-
lenges in tracing foodborne pathogens to their sources.
Changing consumer habits increase the demand for mini-
mally processed foods with new risk profiles, and the emerg-
ing middle class in many formerly poor countries causes an
increased demand for meat. Accordingly, the global demand
for meat has quadrupled over the past 50 years, and a clear
trend towards convergence of meat consumption habits
worldwide was reported [1].
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However, meat mass production has major environ-
mental and ethical implications that are raising concerns
with consumers, a trend that may gain momentum with the
resurgence of the environmental movement. The search for
alternative protein sources has raised interest in insect-based
products, which would require new approaches to assure
control of parasitical, microbial, and chemical hazards
related to insect consumption [2]. Also, recent advances in
in vitro meat technologies demonstrated that biofabrication
of meat is possible, evoking the vision of disease-free meat
and a subsequent reduction of foodborne illness [3, 4].

Even in conventional meat production, consumer per-
ceptions and demands may act as major drivers for change.
While meat consumption has traditionally been associated
with physical strength and vitality, the mass media discourse
on meat-related health and disease has become highly con-
troversial [5]. Consumer trust in Europe has been eroded by
reports on the carcinogenicity of red and processed meat [6]
as well as food scandals such as the dioxin scandal in 2011
or the horse meat scandal in 2013, which have impacted
consumer choices [7]. It has been suggested that meat safety
and authenticity can only be guaranteed by extensive moni-
toring [8].

Highest microbiological and hygienic quality standards
for meat products are crucial to assure consumer health.
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The traditional meat inspection system developed in the
nineteenth century relied heavily on visual inspection,
palpation, and incisions and has been an effective tool in
protecting consumers from the most relevant meat-borne
zoonoses at that time such as brucellosis, tuberculosis, and
cysticercosis [9]. However, since then, the microbiological
and hygienic challenges have changed substantially, with the
main zoonotic agents reported today being Campylobacter
spp., Salmonella enterica, pathogenic Escherichia coli, and
Yersinia enterocolitica [10]. As traditional meat inspec-
tion is not effective in reducing the risk related to these
organisms and may even increase the risk of, e.g., carcass
cross-contamination, new risk-based meat safety assurance
systems are required [9]. The currently ongoing implementa-
tion of a risk-based meat safety assurance system in Europe
is a disruptive innovation process and will thus likely face
opposition from various stakeholders including meat inspec-
tors. Building a system flexible enough to react to changing
requirements will be crucial to avoid that today’s risk-based
meat safety assurance systems will rapidly become obsolete
in case of emerging new pathogens.

To meet the demand, animal production, for instance in
the poultry sector, is becoming highly automated. These
trends contribute to changes in ecology and technology that
can lead to the rise of emerging foodborne pathogens by cre-
ating new connections of habitats with food, or by enabling
the occurrence of established pathogens in new foods. Auto-
mation and use of robotics increase in the primary and sec-
ondary processing of meat and have also brought about mas-
sive changes and interesting new concepts in the last years,
especially in the poultry sector. Automated plants using
stunning and slaughtering robots (Marel Meat, Boxmeer,
The Netherlands; SFK Meat Systems A/S, Kolding, Den-
mark) allow for high-throughput, which creates use cases for
artificial intelligence solutions in meat safety. Automation
and online monitoring can be advanced by sensor technol-
ogy including multispectral and hyperspectral imaging as
well as Fourier-transform infrared spectroscopy [11]. These
techniques can be employed to detect bone fragments and
skin tumors, loads of bacterial pathogens, and chemical con-
taminants [11, 12]. Also, it has been postulated that the use
of hyperspectral imaging techniques in meat safety could be
combined with other technologies for maximum effect, e.g.,
machine vision to track and inspect broilers in an automated
fashion during the breeding process [13]. In the meat factory
cell automation concept, work is organized in cell stations
instead of lines, some elements of slaughter and cutting are
merged, and the carcass is disassembled from the outside
[14]. This would allow for easier application of novel diag-
nostic tools such as electromagnetic and imaging tools.

In addition to these trends that will shape the future of
the meat industry, antimicrobial resistance, new methods of
surface treatments, and the safety of more niche products
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like game meat have seen recent developments. For this
special issue of Current Clinical Microbiology Reports, we
collected current trends in meat microbiology and hygiene
which are briefly introduced in the following paragraphs.

Antimicrobial Resistance

The rapid global emergence of antimicrobial resistance is a
key challenge to public health worldwide. In 2015, antimi-
crobial resistance led to 33,000 human deaths and 874,541
disability-adjusted life years in the EU/EEA alone [15].
There is overwhelming evidence that food plays a role in
the transmission of antimicrobial resistance via bacterial
commensals and pathogens, based on the selection of anti-
microbial resistance due to antimicrobial treatment of food-
producing animals [16]. Antimicrobials have been globally
used in veterinary medicine for decades for prophylactic,
metaphylactic, and therapeutic reasons, as well as in the
form of antimicrobial growth promoters [17]. Following the
ban on antimicrobial growth promoters in food-producing
animals, the EU also committed to the goal of a 50% reduc-
tion in the sales of antimicrobial agents by 2030 for farmed
animals as part of the Farm to Fork Strategy and European
Green Deal.

In the face of a looming post-antibiotic era, there is
an urgent need for improved monitoring and prevention
strategies as well as new therapeutic targets [18]. In their
review “Livestock-associated MRSA—current situation and
impact from a veterinary public health perspective” (Fetsch
et al., 2021), Fetsch and coworkers provide an overview of
the occurrence and characteristics of livestock-associated
methicillin-resistant Staphylococcus aureus (LA-MRSA).
They lay out current initiatives and strategies for reporting,
prevention, and control and highlight newest findings in the
ongoing controversial discussion of the potential role of
MRSA as a foodborne pathogen. Contamination levels of
raw meat can be substantial, and cross-contamination dur-
ing food preparation and consumption of undercooked meat
were proposed to play a role in LA-MRSA dissemination,
prompting EFSA to reinforce MRSA monitoring in foods
and food-producing animals [19]. Whole-genome sequenc-
ing could play a decisive role in enabling new insights into
the transmission and spread of LA-MRSA, thus allowing for
the developments of more effective control strategies [19].

Decontamination of Meat Surfaces

Decontamination technologies aiming to reduce bacterial
load of, e.g., Campylobacter, on meat surfaces are becom-
ing increasingly important and may be an important cor-
nerstone of post-harvest intervention strategies maximizing
food safety [20]. Still, many of these technologies may lead
to sensory deviations or have not been legally approved yet.
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In their review “Physical methods for the decontamination
of meat surfaces” (Albert et al., 2021), Albert and colleagues
provide an overview on latest developments regarding alter-
native non-thermal physical surface treatment technologies.
They present applied technologies such as high-pressure pro-
cessing and irradiation as well as the most promising tech-
nological advances for future use such as cold plasma and
pulsed light UV-C treatment. All technologies are assessed
with regard to their efficiency for reduction of bacterial load,
their capacity to preserve food quality, and acceptance by
the consumer.

Alternative Curing Methods

Salt has been used in meat preservation for centuries, and
curing of meat products is an important cornerstone in assur-
ing product safety. However, consumers are increasingly
aware of potential negative health effects of conventionally
cured meat products, sparking a growing demand for organic
or “naturally cured” meat products with no direct addition
of nitrate or nitrite [21]. Alternative curing methods rely-
ing on nitrate-reducing starter cultures, plasma treatment, or
the addition of vegetable-based ingredients high in nitrate,
can result in products exhibiting characteristics that closely
resemble conventionally cured meat. Still, the amount of
nitrite present in the final product may be difficult to steer
and potential negative health effects due to consumption of
nitrite remain unchanged [21]. In their review “4” (Siek-
mann et al., 2021), Siekmann and colleagues provide an
overview of the wide range of “natural curing” technologies
that have been proposed as a replacement for conventional
curing, with a particular focus on addition of plants and their
extracts as well as plasma treatment for nitrate generation.
They also discuss microbiological implications and the effi-
cacy of the hurdle principle to assure consumer safety.

Meat Safety of Game Meat

There is much less data on the microbial safety of game than
for conventionally slaughtered animals, and data collection
is less harmonized [22].

Ensuring safe meat from wild game comes with a spe-
cific set of challenges. It is inherent in the hunting process
that hygiene levels, time to evisceration, and time to cooling
do not always adhere to the same strict controls and stand-
ards as for animals that are processed in slaughterhouses,
leading to an elevated threat of contamination [23, 24] with
chemical hazards (e.g., lead from ammunition [25]), as
well as parasites, bacteria, or viruses. In their review “Wild
game meat—a microbiological safety and hygiene chal-
lenge?,” Gomes-Neves et al. focus on bacterial and viral
safety of wild game. They review recent publications on the
safety of game meat, in particular wild boar, deer and other

ruminants, lagomorphs, and prey birds. They identify a large
gap between the microbial quality of farmed meat in com-
parison with game and advise the inclusion of game meat
in surveillance and monitoring programs within the EU. It
also seems advisable to increase research efforts into the
microbial safety of game birds and to monitor AMR in wild
animal populations more closely.

Pre-harvest Food Safety on Broiler Farms

In their systematic review, Pessoa et al. summarize current
trends in pre-harvest food safety and discuss their effective-
ness at either reducing the prevalence of flocks that are posi-
tive for a specific pathogen (e.g., biosecurity measures) or
reducing the pathogen load in individual animals that came
from colonized flocks (e.g., measures to increase host resist-
ance). Most studies focused on Campylobacter and Salmo-
nella as the main hazards. Biosecurity interventions were the
most suitable approach to reduce Campylobacter [26, 27],
while competitive exclusion or bacteriophages were more
successful at managing Salmonella [28].

The authors identify a pronounced lack of new immuniza-
tion strategies for foodborne pathogens since the successful
implementation of the Salmonella vaccination program in
broilers starting 2008 in the EU.

Campylobacter spp. in Broiler Meat

Given the high prevalence of Campylobacter in poultry
meat, Kittler et al. discuss methods to mitigate Campylo-
bacter along the poultry production chain in more detail in
their review “A One Health perspective on a multi-hurdle
approach to combat Campylobacter spp. in broiler meat.”
Infections with Campylobacter jejuni and coli rank at the top
of the most commonly reported foodborne illnesses world-
wide, with undercooked poultry and milk as the main source
for human infections. Their review gives a risk assessment
for the spread of Campylobacter along the food production
chain. They emphasize the importance of a hurdle principle
and summarize recent findings for strategies ranging from
efficient detection methods, access control for personnel and
equipment between different flocks, chemical and biological
disinfection of feed, water, and facilities, to an update on
vaccination programs for broiler flocks. Not surprisingly,
defeathering and evisceration are still the key risk factors
for contamination of the final product during slaughter. The
control of viable but non-culturable (VBNC) cells forming
after environmental stress might be leveraged to increase
food safety further, even though their significance is dis-
cussed controversially.
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Conclusion

In order to adequately address emerging and current chal-
lenges in food safety, there is a need for multidisciplinary
research along the food chain from farm to fork to address
emerging food safety risks in a One Health approach. An
example of the successful implementation of this approach
is the collaboration of experts in animal husbandry, pharma-
cology, molecular biology, and immunology who addressed
the root cause of human infections with Salmonella enterica
by developing a vaccine program in poultry, thereby decreas-
ing the overall number of human cases by over 30% in the
EU within a few years [29].

Collaboration of experts across different fields in a One
Health approach can contribute to the production of eco-
nomically sound, safe, and healthy food animals. It can help
to address challenges like the propagation of antimicrobial-
resistant bacteria along the food chain or to prevent food
fraud. Interdisciplinary teams are able to design data-driven
prevention programs, realistic models of microbial spread, or
new analytical methods. They can push research into basic
concepts of the interaction of viral, bacterial, and parasitic
foodborne pathogens with the environment and host. A fun-
damental understanding of these processes will ultimately
lead to a better understanding of the pathophysiology of
foodborne diseases and their resistance against antimicro-
bials and disinfectants, and may be used to guide better prac-
tices in animal and food production, serve regulatory agen-
cies to implement science-based regulations, and contribute
to better overall food safety.
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